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1 Introduction

Please allow me to introduce myself...
Jagger and Richards (1968)
Sympathy for the devil

London: ABKCO Music

1.1  How I got involved in educational research

1.1.1 My own education
As far as | can remember, | have never seriously thought about education during my 22-
year educational career from kindergarten till graduation in theoretical physics.
Thinking back about my secondary school years, the best | can say is that | tried to have
as much fun as possible and at the same time to meet the required standards as well as
possible. The thoughts | had about education were the usual doubts about why we had to
learn a quite extensive German-Dutch translation manual by heart, why some teachers
always gave that much homework or why | should pay attention to teachers that were
very boring. Furthermore, | found out that | was good at mathematics. | wondered what
the purpose of Latin was. | disliked chemistry, though | was good at it. | liked physics
and was good at it, but did not really wonder what it was good for. Nice teacher, easy
test, good mark, interesting subject, total class disorder; in such terms (and their
opposites) my classmates and | talked about the education we enjoyed (and its opposite).
Simply for the reason that | was good at it and liked it, | chose to study physics. | did
not want to become a physics teacher. In fact, until the last year of my study of physics I
had never thought about a future career whatsoever. If anything, | just wanted to
become an Einstein. Though I have failed at the last point, | did find satisfaction in my
study. | simply liked most of the subject matter. Again | didn't have any deep thoughts
about the education | was exposed to at university. Of course | wondered what was the
point of attending lectures when all the lecturers did was read the syllabus, but mostly |
faithfully attended just to keep track. | guess | was too busy trying to understand, doing
exercises and preparing for examinations to seriously think about education itself.

1.1.2 Teacher training

Now, how could someone whose thoughts about education had never ran any deeper
than sketched above get involved in educational research? And some people might even
ask: how could someone who graduated in theoretical physics sink that low? The roots
of the answers to these questions are to be found in the teacher training | followed
during the last year of my study. (Not that | had finally made up my mind and decided
to become a teacher. My reasons, if that is the right word, for doing teacher training
were rather something like: one never knows, just in case, it will do no harm. More-
over, it was the last chance to get a teacher certificate relatively easy. From the next
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year on, teacher training would be extended from four months to twelve months.)
During teacher training | was forced, for the first time in my life, to think about
education itself, or at least about physics education. What is its purpose? What of
physics should be taught in secondary school, why and how? These questions were of
too general a level, however. | didn't really relate to them. As a student teacher | faced
different problems. Apart from the usual order problems, my major initial problem was
caused by the fact that | had to teach at a school where the PLON-curriculum was being
used. Without going into the details of the PLON-curriculum (for more on PLON, see,
e.g., Eijkelhof & Kortland, 1988), I just mention that one of its aims is to relate physics
to everyday life contexts. So | had to teach about bridges: what kinds of shape they
have, why they are built as they are, why one construction is better than another, etc -
and | didn"t know anything about that. So instead of teaching about bridges, | felt that |
really ought to be learning about them. | hardly understood what | was supposed to teach
and was afraid that | would not be able to answer any smart questions. In short, | felt |
was a slave rather than a master of the subject matter. The pressure was somewhat
released when it turned out that my fellow student teachers had the very same problems
and that | could easily bluff my way out of the few smart questions the pupils actually
asked. Still it was a kind of shock to me to find out that, no matter how much
knowledge of physics | had (or thought | had), | was hardly able to apply that knowledge
to relatively simple real life situations. In fact, | realised that never before | had had to
apply, or even had felt the need to apply, my knowledge of physics to the ordinary
things of everyday life. When | was taught mechanics, of course | had to do numerous
exercises about situations involving cars, trains, etc. These situations, however, were
not real life situations, but more or less artificial situations that were purposefully
designed in such a way that Newton's laws could be straightforwardly applied to them;
mention of cars, trains, etc, was rather an ornament than an essential ingredient.

This was the first blow that made me wonder what my knowledge of physics was worth;
whether it is of any worth to teach pupils, the vast majority of which will not be
physicists, scientific knowledge that is far remote from everyday life; and whether
scientific knowledge really contributes to a better understanding of the things pupils
encounter in their daily life. These considerations became even more significant when
during teacher training | learned, by reading articles and interviewing pupils, that pupils
do have their own ideas about the way things are and go; that these ideas are suited to
the purposes of everyday life; and that a lot of these ideas, which often seem to be at
variance with scientific knowledge, survive education. Quite often, | also found myself
attracted to the things that pupils say. My response to the question what makes a car go
forward, for example, was the same as what many pupils answer: it is the motor of the
car that supplies a forward force.

All these experiences made me interested in physics education. What does an under-
standing of physics consist in? Is it the ability to manipulate formulas, the ability to
relate physical knowledge to the real world, or something else? And how could pupils
reach an understanding of physics, whatever it is? As a student teacher, however, | was
not able to connect this aroused interest with my teaching. | simply tried to explain the
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subject matter as clearly as possible and tried to create as pleasant a working climate as
possible. And that was hard enough. But when, after graduation, | had the opportunity
of becoming an assistant in a research project on physics education, | grabbed it with
both hands.

1.2  First steps in educational research

1.2.1 Radiation and risk in physics education

For one and a half years | was an assistant in Harrie Eijkelhof's research project on
radiation and risk in physics education (Eijkelhof, 1990). The point of departure for this
research project were the results of a pilot study on the PLON-unit lonizing Radiation
(PLON, 1984, 1988). The specific aim of this unit, which is aimed at pupils in the top
classes of secondary physics education, is to increase "pupils® ability to assess the risks
of ionizing radiation in various fields of application which they might come across, now
and in the future™ (Eijkelhof, 1990, p.10). The relevant experiences with the unit were
that "preconceptions did exist among pupils, both before and after teaching this topic
[and that] pupils did not make much progress in reasoning about the risks of radiation"
(ibid, p.9).

I was involved in studies on pupils® ideas and on teaching and learning problems. |
analyzed pupils® answers to a questionnaire about Chernobyl; | participated in exploring
pupils® ideas in several context domains of ionizing radiation by means of interviews;
and | observed and analyzed a series of lessons in which the PLON-unit lonizing
Radiation was used. Below | describe in general terms some of the things I learned from
participating in these studies.

1.2.2 Pupils’ ideas

I think that any virgin investigator of pupils® ideas is initially impressed and excited by
the fact that pupils say things that a scientist would not say or that even seem to be in
flagrant contradiction with what a scientist would say, and from this fact tends to
conclude that pupils have ideas of their own that are at variance with scientific ideas.
These points can be illustrated by the enormous amount of research into misconceptions,
i.e., both by the term misconception and by the enormous amount. As a virgin investiga-
tor | would classify as pupils' ideas: "after the Chernobyl accident, the radiation was
blown towards the Netherlands and then it came down with the rain;" "after the
Chernobyl accident we were not allowed to eat spinach, because the radiation had gone
inside;" "it is not safe to eat irradiated food, because a bit of radiation will remain in the
food." And after | had seen lots of similar utterances, | would characterize pupils' ideas
as showing a lack of distinction between radioactive material and radiation or between
irradiation and contamination. After a while, however, | was becoming increasingly
dissatisfied with these classifications and characterizations, because they only stated
what pupils were not saying, namely the scientifically correct thing: pupils did not say
that it was in fact radioactive material that was transported; they did not say that
radiation doesn't remain in irradiated food; they did not make a distinction between
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contamination and irradiation, etc. The reason for my dissatisfaction with these negative
descriptions was that | failed to see of what use they might possibly be for education.
For if we are to give serious application to the idea that any education should start from
where pupils are, a description of where they are not is of little help. Somehow a
positive interpretation of what the pupils are saying should be delivered. This is one line
of thought that will be further developed in this thesis.

From the participation in the research on pupils® ideas | also learned that it is all too
easy to lose oneself in details. In the questionnaire about Chernobyl, for example, we
asked pupils why in some countries iodine tablets had been distributed. Some pupils
answered that iodine works against radiation or radioactivity by neutralizing or dissolv-
ing it or by converting it into something non-radioactive. Others answered that iodine
protects the body just like a lead wall. Still others claimed that iodine increases the
body’s resistance, for instance by developing anti-bodies. Now one could make some-
thing big of all this talk about neutralizing, dissolving, converting, lead walls or develo-
ping anti-bodies and classify all the answers as ideas pupils do have, but what would be
the point of that? For one thing, no matter how long we make the list, it will never be
exhaustive. And secondly, even if the list were exhaustive, it still would not enable us
and teachers to positively interpret pupils. A more fruitful proposal, | came to believe,
is to try to grasp some general notion on which most pupils seem to agree and to allow
them to differ on the details. In the example just discussed this general notion might be
the notion of resistance: iodine, in one way or another, increases the resistance against
radiation or radioactivity. | agreed with what Anderson (1986) had written about
research on pupils® ideas: "There is a need to find common elements in the seemingly
quite disparate research results, in order that the various findings form a cohesive group,
and also to achieve a deeper understanding of the pupils® reasoning." This is a second
line of thought that will be further developed in this thesis. It will also be related to the
idea of positive interpretation.

1.2.3 Teaching and learning

Like it was in the description of research on misconceptions above, lack of positive
interpretation might also be the key phrase to describe the PLON-unit lonizing Radiation
and the way it had been taught in the one class | observed. The way the unit is struc-
tured reflects a concern for a clear exhibition of the scientific facts: it starts from first
principles (atomic and nuclear models); subsequently it provides descriptions of relevant
entities (unstable nuclei, kinds of radiation) and explanations of relevant phenomena
(decay, ionization) in terms of these principles; and finally it relates these entities and
phenomena to applications (nuclear energy, health care). Furthermore, this exhibition is
served piecemeal and each piece is followed by a number of exercises in which the
pupils are given the opportunity to digest what they have just taken in.

There seems to be little concern, however, for the way pupils will interpret the texts
and exercises, given what they already know and believe. | will now describe one of the
many examples of what that may lead to. As noted before, many pupils say that when a
person is irradiated some of the radiation remains in the body and that it will cause
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damage as long as it is inside the body. Most pupils also say that radiation can be
stopped, for instance by lead walls. If | attributed these kinds of ideas to one of the
pupils (Eric) in the observed class, | could understand why he interpreted the unit's
presentation of the properties of the various kinds of radiation as he did. Eric understood
why alpha-radiation outside the body won't do any harm. He used the same argument as
the unit: alpha-radiation cannot penetrate human skin, so it will never get inside the
body. Eric was also able to understand why alpha-radiation, once inside the body, is the
most dangerous. Again he used the same argument: once it is inside the body, alpha-
radiation cannot get out because it cannot penetrate the skin. The alpha-radiation
remains inside the body and will cause severe damage by means of ionization. If,
however, beta- or gamma-radiation were inside the body, they would get out again
because they can penetrate the skin. This interpretation explains why Eric had misinter-
preted the unit's presentation of the properties of the various kinds of radiation, but to
make it work | had to attribute some beliefs to Eric: that radiation can be stopped, that it
remains in the body, that it causes damage as long as it is inside. And in the process of
explaining, | implicitly also delivered an account of how the unit's presentation had
modified his beliefs: there are several kinds of radiation; the different kinds of radiation
have a different penetrating power; alpha-radiation is already stopped by human skin;
not all kinds of radiation remain in the body, only alpha-radiation does; damage is done
by means of ionization. According to this interpretation Eric had surely learned
something, as is manifested by the modification of his beliefs. It is clear, | hope, that
this learning result was not intended by the unit.

| have tried to give an example of how an intervention that doesn't take into account
how pupils will interpret it on the basis of what they already know and believe, may
lead to pupils® misinterpreting the intervention and to unintended learning results. As |
said before, this example does not stand alone. In the lessons | observed | found many
similar cases, and from the literature | learned of numerous examples of the survival of
pupils® ideas or, as in Eric's case, a slightly modified survival. By attributing a set of
beliefs to a pupil in the above example, | also tried to give an explanation of the
unintended interpretation of the intervention and of the unintended learning results. | am
convinced that a similar kind of explanation will work for most examples of unintended
interpretations and learning results.

But of course explanations of negative or unintended results are not interesting in
themselves. They are only useful in as far as they can help us in finding a way to
construct interventions that will lead to intended results. | think they do suggest such a
way. Suppose we know (or have a reasonable picture of) what pupils’ beliefs are. Then
we can make reasonable assumptions about how they will interpret an intervention and
also make reasonable predictions about how their beliefs will be modified in the course
of that intervention. The next intervention should then be based on our knowledge (or
expectations about) what the modified beliefs are, etc. Although this sketch of a
proposal that tries to take into account where pupils are is vague, it does have the
consequence that the burden of the construction of interventions is shifted towards the
beginning, to the very first intervention(s), to how to begin. It seemed highly unlikely to
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me that starting with a presentation of first principles (atomic and nuclear models), like
in the PLON-unit (and nearly all other textbooks), is the appropriate way to begin the
topic of radioactivity. So | began to think about an approach that is not based on micro-
level descriptions and explanations. This line of thought, connected with the proposal
sketched above, will be further pursued in this thesis.

The way the teacher taught the PLON-unit lonizing Radiation in the one class | observed
only amplified the lack of positive interpretation that is already present in the unit itself.
I think the situation can be best described by noting that there was no real interaction or
communication between teacher and pupils. The teacher mainly confined himself to
explaining the theory and presenting the right answers to the exercises. Of course the
pupils did ask questions, but then the teacher normally would not try to find out why a
question had been asked but would rather give the right answer straightaway. Further-
more, there was an emphasis on tricks to solve exercises: how to solve for n and X in
?Ra - "X + “He; how to do calculations with half-life, etc. | do not mean to say, of
course, that the teacher was unsympathetic or didnt care for the pupils® well-being. | do
realize that teachers in senior high schools have to work under the heavy pressure of
examination programmes with prescribed attainment targets and | know that in the
exams there is an emphasis on problem-solving. So it is in the interest of pupils, in order
that they pass their exams, that they are trained in producing the required answers and in
using the appropriate tricks. | can understand why the teacher taught as he did.

On the basis of my experiences as a pupil, student and research assistant, | gradually
came to take the position that this kind of education contributes to verbalism and
formalism and not really to insight. But what is more important, | started to believe that
education would be much more exciting, challenging and interesting, both for pupils and
teachers, if they really did interact and communicate and if the exams didn't dangle so
frightfully above their heads as a sword of Damocles all the time.

1.3 My PhD-study

1.3.1 Aim
As may be clear from what | have written above, | was full of ideas at the end of my
appointment as a research assistant, and my interest in educational research had only
increased. So | applied to become a PhD-student, the application was honoured and |
could start as a PhD-student in July 1988. As then formulated, the aim of the study was:
to develop a constructivist theory for contextual physics education for middle
ability pupils about radioactivity and atomic models.
The main reason why the topic ‘radioactivity and atomic models* had been chosen was
rather pragmatic. As a research assistant | had been working on the same topic and | had
already developed some ideas about it. So | could make some sort of a flying start and
that might considerably enhance my chances of reaching the finish. A secondary reason
for the topic, and a reason for the target group of middle ability pupils, was that around
that time a new examination programme for the middle ability stream, which included
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*radioactivity and atomic models" as a new topic, was to be implemented.

Another feature of the new examination programme was the shift towards contextual
physics it aims at. Physics should more than before be related to everyday life contexts
and to applications. This is one of the reasons for the appearance of the word *contex-
tual® in the above formulation. Another reason is that the group | was working in had a
long-standing tradition of promoting, developing and implementing contextual physics
education: the PLON-curriculum is the group®s brainchild.

Constructivism, finally, was certainly en vogue at the time (and still is), as might be
illustrated by the extensive body of literature on it. It would have been a sign of
ignorance if "constructivism® was not somehow mentioned in the aim of the study. On
the issue of what kind of education constructivism stands for, however, there seemed to
be nearly as many views as there were researchers. One common element that is
apparent in the literature is that it refers to an attitude to seriously take into account
what pupils know -an attitude to be exhibited by teachers in their practice, by curricu-
lum devisers in writing materials, and by researches in their evaluation of educational
practice. | think there is more widespread agreement on what constructivism is not: it
does not stand for education that treats pupils as black boxes (as in behaviouristic
approaches) or as empty boxes (as in extreme forms of didactic teaching).

At the time, | could find myself in the above formulation of the aim of my PhD-study. It
would enable me to elaborate and interrelate the kind of ideas | developed when | was a
research assistant: positive interpretation, establishing real interaction and communic-
ation, not starting from first principles, etc. The latter point seemed to be very urgent,
because it is well-known that many pupils have severe difficulties with particle ideas and
with relating those to macroscopic phenomena (e.g., Lijnse et al, 1990). Furthermore, if
we really wanted to make a case of seriously taking into account where pupils are, we
would certainly have to pay attention to the everyday life contexts and applications that
pupils are familiar with. My only concern was that the examination programme was
going to be too heavy a burden. Somehow | had to find a way to meet its requirements,
while leaving enough room for experimentation.

1.3.2 Design
My PhD-study can roughly be divided in four periods: an orientation; a first round of
writing, trying and evaluating materials; a second round of writing, trying and evaluat-
ing materials; writing this thesis. In the first period, which took about a year, | oriented
myself towards middle ability pupils and their ideas about radioactivity and particles. |
also familiarized myself with current teaching practice at the bottom classes of second-
ary schools for the middle ability streams. | observed a series of lessons in which a unit
on the topic of radioactivity was used that is specifically aimed at middle ability pupils.
I devised some ‘constructivist interventions® that were tried out by a teacher. This first
period can best be described as a floundering and pottering period.

The second and third period, each of which took about a year, had the familiar pattern
of developmental research (see, e.g., Gravemeijer, 1994): writing materials, writing
down expectations, observing lessons with the materials, evaluating the materials in the
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light of the expectations, rewriting the materials in the light of the evaluation, etc. In the
second period, the one teacher who was going to participate in this action research and |
also spent a considerable amount of time on getting acquainted with each other and with
each other’s work.

1.4 Outline of this thesis

Chapters 2 and 3 are a direct continuation of lines mentioned above. Chapter 2 is about
positively interpreting what pupils say, in particular about situations having to do with
radioactivity. In chapter 3 | bring forward, and argue against, the common tendency to
base a treatment of the topic of radioactivity upon micro-level explanations.

Chapter 4 and appendix 1 are of a general, philosophical and methodological nature.
In here | present a theory of interpretation that is based on the work of the philosopher
Davidson, and that has served as a general background and source of inspiration for my
thinking about matters relating to science education.

In chapter 5 | continue the "teaching and learning®-line mentioned above, by exploring
the possibilities for improving science educational practice at a content-specific level. |
will argue that these possibilities are to be sought in appropriately taking into account
the content-directed evaluative attitudes (desires, aims, interests, etc). That is, as far as
the cognitive attitudes are concerned it will be argued that pupils® science learning
should be thought of as a process in which they, by drawing on their existing conceptual
resources, experiential base and belief system, come to add to those. What | think needs
to be added to this is that, if the process is to make sense to them, pupils must also be
made to want to add to those, in a way that leads to a proper understanding of science.
An approach to science education that explicitly aims at this | call problem-posing.

I also suggest that this programmatic view of the possibilities for improving science
educational practice at a content-specific level is to be further explored and empirically
realized by science educational research. The results of this research will consist of
empirically based didactical structures, roughly: examples of good science education.

In the remaining chapters | take a few steps in this direction. In chapter 6 | present
some ideas that are based on the work of van Hiele and ten Voorde, and of which it will
be argued that they are of heuristic value in outlining a didactical structure at a global
level. In chapter 7 | discuss some aspects of the process of constructing and recon-
structing a didactical structure. In chapters 8 and 9 (which are companion chapters) |
present and evaluate a concrete didactical structure, namely of the topic of radioactivity.
In chapter 11 | make some suggestions for the construction of other didactical structures.

Chapter 10 concerns the teacher, both the teacher with whom | have cooperated quite
intensively and, more generally, the role of the teacher in a problem-posing approach.

Another way to outline this thesis is by means of the following four main themes.
Firstly, there is a general, philosophical and methodological theme, which is to be found
in chapter 4 and appendix 1. Secondly, there is a didactical theme concerning science
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education in general, which is addressed in section 2.2, and chapters 5, 6, 7 and 11.
Thirdly, there is a more specific didactical theme that concerns the learning and
teaching of the topic of radioactivity, which is treated in sections 2.3 to 2.5, and
chapters 3, 8 and 9. The final theme concerns the role of the teacher, which is the
subject of chapter 10.



2 Orientation towards pupils' beliefs about
radioactivity

The identification of misconceptions or ‘alternative’
ideas usually points at a misinterpretation.

2.1 Introduction

In chapter 1, | have committed myself to an attitude to seriously take into account where
pupils are in the construction of classroom interventions. | have also noted that in the
construction of especially the early interventions in a unit on some topic, we should
somehow take into account what pupils® beliefs about that particular topic are before it
is formally taught. Since | was going to devise a unit on radioactivity for middle ability
pupils, | did some research on those pupils® beliefs about radioactivity before formal
education on the topic. This chapter reports on that research.”

In section 2.3, | review previous research on pupils' ideas about radioactivity and
especially the findings of Harrie Eijkelhof (1990). As far as his research on pupils® ideas
is concerned, Eijkelhof has confined himself to senior high school pupils. | have done
the same kind of interviews with middle ability pupils as Eijkelhof and his assistants (of
whom | was one) have done with senior high school pupils. In section 2.4 the design of
the interviews is described, and what the middle ability pupils said is reported and
compared to what Eijkelhof had found.

For me, reporting what pupils have truly uttered is not the same as reporting what
they believe. Going from the former to the latter is an important step in what | call
interpretation -a step, moreover, in which we unavoidably face the problem that is
described, along with some principles to solve it, in section 2.2. In section 2.5 | try to
apply the lesson of section 2.2 to what is reported in section 2.4 in order to give an
interpretation of what the middle ability pupils said.

2.2  The problem of interpretation

2.2.1 The interdependence of belief and meaning

As is usual in interview studies that try to probe pupils® understandings, "the interviewer
has the task of trying to extract information from the student, follow up certain
comments he makes, reduce the embarrassment of extended periods of silence, and

1. Some preliminary ideas about the subject of this chapter can be found in Klaassen et al (1990) and Millar et al
(1990).
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clarify a student's thinking. However, all this must be done without putting words into
the student's mouth, providing cues and information which will bias a student’s
subsequent answer™ (Osborne & Gilbert, 1980). So the interviewer usually emphasizes
that the interviewees can say whatever they think is true, that they are not going to be
judged, that the interview is not an oral examination, etc. In short, the interviewer tries
to create such an atmosphere that the interviewees can be taken to hold true what they
say. This does not yet settle the matter of what they have asserted, however: we still
have to interpret that. We have only tried to secure that we can interpret them on the
basis that they do hold true what they have uttered. And if we want to interpret them
positively, this raises a problem.

A central source of trouble is the way beliefs and meanings conspire to account for

utterances. A speaker who holds a sentence to be true on an occasion does so in part

because of what he means, or would mean, by an utterance of that sentence, and in

part because of what he believes. (Davidson, 1984a, p.142)

[T]he sentences that correspond to beliefs are (1) sentences held true by someone, and

(2) sentences that have an interpretation. Someone else can know what | believe if he

knows what sentences | hold true, and what those sentences mean. (Davidson, 1986a)

[11f we merely know that someone holds a certain sentence to be true, we know neither

what he means by the sentence nor what belief his holding it true represents. His

holding the sentence true is thus the vector of two forces: the problem of interpretation

is to abstract from the evidence [what sentences he holds true] a workable theory of

meaning and an acceptable theory of belief. (Davidson, 1984a, p.196)
This problem of interpretation arises if we do not take identity of meaning for granted, if
we do not assume that a speaker uses his words as we do, if we do not want our
interpretation to simply consist in the statement that a student says something a scientist
would not say. In short, this problem of interpretation necessarily and unavoidably
emerges in the context of positive interpretation. So the problem is not only relevant to
philosophers, like Davidson, but also to science educators. For what are pupils trying to
say when in their talk they use words like *force," "energy" and the like? It is clear from
the literature (e.g., Driver, Guesne & Tiberghien, 1985) that they use these words in
another sense than scientists. But what are they trying to say when they use these words
in their talk about fired cannonballs, dropped basketballs or tossed coins. And how are
we to determine that from their utterances?

2.2.2 Solving the problem of interpretation

In some cases, the problem of interpretation is solved relatively easy.
Let someone say ... "There's a hippopotamus in the refrigerator’; am | necessarily
right in reporting him as having said that there is a hippopotamus in the refrigerator?
Perhaps; but under questioning he goes on, ‘It's roundish, has a wrinkled skin, does
not mind being touched. It has a pleasant taste, at least the juice, and it costs a dime. |
squeeze two or three for breakfast.” After some finite amount of such talk we slip over
the line where it is plausible or even possible to say correctly that he has said there
was a hippopotamus in the refrigerator, for it becomes clear he means something else
by at least some of his words than | do. The simplest hypothesis so far is that my word
*hippopotamus® no longer translates his word "hippopotamus®; my word "orange’ might
do better. (Davidson, 1984a, p.100-101)
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Of course there are also cases that are more disturbing, for example:

how clear are we that the ancients -some ancients- believed that the earth was flat?

This earth? Well, this earth of ours is part of the solar system, a system partly

identified by the fact that it is a gaggle of large, cool, solid bodies circling around a

very large, hot star. If someone believes none of this about the earth, is it certain that

it is the earth that he is thinking about? An answer is not called for. The point is made

if this kind of consideration of related beliefs can shake one’s confidence that the

ancients believed the earth was flat. It isn't that any one false belief necessarily

destroys our ability to identify further beliefs, but that the intelligibility of such

identifications must depend on a background of largely unmentioned and unquestioned

true beliefs. To put it another way: the more things a believer is right about, the

sharper his errors are. Too much mistake simply blurs the focus., (ibid, p.168)
The point is that we can only intelligibly attribute a particular belief to someone
(whether or not we also hold that particular belief) against the background of related
beliefs we share with that person. "If we are going to understand the speech or actions
of another person, we must suppose that their beliefs are incorporated in a pattern that is
in essential respects like the pattern of our own beliefs” (Davidson, 1980b). Positive
interpretation thus amounts to describing utterances in such a way that we can read a
reasonable pattern of beliefs in them. (*Describing utterances' could also be called
"translating’ or "redescribing.” In the first example, the utterance "There's a hippopota-
mus in the refrigerator® is tentatively redescribed into ‘There's an orange in the
refrigerator’ in order to make it cohere with *It's roundish, has a wrinkled....")

2.2.3 It matters that the problem of interpretation is recognized and properly
solved

Interpretation becomes a matter of great moment when educational strategies are based
on the interpretations that are given to pupils’ speech and actions. The conceptual
change model of learning is a case in point: first the alternative ideas, conceptions or
frameworks that pupils have before education are studied and then, on the basis of the
results of those studies, classroom interventions are devised to encourage pupils to
change their pre-educational ideas. Pupils® beliefs about some topic or phenomenon are
studied by using such techniques as: word association, free association, concept
mapping, interview-about-instances, interview-about-phenomena, naturalistic studies,
written tasks, rule assessment, observational methods (Driver & Erickson, 1983). All of
these methods somehow rely on the use of language. Of course this is the right thing to
do. If we are to understand what pupils are thinking and doing we should use all
resources available, and language is certainly one of the most important ones. At the
same time, however, if we are going to understand them, we unavoidably face the
problem of interpretation: we hear their utterances and see their movements, and we
want to know what they are trying to say and achieve. In this section I discuss some
prototypical examples of studies on pupils’ ideas and ask whether in those studies the
problem of interpretation has been recognized and properly solved.

Force and motion
The first example concerns the many studies on children's ideas about motion, or

11
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intuitive theories of motion (e.g.: Clement, 1982; McCloskey, 1983; Halloun &
Hestenes, 1985; Gunstone & Watts, 1985). Let me begin with a brief overview of some
results of those studies. The following are often reported as basic intuitive rules that
children (or, more generally, lay people) seem to operate by.

Motion requires a force.
Motion implies a force.
Force and motion are proportional to one another.

In somewhat more detail, the intuitive theory is reported to be something like this.
Motion requires a force not only in the sense that a force is needed in order to set an
object in motion, but also in the sense that sustained motion needs a continuous force.
The required forces are usually exerted by external agents. There is a proportionality
between force and motion in the sense that more force has to be exerted in order to set
an object in a faster motion or to sustain a faster motion. Motion implies a force in the
sense that if an object is in motion, then there is a force in the direction of its motion.
This is a force that the moving object has, though not permanently. It must have got
this force in the first place, and there are two ways in which it can have got its force.
First, from an agent that has exerted a force on it; second, from another moving object
that has carried over some of its force. That is, forces are imparted by agents and
transferred from one object to another. If an object is given some force (in one of these
two ways), it is set in motion or, in case it was already in motion, it is set in a faster
motion. There is thus also a proportionality between force and motion in the sense that
an object moves faster if it has more force. If there is no continuous supply of force,
the motion of an object cannot be sustained and thus becomes slower. So if there is no
continuous supply of force, the force of an object wears out. That is, apart from being
exerted, possessed and transferred, forces can also be dissipated.

Perhaps it is also worthwhile to give a few examples of what children or lay people
actually say, in order to see in what sense they say can be said to hold the above
intuitive theory. Here is what some children in the age group 11-14 say (I have taken the
quotes from the paper by Gunstone & Watts).

"If he wanted to keep moving along ... he would have to keep pushing, otherwise he'll

run out of force and just stop."

"To keep going steadily you need a steady push. If you don't force something to move

it's not going to go along is it?"

"Why do they [things rolling along the floor] stop? It's just they always stop. After

you push it they go as far as the push ... how hard it was, and after that wears off it

just goes back like it used to be."
A first thing to note is that those children do not always frame their ideas in the exact
words of the above intuitive theory. However, the step from "If he wanted to keep
moving along he would have to keep pushing" or "To keep going steadily you need a
steady push" to "Sustained motion needs a continuous force® is a very small one. It is
therefore reasonable to assume that they might have expressed their idea by an utterance
of the latter sentence as well, or at least have assented to an utterance of it. Similarly,
they might as well have said "There is a proportionality between force and motion®
instead of, or as a generalization of, "After you push it they go as far as the push ... how

12
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hard it was." There are also cases in which their wording (e.g., "he’ll run out of force"
or "[the push] wears off") is already pretty close to the above intuitive theory (“the force
of an object wears out'). Another familiar such case (see, e.g., Clement, 1982) is that
students, when asked to draw the forces that are present when a tossed coin is in its
upward motion, draw an upward force which they call, e.g., "the force I'm giving it" or
"the force of throwing the coin up." This comes pretty close to if an object is in
motion, then there is a force in the direction of its motion® and *forces [can be] imparted
by agents.*

Children or lay people can thus be said to hold the above intuitive theory in the sense
that they either do express their ideas in pretty much the wording of the intuitive theory
or, else, might at least have done so.

On the basis of the above remarks | from now on assume that children and lay people
hold true the intuitive theory as it is formulated above. What does follow from this?
According to many researchers it follows that their intuitive theory is "at variance with
the principles of Newtonian mechanics" (McCloskey, 1983), that "students come to the
classroom with naive conceptions or preconceptions ..., and these preconceptions are
usually incorrect from the scientific point of view; thus they are referred to as
misconceptions” (Chi, 1992).

| agree that a statement like "Sustained motion needs a continuous force® seems to be
in flat contradiction with Newton's first law, and that in Newtonian mechanics an
expression like "to have a force' is meaningless. But from this it does not follow that the
intuitive theory contradicts Newtonian mechanics. This conclusion only holds good, if
we assume that children and lay people use and understand the word *force" in the way
that we, as physicists, use and understand it, i.e., if we assume identity of meaning. |
think it is more natural to assume, however, that children and lay people do not use the
word *force" as physicists do, just as it is more natural to assume that someone who
holds true an utterance of "There's a hippopotamus in the refrigerator" does not quite
use some of his words as we do than that he actually believes that there is a
hippopotamus in the refrigerator. So the mere finding that children and lay people hold
true the intuitive theory as it is formulated above does not yet throw any light on what
they actually believe. It still needs to be found out which beliefs are represented by their
holding it true. Thus, by reporting the above as children’s or lay people's intuitive
theory, the problem of interpretation is not yet solved. At best the report can be read as
a statement of the problem, in that it brings out that children's and lay people’s uses of
the word *force," though quite common, are not in accordance with how the word is
used in Newtonian mechanics and so cannot be interpreted in accordance with this
scientific usage. The problem therefore is how we are to interpret their uses of the word
*force."

The way to solve this problem, according to section 2.2.2, is to redescribe the intuitive
theory that children and lay people hold true in such a way that we can read a pattern of
beliefs in it that they share with us. In order to choose a plausible such pattern, it is of
course essential to take into account what their intuitive theory is about, i.e., what sorts
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of situations they were talking about when they uttered, nearly enough, (fragments of)

that intuitive theory. In general, these were familiar situations in which some object was

in motion, usually after it had been kicked, pushed, thrown, etc by some agent. An

appropriate pattern of beliefs that applies to such situations, is something like the

following.

- agents can make an effort to cause something to happen, for instance set things in
motion (throw a ball, ride a bike);

- the more effort you make, the more effect you beget (throw the ball further away, ride
the bike faster);

- to keep things in motion you have to keep making an effort (keep pedalling, keep
pushing), otherwise they will, eventually, come to a stop (if | stop pedalling me and
my bike will come to a stop);

- the motion of an object can also cause something to happen (the motion of a ball can
cause the breakage of a window, or the motion of another ball);

- a faster motion of an object can cause an increased effect (a very fast motion of the
ball may cause the breakage of several windows, or a faster motion of the other ball).
Note, first of all, that this pattern of beliefs is correct and, in particular, not in
contradiction with Newtonian mechanics. A physicist does agree, e.g., that when riding
my bike on a flat road | need to keep pedalling in order to keep going steadily, because
otherwise | would come to a stop. | do not see, therefore, in what sense Newton's laws
would "strike at the roots of commonsense reasoning™ (Ogborn, 1993). Or, to put it the
other way around: if it was possible to derive something from the principles of Newto-
nian mechanics that contradicted the above pattern, | would say something is wrong with
those principles because | do not see what is wrong with the pattern. Note, furthermore,
that the basic notions in the above pattern are those of agency and causation. This
suggests that it is in terms of these notions that children’s and lay people's uses of the

word *force’ should be analyzed.

I will now try to show that the above pattern of beliefs is indeed appropriate to interpret
children's and lay people's uses of the word *force.” That is, it is possible to so
redescribe their uses of the word *force® that, thus redescribed, the above intuitive
theory translates into the above pattern of beliefs. First of all, | detect three main uses of
the word *force" in the intuitive theory: as part of (a) the expression 'to exert a force
on," (b) the expression "to have a force," and (c) the expression "to get a force from."

Let me begin with the expression "to exert a force on." The basic use of this expres-
sion is in a sentence of the form "A exerted a force on O," where A is an agent and O an
object. I interpret this sentence as follows. Children and lay people hold it true just in
case (1) there was an action of which A was the agent, and (2) something happened to
0, and (3) A's action caused what happened to O.” So the point of the expression ‘to
exert a force on' is to have available a general way of saying that an agent did

2.This analysis is inspired by Davidson's analysis of sentences with event- or action-verbs (1980a, pp.105-203;
1985e).
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something that caused something to happen to an object, e.g. when there is no need to
specify what it is that the agent did (kick, push, throw, swing a bat, or whatever) and
what it is that happened to the object (set in motion, kept in motion, deformed, broken,
or whatever).

In line with the above interpretation, children and lay people generally do not use the
expression "to exert a force" when there are no agents involved. It makes no sense for
them to say, e.g., "The ball exerted a force on the window," simply because a ball
cannot be the agent of an action. It cannot do something in the way that we can, and so
condition (1) for the application of the expression "to exert a force on® is not satisfied.
Nevertheless its motion can, just like our actions, cause something to happen to other
objects. To be able to express the latter is, | think, the point of the expression "to have a
force" in relation to moving objects. So | take children’s and lay people’s holding true
the sentence 'If an object is in motion, then there is a force in the direction of its
motion® as an expression of the belief that the motion of an object can cause something
to happen to other objects that are located in the direction of its motion.

The basic use of the expression "to get a force from" is in a sentence of the form O has
got a force from A," where A is an agent and O an object. Its point derives, | think, from
situations in which children and lay people not only want to say that an agent did
something (e.g., that he swung a bat) and that there was an immediate effect of his
action (e.g., that a ball was set in motion), but also that the causal chain was longer
(e.g., that the motion of the ball caused the breakage of the window) and that his action
caused the more remote effects in the causal chain as well (that he broke the window). |
therefore interpret the sentence 'O has got a force from A as follows. Children and lay
people hold it true just in case (1) there has been an action of which A was the agent,
and (2) there is a motion of O, and (3) A’s action caused the motion of O. There is also
a derivative use of the expression "to get a force from," namely in a sentence of the form
'Oz has got a force from Oz," where both O: and Oz are objects. On my interpretation
children and lay people hold this sentence true just in case there is a motion of Oz that
has been caused by a motion of Oz. The point of this derivative use is, again, to be able
to express that "an agent causes what his actions cause” (Davidson, 1980a, p.53),
namely in cases where the causation proceeds via several links in a causal chain that
involves several other objects. E.g., in case an agent sets one ball in motion, whose
motion causes the motion of a second ball, whose motion ..., whose motion causes the
breakage of the window, this last ball has got its force from the second last ball, which
has got ..., which has got its force from the agent.

Let me take stock. | have tried to solve the problem of interpretation, i.e., | have tried
to find out which beliefs are represented by children's and lay people's holding true the
above intuitive theory. In order to do so | have not assumed identity of meaning but,
conversely, have tried to find out how they use and understand expressions like "to exert
a force on" and "to get a force from," namely by redescribing those expressions in such a
way that what they say comes out as largely correct. More concrete, by redescribing
those expressions as indicated above, it can be seen that the intuitive theory translates
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into the above pattern of beliefs. By interpreting them in this way, | have in effect
attributed a pattern of beliefs to them that, as noted above, is correct and, in particular,
not in contradiction with Newtonian mechanics. Thus it is by assuming identity of
pattern of belief that | have come to attribute a meaning to their expressions "to exert a
force on" and "to get a force from."

Let me also go briefly into the implications for education. | agree with Gunstone &
Watts (1985) when they write:

The issue of language is difficult and complex. Students use language which is

meaningful to students; teachers use language which is meaningful to teachers. There

are a range of important teaching implications to be derived from an understanding of

language and its role in learning.
But, as | understand it, I disagree with how they go on:

We merely wish to draw attention to one of these implications which arises from

considering the intuitive rules used by students. Language which is meaningful to

teachers may, because of students’ views of the world, have a quite different (even

conflicting) meaning for students. If we are not sensitive to this, we can unwittingly

reinforce the very views we want to change.
Language which is meaningful to teachers may indeed have a different meaning for
students. In fact, | have just argued that this is indeed the case with respect to expres-
sions in which the word *force® occurs. However, this is not because they have
alternative beliefs about the world, i.e., beliefs we would want to change (I interpret
what Gunstone & Watts call "views of the world" as ‘beliefs about the world"). There
simply is no identity of meaning concerning some terms because scientists have come to
assign a rather special meaning to some of them (e.g., "to exert a force on'), while to
others they may not even attach a meaning at all (e.g., "to get a force from"). So | would
rather say that if we are not sensitive to this, we can unwittingly create a lot of talk at
cross purposes between teachers and students. Furthermore, | see no need to change
students” intuitive theory, simply because, if appropriately interpreted, there is nothing
wrong with it. | do see a need, of course, to make them (want to) add substantially to
what they already believe in order that they come to understand Newtonian mechanics.?

Chi (1992) mentions another implication for education. She concludes, on the basis of
"an extensive survey of the science education literature,” that "the fundamental
conception that underlies most of the students’ conception of physical science concepts
is to treat them as a kind of substance." With regards to education she accordingly

3.1t is well-known that many courses in Newtonian mechanics do not lead to such an addition. Students who have
had high school physics, or even college physics, very often have not added substantially to the above
intuitive theory or, perhaps worse, have arrived at some uncomfortable cross between the intuitive theory and
Newtonian mechanics. Again, | think it is wrong to diagnose this situation as showing that their intuitive
theory "is highly resistant to change"” (Clement, 1982), because of the implicit suggestion that the intuitive
theory ought to be changed. My diagnosis not only is that there is a lot of bad education, but also that it is a
non-trivial and challenging task to make pupils (want to) add substantially to what they already believe in a
way that leads to their understanding of Newtonian mechanics.
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suggests that "in order for students to really understand what forces, light, heat, and
current are, they need to change their conception that these entities are substances, and
conceive of them as a kind of constraint-based event (including fields), thereby requiring
a change in ontology."

I do not subscribe to Chi's conclusion that students use the word *force" as if it refers
to a material object (which is how | interpret her statement that ‘the fundamental
conception that underlies most of the students' conception of physical science concepts
is to treat them as a kind of substance’). | rather think that in much of the research on
which Chi has based her conclusion researchers have (wrongly) interpreted students as if
they use the word *force" to refer to a material object, probably because the word *force"
grammatically functions as a noun and students use the word in such expressions as 'to
have a force' and 'to get a force from." On my interpretation students do not assign a
meaning to the word "force" in isolation at all and, in particular, do not use it to refer to
any entity whatsoever. And the fact that students may hold true a sentence like O has
got a force from A* does not, on my interpretation, reflect that they conceive of a force
as something that, literally, can be handed over from an agent to an object. If they hold
the sentence true, they thereby simply claim the occurrence of two events (an action of
which A was the agent, a motion of O) that are causally related. My interpretation
requires no other ontology than the familiar one of common objects and events.

Accordingly, | also do not subscribe to Chi's suggestion with regards to education,
namely that a change in ontology is required in the sense that for pupils to really under-
stand what forces are, they need to change their conception that these entities are sub-
stances and conceive of them as a kind of constraint-based event. First, | do not believe
that pupils conceive of forces as some kind of entity (of the material object kind).
Secondly, in teaching Newtonian mechanics | would not aim at making them conceive
of forces as any entity whatsoever. For | note that in Newtonian mechanics too the word
*force’ does not have a meaning in isolation, but only as it is part of smallest meaningful
expressions such as "to exert a force on." Furthermore, in Newtonian mechanics too an
understanding of such expressions requires no other ontology than that of objects and
events. What | think is important to realize with regard to education, is that in
Newtonian mechanics an expression like "to exert a force on" is not used in the sense in
which students use it, and that students use expressions containing the word *force" that
are not used in Newtonian mechanics (e.g., 'to have a force'). One of the central tasks
of education thus becomes to create a space in pupils® conceptual apparatus for e.g. the
term "to exert a force on," in its scientific sense, to occupy. The process of creating this
space is not one in which "students must induce or be told that physics entities belong to
a different ontological category" (Chi, ibid), but one of making them see the point of
having available such a term in its scientific sense. Furthermore, just as in the above it
was a shared view of the world (a shared pattern of beliefs) that enabled me to interpret
what students mean by their uses of the word *force,” so | suggest that in the process of
creating appropriate spaces in their conceptual apparatus we should somehow
productively make use of, build on, and extend this shared view. Finally, the aim of
teaching Newtonian mechanics is not to make students really understand what kind of
entities forces are, but to enable them to explain and predict the occurrence of events by
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means of laws in which the notions of agency and causation play no role.

Molecules

Let me give one more example. It concerns the numerous studies that have been
conducted on the way pupils relate microscopic particles to macroscopic phenomena. In
fact, in October 1989 an international seminar was held, in which this theme was
considered "a central problem in secondary science education® (Lijnse, Licht, de Vos &
Waarlo, 1990). | suppose the results of such studies are by now familiar: it is reported
that pupils believe that the molecules of a fluid expand when the fluid is heated, that the
hard molecules of ice melt when ice melts, that the molecules of sulphur are yellow,
that the molecules of glue are sticky on the outside, etc. It is then often noted that pupils
mean something else by the word *molecule’ than scientists do. But if that is so, then the
statement, e.g., that they believe that molecules of sulphur are yellow is non-informa-
tive. For if pupils mean something else by the word *molecule’ than we do, what is it
then that they believe when they hold true an utterance of "Molecules of sulphur are
yellow?"

In order to solve this problem of interpretation, the best we can do is attribute to them
the (correct) belief that a substance can be divided in little bits that, apart from their
size, are just like larger amounts of the substance (have the same properties, are subject
to the same regularities, etc), and accordingly interpret their expression *molecule of ..."
as "tiny bit of ...." For if we do so, we are, in most cases, in perfect agreement with
them: like us they suspect that every droplet of the fluid expands when heated; like us
they know that small bits of ice are hard and can melt; like us they see that tiny grains
of sulphur are yellow; like us they feel that small amounts of glue are sticky; etc.

So one should be careful with the conclusion that it is “"common for students to attribute
macroscopic properties (such as melting or expanding) to particles™ (Johnston, 1990). If
we read this as "pupils attribute macroscopic properties to their molecules," there will be
no problem. But this conclusion is obvious: their *molecule of ..." is essentially
macroscopic (though the "tiny bit of ..." may be so small that it cannot be perceived). If,
on the other hand, we read it as "pupils attribute macroscopic properties to our mol-
ecules,” we will be misinterpreting them: they are not talking about our molecules.
Furthermore, if we are to teach pupils about the particulate/kinetic theory of matter,
there is no need "to address directly some of [their alternative ideas about the nature and
behaviour of matter] and to encourage students to reject them" (ibid). Since in the above
we have made maximum sense of their words by optimizing agreement on beliefs,
perforce their ideas are not *alternative’ at all but rather in optimal agreement with our
own ideas. So we will have no reason to encourage them to reject those ideas.

In teaching about the particulate/kinetic theory of matter, we rather face the
educational task "in what sense macroscopic phenomena have to become problematic to
the pupils™ (ten Voorde, 1990) in order that they come to feel a need for our particles
and the specific way we use our particles in accounts of macroscopic phenomena. The
central problem, as | see it, is how we can meaningfully make pupils partners in an
enterprise that aims to explain, under the assumption that an object is a certain
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collection of particles, all macroscopic changes of that object solely in terms of changes
of position and velocity of those particles due to their mutual interactions.”

Subtractions and their role in science education

In the above | have indicated that in the process of learning Newtonian mechanics or the
particulate/kinetic theory of matter, pupils need not (be challenged to) abandon their
intuitive theory of motion or their ideas about their particles. | have not meant to suggest
that pupils will never have to subtract anything or that the cases in which subtractions
are needed may not play an important role in their process of learning science. The
importance of such cases may, e.g., be that they create a place in pupils® conceptual
apparatus for a term subsequently to be introduced to occupy, or that they make pupils
want to add to what they already believe. The subtractions that are needed and that may
play this important role, however, will I think mainly concern pupils® expectations of
what will happen in a situation that they never before have witnessed or paid attention
to, namely when they themselves recognize that what they expected was going to happen
does not in fact happen. In such cases pupils may e.g. come to realize that their expec-
tation was implicitly based on some generalization, and that this generalization is indeed
valid in most situations they have come across but not in this new situation. Let me give
an example.

When pupils are asked what will happen to the reading of a thermometer that is placed
in a pan of boiling water when the pan remains on the hot plate or the hot plate is turned
to a higher setting (something they have never witnessed before), many of them will say
that they expect the thermometer to rise. When they then find that the reading of the
thermometer remains the same (100°C), they themselves will of course admit that their
expectation has not come out. In this sense one may say that the experiment poses a
conflict, and that as a result of it pupils will have to withdraw their expectation. But, of
course, this withdrawal in itself cannot be the point of the experiment. Part of its point
rather is that pupils will find the outcome of the experiment surprising. For as they now
come to think of it, they cannot think of any other situation in which an object was near
some heat source and did not get warmer. In fact, it is the point of a hot plate (or of
turning it up to a higher setting) to make things warmer. They may thus come to realize
that in their expectation they implicitly made use of a generalization that was based on
situations they have come across, something like: as long as an object is near a heat

4.1t is well-known that many courses in the particulate/kinetic theory of matter fail to achieve this. It is easy to
see that this will be the case for courses in which molecules are defined as the smallest parts of a substance
that still have all the properties of that substance and are introduced as the product of a process of division.
For this definition and this introduction cohere nicely with an interpretation of *molecule of ..." as "tiny bit of
...." In section 5.3.2 | will argue that a well-known constructivist approach to teaching the particulate theory
of matter, in which the main educational task is considered to be that pupils remove their supposedly
alternative ideas in favour of appropriate scientific ones, also fails to meet the task of meaningfully
introducing pupils to what scientific particle models are all about. We need to think of other ways to meet the
latter, non-trivial, task.
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source, it gets warmer.”? So apart from their expectation, pupils will not have to
withdraw very much. In many situations it still is the case that an object does get
warmer as long as it is near a heat source. What they now come to add to this is that
there are also situations in which this is not so.

Whether there is any use of the experiment in an educational process depends of
course on whether it is possible to so embed it in a series of activities that it can be
given a further point. It is perhaps possible to let the experiment precede by such a
series of activities that, on the basis of those activities, the element of surprise that the
experiment induces in pupils is very likely to prompt their formation of a particular kind
of intention, e.g.: to find out whether there are also other liquids that have an invariant
boiling point, or whether freezing too occurs at a fixed temperature. The further point of
the experiment then is that pupils are provided with reasons to extend what they already
know in certain directions. And an even further point may be that this extension
contributes to creating a place in pupils’ conceptual apparatus for a concept subsequently
to be introduced to occupy (e.g.: the concept of a pure chemical substance).

2.2.4 Some general notes on methodology

The strategy that | have applied above (and that in chapter 4 | argue to be unavoidable
for correct interpretation) is one of matching patterns of belief. It will be clear that this
strategy is frustrated by assuming identity of meaning all too lightly (especially
concerning terms to which scientists in the course of the development of science have
come to assign a specific meaning), and by distributing isolated utterances too quickly
into separate categories (instead of trying to read, in the totality of utterances held true,
a coherent pattern of beliefs that corresponds close enough to a pattern of our
own). It are precisely these two, what | consider to be, methodological errors that are
often made in the many studies on ‘alternative’ frameworks/conceptions that have
appeared in the science education literature. | suggest that it would be interesting to
apply an analysis like the ones | have given above with respect to studies on pupils®
*alternative" ideas about motion and molecules to other such studies as well. This would
come down to redescribing those studies® accounts of what pupils believe in such a way
that they turn out to do and say things that, according to us, are the reasonable things to
do and say under the circumstances. | conjecture that the result of such an analysis will
be that those studies® identifications of misconceptions or ‘alternative' ideas generally
come down to misinterpretations.

Note that the task of matching patterns of belief will be greatly facilitated if the
interview-situation involved events that occurred during the interview or objects for

5. Or, as some authors (e.g.: Anderson, 1986; diSessa, 1988; cf section 2.5) suggest, perhaps the generaliz-
ation that was implicitly used was even more general and based on even more situations they have come
across, e.g. something like: if one thing has a certain effect on other things, those other things will be more
affected the longer they are near the one thing. The generalization mentioned above is then a special case of
this more general generalization, with the "one thing" specialized to 'a heat source' and the effect it has on
other things to *making them warmer.*
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pupils to handle with, and if the interview-situation furthermore was rather simple and
surveyable, both for the pupils and for us who want to understand what they see in the
situation, what they think about it, what they mean by what they say, what they want to
achieve, why they do as they do, etc. For the objects that are present and the events that
are occurring in the interview-situation can then be taken to have caused pupils® coming
to hold some sentence true, their coming to believe that they have accomplished (or not
yet accomplished) what they thought they were asked to do, etc. The task then roughly
comes down to keying their sentences in such a way to sentences of our own that their
holding a sentence true is often enough caused by the same events and objects as our
holding our matching sentence true. We thus make our interpretation depend on the
events and objects that we take their sentences as being about, in the sense of making
them right (according to us) in what they say about those events and objects.

The interviews on radioactivity that are reported in the remainder of this chapter are not
of this kind, in that the interview-situation does not (or hardly) involve events that occur
during the interview or objects for pupils to handle with, but mainly verbal talk about
situations having to do with radioactivity (the Chernobyl accident, X-ray photography,
etc). Of course it has been tried to secure as well as possible that the interviewer and the
pupils were talking about the same situations by choosing well-known or familiar
situations, by providing suitable information (e.g., photographs), by letting the pupils
describe the situations, etc. But since there are no observable events and objects in the
interview-situation that could serve to relatively easily work one's way into pupils’
belief system, another strategy has to be taken to match patterns of beliefs. In section
2.5, this will be done by placing pupils’ talk in a familiar pattern of general
commonsense knowledge. In chapter 1, in connection with the question why in some
countries iodine tablets were distributed after the Chernobyl accident, | have already
hinted at this procedure. | have tried to explain (understand) pupils® answers to that
question by placing their talk in a familiar pattern associated with the general notion of
resistance: if something has an effect on something else, the effect can be decreased by
adding a resistance. |1 do not mean to suggest that this strategy to match patterns of
belief on a fairly general level is the best or the only one, but rather that for the case at
hand it seems to be the most appropriate and perhaps the only one available.

2.3  Review of previous research on pupils’ ideas about radioac-
tivity

2.3.1 Eijkelhof's findings

In his thesis (1990), Eijkelhof gives a survey of the few studies on pupils® ideas about
radioactivity that had been carried out before he tackled the issue. Eijkelhof notes that
these studies had had a more limited scope than his. Furthermore, in the cases where
there is overlap the results of these studies are compatible with his findings, or at least
understandable given his findings. Below some of his findings are presented.
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As regards the meaning of ‘radiation’, we found many associations with other kinds of
radiation, especially with light, but also with heat, radio waves and sound waves.
Invisibility is a property which is acknowledged by almost all pupils. Some pupils
seem to reify radiation by calling it a kind of gas (“radon"). A large proportion of
pupils make distinctions between natural radiation, X rays and "radioactive radiation™.
They draw these distinctions partly from their ideas about differences in effects, partly
from differences in function, of these kinds of radiation.

According to many pupils the propagation of ‘radiation® is influenced by ventilation:
this is seen as a means of preventing further accumulation of radiation in rooms where
X rays are used, in factories where food is irradiated and in houses which are well
insulated. Related to this view is the idea that radiation could be carried away by the
wind (in the Chernobyl context). From a scientific point of view one might conclude
that *radiation” is then being used for *radioactive substances'.

Many pupils lack the scientific idea of absorption of radiation. They seem to have
‘conservation® ideas about radiation, which could be summarized as:

when an object (such as food or a wall) receives radiation, the radiation will

accumulate in the object; when the amount of radiation is large enough, the

object will itself start emitting radiation.
So "absorption® is confused with "accumulation of radiation’. The same idea applies to
people who receive radiation, a difference being that people are seen as living beings
with some resistance: the body has some defence system which breaks down radiation
as long as there is not too much.

In the light of this, it is to be expected that indiscriminate use of the terms

‘contamination® and ‘irradiation® will be very common. Many pupils speak of
‘contamination® when someone or something has received a certain amount of
"radiation’, sometimes specified as "a surplus” of it or "more than normal”.
(Eijkelhof, 1990, p.96)
The term ‘radioactivity® is often used in implicit and explicit ways to mean ‘radiation”.
So pupils spoke about "radiating", "releasing™ or "emitting radioactivity" and defined
‘radioactivity’ as "radiation” or "an accumulation of radiation”. We also found
meanings which could be labelled as "the source of radiation®. Here we refer to pupils’
descriptions of "radiation emitting substances™; "particles"; "an atom of radioactivity",
"having", "handing over" or "containing radioactivity". Very often effects of radiation
were included in the definition of the term ‘radioactivity’: the pupils spoke of
"dangerous" and noxious", (ibid, p.97).

Eijkelhof also gives some examples of how pupils talk about the danger of (applications
of) radiation: "X rays must be dangerous as my mother and the nurse had to stand
behind a special window;" "if irradiation of food happens in a room like that [with thick
walls], it cannot be said that it is not dangerous;" "[irradiation of food is not dangerous],
otherwise they wouldn't do it." More generally, he identifies two views about the
danger of radiation, which he labels ‘radiation is dangerous' and ‘the dangers of
radiation are limited®". According to both views radiation is potentially dangerous, but
they differ with respect to the extent in which the danger can be controlled: "on the first
view hardly any control exists; the second puts more trust in experts and the safety
measures taken" (ibid, p.99). On page 98 of his thesis, Eijkelhof compares the two
views as follows.
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Radiation is dangerous

radiation / radioactivity / radioactive matter is
permanent: it never falls to zero and can accu-
mulate in the body; in the event of contamina-
tion nothing can be done

the effects of radiation / radioactivity / radioac-
tive matter are always dangerous, leading to
cancer and other serious consequences

all radiation is dangerous, including X rays
safety measures indicate how dangerous the

applications are

radiation standards have a very limited value as
any quantity of radiation has a hazardous effect

radiation is dangerous as it passes through any-
thing

radiation / radioactivity is dangerous as it
cannot be observed by the human senses

the detrimental consequences in the long run

The dangers of radioactivity are limited
radiation / radioactivity / radioactive matter de-

creases in the long run; in the event of contam-
ination, some measures can be taken

a small dose of radiation will be broken down
by the defence system of the human body

X rays are very different from (radioactive)
radiation and are less dangerous

safety measures are effective in reducing the
risks of radiation

radiation standards indicate a safety level:
below them it is safe

radiation can be stopped by lead sheets and
concrete walls

radiation / radioactivity / radioactive matter can
be measured

a lot is known about the effects of radiation

are uncertain

Finally, on page 100 Eijkelhof presents a list of missing scientific distinctions in pupils*
beliefs.

Between 'radiation’, ‘radioactivity® and radioactive substances'.

Between ‘irradiation® and *contamination®.

Between "absorption®, *accumulation® and *stopping" of radiation.

Between "activity" and *dose’, and their units.

Between the effects of *high® and "low" doses of radiation.

2.3.2 Reflection on Eijkelhof's findings

As may be clear from the above presentation, Eijkelhof has given some characteristics
of pupils' talk about "radioactivity, ionizing radiation and risk in the contexts of
Chernobyl, medical use of radiation, radioactive waste disposal, food irradiation and
background radiation™ (ibid, p.95-96). He has noted some usages of terms that are
characteristic in the sense that they are quite common in the *mean" senior high school
pupil’s talk about a wide range of context domains of radioactivity and radiation. An
example is the seemingly undifferentiated use of the words ‘radiation,” ‘radioactivity"
and ‘radioactive matter.” Another example is the use of words like ‘having,’
‘containing,” ‘handing over' and ‘accumulating® in connection with radiation and
radioactivity. Or the regular use of words like ‘dangerous® in connection with
(applications of) radiation.
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Furthermore, Eijkelhof has generalized over pupils and context domains and has thus
arrived at some typical classes of common utterances in a variety of context domains.
Examples of such classes are:

a. the propagation of radiation is influenced by air currents (wind, ventilation);
b. when an object receives radiation, the radiation will accumulate in the object.

But has Eijkelhof recognized the problem of interpretation that | have described in
section 2.2? In an evaluation of his findings he does mention ‘problems of
interpretation”:
The results suggest that an approach in which pupils® ideas are studied from the
specific perspective of physics, as in the study by Riesch and Westphal (1975) on the
radiation transportation process, will face difficulties as pupils attribute alternative
(different or undifferentiated) meanings to scientific terms and use context-dependent
ideas. The pupils are unlikely to use a coherent theory about the world ... and appear
unaware of any need for consistency across situations ... One might therefore expect
serious problems of interpretation. (ibid, p.100-101).
| think that Eijkelhof's ‘serious problems of interpretation® are not related to the
problem of interpretation as | see it. The reason is that Eijkelhof seems to have solved
his serious problems of interpretation® by appealing to incoherence and inconsistency.
This is certainly not the way to solve the problem of interpretation as I see it. Of course
I do not assume that pupils have a perfectly *coherent theory of the world® -neither have
I. All I want is to understand what makes pupils say the things they are saying. And my
claim is that we do not reach such an understanding by appealing all too lightly to inco-
herence and inconsistency. On the contrary, in doing so we simply undermine our
ability to understand what it is they are so incoherent or inconsistent about. If we cannot
see much reason, coherence and consistency in the utterances of the pupils, we will not
be able to solve the problem of interpretation as | see it. Let me try to make this point
clear by giving two examples.

Apart from some context-dependent differences of usage, Eijkelhof has noted an
undifferentiated use of the words ‘radiation," ‘radioactivity" and ‘radioactive matter." |
agree with Eijkelhof that this common usage suggests that for pupils all three words are
true of the same sort of entity, which he denotes as ‘radiation/radioactivity/radioactive
matter* or, briefly, "it." | would like to understand, however, pupils® undifferentiated
use of those three words: why are they doing so? If | could understand that, | would find
no trouble in translating their words ‘radiation,” *radioactivity" and ‘radioactive matter*
into one and the same word ‘it.* And an utterance falling in class a above would then
express the belief that it's propagation is influenced by air currents.

Eijkelhof (ibid, p.96) comments on class a: "From a scientific point of view one might
conclude that "radiation’ is then being used for 'radioactive substances®." Now suppose
that that was the case: that for pupils the word "radiation’ is actually true of radioactive
substances. In that case it would be incorrect to attribute to a pupil, on the basis of an
utterance falling in class a, the belief that the propagation of radiation is influenced by
air currents: that is just something she says. And when she says it, it really expresses for
her the following belief:
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a" the propagation of radioactive substances is influenced by air currents.

Now, between which of the two options are we to choose: one sort of entity, it, which
can be transported by air currents, or two separate sorts of entity, radiation and
radioactive substance, of which the latter can be transported by air currents? And on
what grounds are we going to choose?

The second example concerns Eijkelhof's observation that pupils "seem to have
‘conservation® ideas about radiation.” | agree with Eijkelhof that utterances falling in
class b, pupils® use of words like *having,” ‘containing,” ‘handing over' and
*accumulating” in connection with radiation and radioactivity, and the indiscriminate use
of words like "contaminated,’ ‘irradiated’ and ‘containing radiation," all point in that
direction. But again, | would like to have more evidence to support the plausibility of
attributing to pupils the belief that radiation is conserved.

Eijkelhof's conclusion that "*absorption® is confused with *accumulation of radiation
does not help me any further. On the contrary, what if pupils do indeed confuse
absorption and accumulation in the sense that they really mean "absorption® whenever
they say "accumulation?" If that were the case, an utterance of b would express the
following belief:

b* when an object receives radiation, the radiation will be absorbed in the object.
And then there would be no reason to attribute to pupils the belief that radiation is
conserved.

Again the question arises: which option are we to choose and on what grounds? And
by combining both examples even more questions do arise. How are we to interpret the
word ‘radiation® in b (or b"): will it be "it," "radioactive matter," or even something else?
Does it make sense to interpret b* as expressing the belief
b" when an object receives a radioactive substance, the radioactive substance will be

absorbed in the object?

These two examples not only illustrate the interdependence of meaning and belief, but
also that without any further constraints we can always change the meanings we give to
some of the words a person uses by making compensatory adjustments in the beliefs we
attribute to that person. They thus illustrate the problem of interpretation as | see it, and
also that Eijkelhof has not recognized it. In order to solve it, somehow we have to
impose constraints. | have already indicated that the constraints come down to finding
common ground: we must suppose that the other's beliefs are incorporated in a pattern
that is nearly enough like the pattern of our own beliefs. On the basis of this supposition
we can accordingly determine the meanings we give to her words and thus solve the
problem. In the case at hand, we should not consider classes a or b (or any other class)
in isolation, but try to interpret the ‘mean’ pupil's words in such a way that we
recognise a familiar and reasonable belief structure in the totality of classes, i.e. in the
totality of typical utterances of the *mean” pupil.

It is this last, but important, step that Eijkelhof has not taken, although all the
necessary material is in his thesis. Furthermore, this last step would not have compli-
cated the presentation of his findings, but would rather have simplified it by bringing to
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the fore some underlying belief structure to which pupils' utterances fit. | will try to take
this last step in section 2.5, not on the basis of Eijkelhof's material but on the basis of
comparable material that | have gathered by interviewing middle ability pupils. Since
this material, which will be presented in section 2.4, turns out to be rather similar to
Eijkelhof's material, my analysis will indirectly also be applicable to the latter.

2.4  Interviewing middle ability pupils about radioactivity

2.4.1 Aim and procedure

Aim

The aim of my interview study among middle ability pupils has been threefold. Firstly,
to collect material consisting of assertions of middle ability pupils about (a range of
context domains of) radioactivity. Secondly, to roughly compare those utterances with
those of senior high school pupils (in the expectation that there would be no significant
differences). Finally, to positively interpret those utterances. This section will be
devoted to the first two aims, the next to the third.

Procedure
In December 1988 | conducted four interviews with groups consisting of two middle
ability pupils of about 15 years old. Each interview took about half an hour. Two of the
groups consisted of girls, two of boys. The interviews were held with two pupils, partly
to set them at ease, partly to stimulate additional comments on each other's answers.
Each interview began with an introduction. The pupils and | introduced ourselves. | told
something about the aim and the procedure of the interview and asked permission to
audiotape the interview.

| tried to create an atmosphere in which the pupils felt free to express their own
thoughts. | emphasized that | was not going to judge them, that it was no problem if
they did not know an answer, that the interview was not going to be an oral
examination, that if they had any questions | was happy to answer them after the
interview, etc. During the interview | would try to refrain from giving comments and
would not push any further when pupils indicated they did not know what more to say.
As an aid to myself, | had written down the main questions | was going to ask.
Depending on the answer of a pupil I would sometimes search for further clarification,
usually by repeating the last words of the answer or by asking the other pupil to
comment on it. All these measures were taken to secure as well as possible that the
pupils could be taken to hold true what they say. Of course this does not mean that the
interviews were deadly serious and that there was no time or opportunity for an
occasional joke.

In the first question I asked for examples of where one has to do with radioactivity and
radioactive radiation®. About some of the cases they mentioned | would then try to let

6."Radioactive radiation’ is a literal translation of the Dutch words ‘radioactieve straling,” which are commonly
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them tell some more. For that purpose, | would usually ask some questions about:

- the properties of radiation: why is it used in that situation?; how do you conceive of
radiation?; what can it be compared to?

- the origin of the radiation: why is it present in that situation?; where did it come
from?

- what happens with the radiation: how long will it be present?; where will it go to?

- danger and protection: is there any danger in that situation?; for whom or what?; what
might be the effects?; are there effective safety measures?

Depending on what situations the pupils themselves brought up and how much they had

to say about them, in some interviews | also brought up one or two of the following

situations involving radioactivity: medical applications (X-rays, irradiation of cancer);

nuclear bombs; irradiation of food; radioactive waste; background radiation. To

introduce a new topic of conversation, especially when an unfamiliar application like

irradiation of food was going to be talked about, some illustrations (e.g. a sketch of a

food irradiation factory) were shown.

Each interview ended with questions on the detectability of radiation and on
background radiation. How can one tell whether radioactive radiation is present or not?
Can it be seen, felt, measured? And after having introduced a Geiger counter as an
instrument to measure radioactive radiation, | asked for the origin of, possible
consequences of and possible protection measures against background radiation.

2.4.2 Description of results
After the interviews the tapes were transcribed into protocols of about 12 pages each.
After leaving out my questions and introductions of particular situations involving
radioactivity, passages in which | really put the words into the pupils® mouths, passages
in which the pupils or | wandered too far from the main road set out by the questions
given above, repetitions in pupils® answers, etc, each protocol reduced to a collection of
pupils® utterances of about two pages. It is essentially this resulting total collection of
utterances that is presented below. The utterances are grouped according to the
particular situation in the talk about which they were uttered and repetition of similar
utterances coming from different interviews is avoided. Since Eijkelhof's results point at
much communality among senior high school pupils and the general public, it is
reasonable to assume that the communality extends to middle ability pupils too.
Furthermore, the interviews themselves have given no clues for abandoning that
assumption: each interviewed couple agreed on most of the issues. In fact, in section 2.5
I will make maximum use of the assumption by trying to deliver a positive interpretation
based on the totality of utterances of all the eight interviewed pupils. This corresponds
to my aim to reach an interpretation (understanding) of the *mean” middle ability pupil’s
thoughts about radioactivity. Or to put it in a more modest and feasible manner: to reach
an understanding of the thoughts of the "average" of the eight interviewed pupils.

The utterances below are presented to give the reader a fair idea of what my
interpretation in the next section is based upon. Of course it should be remembered that

used as ‘radiation having to do with radioactivity.*

27



A Problem-Posing Approach

the utterances were originally in Dutch. They are translated in such a way that the
versions in English remain as closely as possible to the original wordings in Dutch. No
real attempt is made to translate spoken Dutch into spoken English. This is why native
English speakers probably will not recognize the utterances below as representing the
idiom of 15-year-old, native English speaking kids. So be it.

Where one has to do with radioactivity and radioactive radiation
One important feature to notice right at the start is that the pupils talked easily and at
length about the subject. It was relatively easy for me to conduct the interviews.

Concerning the question where one has got to do with radioactivity and radioactive
radiation, one group mentioned: hospitals (X-ray machines); nuclear power stations and
accidents with them, in particular Chernobyl; "an X-ray machine they had found
somewhere in Africa on a rubbish dump, some people died of it" [probably the pupils
intend to refer to the radiation therapy device that was taken apart by some junk
collectors in Goiania, Brazil, in 1987]. Another group mentioned that "everywhere
around, really" one has got to do with radioactivity and radioactive radiation: "on the
moors, in the woods, agriculture.” The group also mentioned nuclear power stations,
and in particular Chernobyl: "People who work in nuclear power stations have got to do
with it, they have to leave after a couple of years, | believe, otherwise they would get
too much radiation;" "It will give trouble to the people who live a stone’s throw from a
nuclear power station. If the station breaks down, the radiation will come out and cover
the people.” Finally, the group mentioned "experiments with big explosions” and
nuclear bombs. The third group mentioned "something with the ozone layer;" X-rays;
irradiation of cancer (*'because you hear about things that happen afterwards, after such
an irradiation™); irradiation of kidneys, perhaps ("if they use it for cancer, then it seems
to me they might also use it for kidney stones™). The group also thought that maybe
ultraviolet lamps and sun lamps have got to do with it: "Something ultraviolet, you
know. Well, if you stay under it too long, you will get sunburnt. You're only allowed to
stay under it for such-and-such a time. And you're more likely to get cancer.”" The
fourth and least talkative group, finally, mentioned nuclear arms, nuclear power stations
and also that "it's in the air." When later in the interview | asked them whether in
hospitals one also has got to do with it, they mentioned X-rays and irradiation.

When asked how they know all these things, most pupils mentioned sources like

television, radio, newspapers, "I hear it from my mother and brother,” "just through the
grapevine."

Chernobyl
All groups implicitly or explicitly referred to Chernobyl. And also in their talk about
other situations (see below) they regularly made comparisons with Chernobyl. | now
give the utterances that apply specifically to Chernobyl.
"A nuclear power station was somewhat overheated, or so, I'm not sure, but at any rate
there had been a fire and so all that radiation was released in the air."
"In the environment everything died, people died of cancer."
"Just a little bit of it immediately kills you."
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"[Cancer] is the main disease caused by the radiation. | believe you can get cancer
from it and quite a lot of diseases."

"In Norway it also was very bad. In the end, all the animals had to be shot."

"The honey was contaminated with radiation."

"From the grass and several cows we discovered that there was also more radiation on
the things here [in The Netherlands]. It all came from Chernobyl. It was carried by the
wind and drifted towards us."

"[It can be carried by the wind] because it is very light. | don’t know, a kind of gas, or
S0, gaseous. It's neither fluid nor solid."

" think it simply mingles with the air and when it rains -it also mingles with the rain-
it comes down and ends up in the ground."

"Even here there were vegetables we were not supposed to... It goes all over the
world. It spreads out over all countries and it ends up in the ground. It gets into the
ground."

"It decreases more and more. In the end it will run out, I think."

X-rays
According to all groups in which medical applications were discussed, X-rays have got
something to do with radioactivity and radioactive radiation”. According to pupils, X-
rays are taken for the following reasons and purposes.
"X-rays are more efficient than... 1 don't know how they would have to do it
otherwise, but it seems to me it's more efficient.”
"l think otherwise you should have to feel whether it is indeed broken. And there
might be a crack in your bone, or so, and that you can see on an X-ray."
"It is shined through the patient to see what kind of diseases he has."
"They can look behind your molars to find out, perhaps, whether the roots are all
right. With X rays they can see all that, but not by just looking into your mouth."
"Maybe at my birth [l had an X-ray], | don't know, or when | was still in my mother’s
belly. Maybe they take X-rays [of pregnant women] to see how the child is doing, I'm
not sure, or to see whether it will be twins or a boy or a girl. | think they could use X
rays for that purpose.”
About the properties of X rays and what they can be compared to, the pupils noted the
following.
"You don't see it."
"In some cases you don’t see it, but in the X-ray machine [in Goiania] it had a colour.
That's why the people rubbed it on their skins. I think that that colour is the
radioactivity-radiation."
"l think it would be possible to see them [X rays], otherwise you wouldn't be
blinkered. Because of the X rays you have to be blinkered, just as in welding because
of the ultraviolet radiation. Otherwise you'll burn your eyes or get welding-eyes
[actinic conjunctivitis]. So | think it would be possible to see them, but you're simply
not supposed to look at them. The same applies to the people that go to stand behind a
screen. They're also not allowed in front there. So it not just applies to the people of
whom an X-ray is taken, doctors and so on are also not supposed to look at them."

7. The Dutch word for "X rays" is "rontgenstraling,” which would literally translate into ‘roentgen radiation."
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"l think X rays have something to do with ultraviolet, because ultraviolet also goes
right through your body."

"X rays are so intense that... it seems to me that if a nuclear bomb, or something like
that, is dropped, that then too it will be so much that you could simply see your bones.
That's what | compare X rays to: to light, very intense light."

"[X rays can be compared to] a laser beam. Laser beams are not really radiation, but
just bound light. But | think it can be compared to X rays, because you can make it
shine right through a person and you can also do that with radioactive radiation."

"[X rays can be compared to] a gas. You don't see them and they're dangerous, aren't
they, if you get too much on you; and a gas is the same, really: you don't see it and
it's also dangerous."

About the origin of the roentgen radiation (X rays), the pupils had the following to say.

"[It came] from such a thing, a very large..."

"[The radiation] comes from such a machine."

"It is in X-ray machines, | don't know exactly what."

"Sooner or later it will be used up or worn off and then you can use it no more. But
I'm not sure where it comes from."

"[In an X-ray machine] are those radioactive-radiation-fluid. | believe it is a bit
luminous. Those people [in Goiania] had rubbed it on their skins, because they thought
it was very pretty."

About what happens with the radiation after an X-ray is taken, pupils told the following.
"[When an X-ray is taken,] part of the radiation falls into your skin, otherwise those
diseases couldn't come up. If it didn't get into your skin, | think you wouldn't get
diseases from it."

"Of course a little bit remains in your body, but that is rather minimal. | think it will
have been completely worn off after a couple of minutes. It's just inside your body,
isn"t it. I think it just mingles with your blood or something else, 1'm not sure how. At
any rate you shouldn't take X-rays too often, because then you can get cancer."
"[When an X-ray is taken] small particles of the radiation get into your body and later
it wears off a bit. Just like a kind of gas that wears off after a couple of years."

"It simply wears off. | think you might compare it to a battery, or so. A battery also
wears off."

"Maybe it's broken down. That it simply has some sort of force inside, which
decreases sooner or later."

"It also depends on how much there is. It is also in nuclear bombs and there it also has
a lasting effect. But there you've got quite a lot and does it take a million years before
it has worn off."

Concerning the possible effects the pupils noted the following.

"You're not allowed to make that much use of an X-ray machine, because it radiates
right through your body."

"[That one is advised not to take too many X-rays] proves that it is not really healthy,
otherwise they wouldn’t recommend that. If it was healthy, they could easily take X-
rays because nothing would happen."

"With such an X-ray machine you've only got a bit, but at the time of Chernobyl, that
was quite a lot. There the people in the neighbourhood simply died after a couple of
minutes. | think much more radiation was released there. It got into almost everything
in large amounts."
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"The more you get, the worse the disease will be."

From their own experience, most pupils knew that when making an X-ray the nurse
stands behind a screen. About the purpose and function of this screen the pupils

remarked the following.
"[The nurse stands behind a screen] because she's not supposed to see them [the X
rays]. | think they are harmful for your eyes. If you were to look at them, | think your
eyes would burn away."
"[The nurse stands behind a screen] because if she got a bit too much radiation, that
would not be good, | believe."
"[The nurse stands behind a screen] because if she has to do that [making X-rays]
every day, then of course she would get... and since some radiation is released or is
brought into contact with her, then of course she would get quite a lot inside."
"[The radiation] glances off the screen into the room, | think."
" think a screen stops the X rays, so that they won't enter your body. | think they will
linger somewhere in the air and spread out, or so."

Irradiation of cancer

According to all groups in which medical applications were discussed, irradiation of
cancer has got something to do with radioactivity and radioactive radiation. About the

purposes of irradiation the pupils made the following remarks and comments.
"People don't know exactly how to treat cancer. It [irradiation] is not so expensive as
operating and irradiation is much easier. | think the chances of survival are better than
with an operation."
"That's the opposite [of getting cancer from radiation]. | don't know how that works.
It is of course a remarkable fact."

About what happens with the radiation after irradiation, the pupils said the following.

"[After being irradiated,] some part of the radiation will be in the body and some part
in the air. It enters your body, doesn't it, and destroys the tumours, or the kidney
stones if that's the problem. | think the radiation remains inside the body. | don't know
for how long, | don't have experience with it."

"Maybe the radiation is caught by some other apparatus or the patient will simply have
it inside and maybe a little bit remains in the walls."

"In some people it lingers and... if one person is irradiated he will get nothing while
some other will get, let's say, a headache... I'm not sure, but maybe it lingers in some
people and doesn't in others."

"It just remains in the body and after a while it wears off or breaks down."

"l think it just remains inside [your body] and that the radiation just kills some cells,
or so, inside your body. I think that in due course it will ever more get out of the cells,
leave the body and come into the air."

"I think it will also be broken down by some substance, because some people don't get
complaints while others do. So maybe in some people it isn't broken down because
they haven't got enough substances of some sort."

Concerning the possible effects and safety measures (the nurse has to stand behind a

wall), the pupils noted the following.
"| think it is [harmful]. Otherwise you wouldn't hear those stories about people getting
headaches and things like that after being irradiated. Perhaps it's carcinogenic."
"[The nurse stands behind a wall, because she] may have to do this every day. So she's
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more likely to get those harmful substances than that patient, who is there for just once
or twice in his life."

"The wall does help. In there it's not that much, of course. At the time of Chernobyl,
it went right through the walls. But of course that was much more. Here the wall will
stop it, | think."

" think it the whole wall will eventually dissolve."

Nuclear bombs
In two groups the topic of nuclear bombs was discussed. Both groups agreed that nuclear
bombs have got to do with radioactivity and radioactive radiation. About the radiation,
one pupil noted:
"It is transparent. You don't see it at all."
About what happens with the radiation after the bomb is dropped, the pupils said the
following.
"The radiation goes into the air."
"It just weakens in the end. Every year such-and-such weaker. | don't know exactly...
it just gets weaker. It drifts to other countries and things like that. It mingles with the
air. It decreases."
"It lingers in the air, the radiation. It does decrease, | believe, but I think there's still
some radiation there [in Japan] now."
"The radiation [of the bombs on Japan] by now is so weak that... by now it doesn't any
longer trouble us, though it does to the people there."
"There always remains a little bit and then it won't be excessively... but it does remain
harmful."
About the effects, the pupils said the following.
"You just see that explosion and then... well, all those people just dropped dead or
some people vanished completely. That's what you saw in that film [The Day After]."
"It results in death and diseases."
"There's lots of damage and many people get killed. Even after quite some time people
are dying from it."
"The people, the animals nearby... well, everything really [will have to deal with it].
People will be contaminated with it and if you stand by too close, you will be comple-
tely... well, swept away really. And yes, after quite some years it will still give
trouble to the animals and people. They will all fall ill, develop cancer or whatever,
who knows also skin diseases, pregnant women will give birth to deformed children.
They all will fall ill and... well, will not live much longer."
One pupil noted about possible protection measures:
"['You might be able to protect yourself] if you had a room with very thick lead walls,
that would help. But if you were to go out afterwards, it wouldn't help no more
because that radiation will still be there. It would be weaker after a couple of years,
but still rather high."

Irradiation of food
With one group | talked about irradiation of food. My first question was whether they

had ever heard about irradiation of food. The pupils reacted immediately:
"Yes. Spinach, and things like that. A couple of years ago we weren't allowed to eat
spinach, because it was contaminated by irradiation [the other pupil adds: Chernobyl].
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[That means that] there is radiation... well, that was... some very dangerous
substances were inside, so that was harmful for your body. The radiation was simply
in the ground, | think, or had gone into the ground with the water and had thus come
into the vegetables. | believe [those substances are the radiation], yes."
| continued by noting that | did not mean to talk about Chernobyl but rather about a
factory where food is irradiated, one of the pupils again reacted immediately:
"I know that. | believe with oranges, or something like that, to keep them for a longer
time."
After | had shown a picture of a food irradiating room, in which carts containing
potatoes rotated around a radioactive source, one of the pupils asked whether the
potatoes that are at the bottom of the cart are also being irradiated. The other pupil
answered:
"Well, the radiation goes right through."
About what happens with the radiation after irradiation, the pupils told the following.
"[When the food is irradiated,] the radiation will remain inside, maybe for some years.
But it decreases. | do think the radiation simply gets weaker."

When asked whether they would eat irradiated food, the pupils said the following.

"If the radiation gets too strong... too much radiation, perhaps in the potatoes or in the
other food, | don't think that's a very nice idea, because too much radiation is not
good for your body. If you eat it [irradiated food], it [the radiation] will simply end
up... well, 1 don't know exactly where it will end up inside your body, but it will
simply end up inside your body. And you're only supposed to get such-and-such a
permillage or so inside your body. Well anyhow, you'd better not have too much, of
course. | mean, | would eat as few irradiated food as possible actually."
"Eating irradiated food doesn’t sound like a good idea to me. Maybe an accident has
happened in that factory. Certain harmful substances might be in the food and then you
will get... well, infections or whatever, all kinds of lumps on your skin. It doesn't
sound like a good idea at all."

Radioactive waste
In two groups the topic of radioactive waste was discussed. Both groups agreed that it
has got to do with radioactivity and radioactive radiation.
"[Radioactive waste] comes from nuclear power stations."
"[Radioactive waste has got to do with radioactive radiation,] because of those
factories. They illegally dump that waste somewhere. The poison gets into the ground,
spreads and then you automatically have it in some residential district. You are
irradiated and get diseases."
The pupils made some remarks on the sources and properties of radiation, for instance
when asked what would be seen if a vessel of radioactive waste were to be opened.
"[If you opened a radioactive waste vessel,] you would perhaps see some luminous
stuff. That was recently on television. A father had brought his daughter some
luminous stuff, which later turned out to be radioactive. | think something like that
would also be in those vessels."
"If you were to open a vessel of radioactive waste,] | don't think that there would be
that much to see, really. | wouldn't know what it looks like. Oil, I think, or something
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like that, something oily. | think that that will be the radioactive. Not just radiation, it
seems to me that it would be hard to put that inside such a vessel. | think the radiation
is in that waste, in that oil."
"Sometimes you hear that an accident has happened with some ship, that something
radioactive is leaking. So that would be fluid."
"There is fluid and there is gaseous... perhaps that the vapours also come off. | think
the radiation is a kind of vapour that comes off. It soaks in your body, which slowly
dies off, and kills cells."
"[Whether poison and radiation are the same thing or different] depends on how you
look at it. It can be in powder form, it can also be fluid, but I think it can also be
radiation. | think radiation is rather some sort of gaseous... | don't know how to
explain. At any rate, you can't see it and well... look, otherwise you could have seen
the radioactive radiation in the air, but as far as | know you can’t see it."
The pupils noted the following ways of dealing with radioactive waste and possible
consequences thereof.
"They dump it in sea, burn it or store it underground.”
"I"ve heard that they dump it in sea, in iron vessels."
"It mostly happens when a new residential district is built where they used to dump it.
The poison comes up and the radiation gets out. That it is released when it rots away."
"In the Rhine, which is that much polluted, you see the fishes floating up to the
surface. And that is all because of those radioactive vessels containing radioactive
waste."
"[It has to be stored,] because they can't leave it anywhere else. It's much too much.
How else are they to do it? [If they didn't store it] it would get into the air and that
results in pollution and acid rain. | think all that has got to do with radioactive radiat-
ion."
"It will have to be stored for some hundred years, or so. Otherwise they wouldn't have
to build those storage spaces: they could simply dump it in sea. After a couple of
hundred years, the radiation will be completely gone. As far as | know it's the same as
with those nuclear arms. | mean... well, after a couple of hundred years the radiation
will have gone, disappeared. | think it is dissolved, or something like that, by... [other
pupil: some other cells, or so] Well, | don't know, that it is processed. Just like the
trees breathe in foul and breathe out pure oxygen."
"When it is burnt, the radiation just remains in the air. | think that the fluid or solid
part is burnt, that its radiation goes into the air and that the solid part then becomes a
poison. The radiation spreads and perhaps affects the ozone layer. | think only
radiation can do that."
Asked whether it would be wise to come near a vessel of radioactive waste, the pupils
replied the following.
"If you're standing near such a vessel, you will be more susceptible to radiation than if
you are further away."
"I believe you could come near [a radioactive waste vessel], but it isn't really healthy
because of all those things inside."
"I think it doesn't make a difference whether you're nearby or far away. | think they
are sealed in such a way that nothing can come out, none of the radiation gets through.
Otherwise they might as well store it in open containers or bottles."

Background radiation
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In all groups | asked how people can tell whether radioactive radiation is present or not.
"I believe they can measure it with something, | don't know what."
"There's a certain radiation meter for that purpose, which... with the naked eye you
can't... but you can measure it."
"Measure it with a... well, some small device that indicates whenever there is
radiation. That device is so sensitive to certain... well, pressure or waves in the air
that we cannot see, that it is able to measure it."
"Those scientists investigate that with some device. They've got a small device that
indicates whenever there is radiation. It peeps or ticks, or something like that. Geiger
ticker or whatever it is called."
When asked whether radioactive radiation can be seen, heard, felt, etc, the pupils said
the following.
"[Radiation] cannot [be seen, heard or felt]."
"In Brazil it was a kind of fluid, so there it could be seen."
"You can't see it, but you can feel it by pain, I think."
"You can't see it, | believe. | think it's just like the air. | believe you can feel it. Well,
not really feel it, but you can't stand it. Not really feel it, but notice it because it will
cause complaints after a while."
"l think you can perhaps tell from the environment, all the things it does, and so on.
Plants, maybe you yourself will get ill, and so on."
After having introduced a Geiger counter as an instrument to measure radioactive
radiation, just one of the pupils claimed to be surprised that the counter measured
radiation inside the interview room. The others were not surprised. About why radiation
is measured, where and when it can be measured and in what amounts, the pupils had
quite a lot to say.
"There's always radiation present. For you've also got that acid rain and things like
that, so there's always radiation around you."
"| think it's everywhere, in every house."
"I think there is always a bit in the air, a bit radioactive. You hardly notice it."
"I believe it also came from somewhere else, from the ground. That it was simply in
the ground."
"It will probably have been blown with the air from somewhere, from some power
station or so, that something had been released and has thus been blown with the air.
Maybe it also comes from... well nothing, really, that it's just around you. | don't
know where it comes from, it's simply there. It's everywhere, really, but near nuclear
power stations there is some more. And in some countries, perhaps also in some cities,
it is also somewhat stronger."
"[Wherever you hold the counter, it will measure radiation,] because simply
everywhere in the air there is a little bit of radiation. Whether you measure here, in
America or on the North Pole, everywhere there is a little bit. Of course at some
places it will be stronger than at others. If you were to measure near a factory, it
would measure more than here in this room."
"I think that near a nuclear power station it will measure quite a lot. People who work
there are well-paid, but they are not allowed to work there for long periods. Otherwise
they would get cancer and other diseases. You have to wear those special suits in there
because of the radiation. | think it is like at the dentist. That it are lead suits, which
stop it, so that the radiation won't enter your body. They are to protect you."
"There's got to be a little bit of radiation. | think it's simply in the air already, just a
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tiny bit, you know. | think that if there hadn’t been any people, that then it would have
measured even less than it did in this room, just an occasional peep."
"It has always been in the air. It just gets more and more because of all those com-
panies that use it and simply dump it, and so on, nuclear accidents add some more. It
just becomes more and more, but there has always been a bit in the air.”
"l think there will be more of it outside than inside. The wind carries it along. It
comes from those nuclear power stations."
"It comes from the air. The air is polluted. Or from Chernobyl, it all comes to here
and so at first it also has to be in the air."
"Maybe the accident in Chernobyl has got something to do with it. It might be that
there is still a little bit in the air. Maybe the bricks of the school are affected by the
rain. Maybe there is still a little bit on them."
"It's just radiation that is released by some things: experiments or something like that,
who knows, with big explosions; nuclear bombs."
"It probably comes from nuclear power stations. That's where they make all those
things, those nuclear..."
"I've never heard that it comes from the ground. Wouldn't they have put it in there
themselves?"
"[If there hadn't been any people,] | don't think [you could have measured radiation.
It's man-made.]"
One group discussed whether airing the room would make any difference.
"Airing the room won't have any effect, because the radiation usually stays behind. If
you were to open the window, it wouldn't decrease that much, | think. The radiation
goes through everything, through glass, through everything. So it doesn't really matter
whether the window is opened or closed."
"It goes a bit faster if you air the room, because then it is aided. The wind blows
through the room and takes along the radioactivity."
"A bit might be taken along, but not everything. Only in due course it completely runs
out, so I don't think that everything will go away at once."
About the possible consequences of background radiation, finally, the pupils said the
following.
"If there's too much of it, [it could do harm. But like it is here in this room,] | think it
doesn't."
"In this room it is so little, that it hardly does any harm."
"There is always a bit in the air. If it's not too much, it won't be harmful for the
environment, | think. Maybe that's natural, that it has also been around in earlier
times."
"This isn't something to really get... so little radiation. Some of the substances inside
your body still will be able to handle it and break it down."

2.4.3 Comparison to Eijkelhof’s findings
By reading pages 74 to 84 of Eijkelhof's thesis (1990), one might most easily convince
oneself of the similarity between the utterances of middle ability pupils that are
presented above and the utterances of the senior high school pupils that were
interviewed in his interview study. Below, | limit myself to a rough comparison.

The middle ability pupils also associate radioactive radiation with light (very intense
light, laser beams), gas or poison. In all sorts of situations they also talk about radi-

36



Pupils" beliefs about radioactivity

ation/radioactivity/substances being carried along by the wind; lingering in the air;
getting into the ground, food, animals, people, etc; remaining for a while in all sorts of
objects; wearing off in the long run; being broken down by (some substances in) the
human body; being able to pass through anything; being stopped by screens, lead walls
or special suits; having severe and long-term effects (death, cancer, deformed children,
etc).

There are also some differences between the middle ability pupils® and the senior high
school pupils® utterances. As might be expected, the senior high school pupils tended to
more frequently use scientific words (‘atom,” 'molecule,” 'DNA," ‘'wavelength').
Secondly, the middle ability pupils more frequently tended to associate radioactive
radiation with things like acid rain, the ozone layer, and pollution of the air and rivers.

2.5 Interpreting pupils’ utterances

2.5.1 Task and method
The task | now face is to solve the problem of interpretation that has been mentioned in
section 2.2: we know what sentences the *mean’ middle ability pupil holds true (the
utterances that are presented in section 2.4), and we want to know what (s)he means and
believes. To solve the problem of interpretation we need a method for separating the
contributions of meaning and belief to the utterances held true.
What matters is this: if all we know is what sentences a speaker holds true, and we
cannot assume that his language is our own [that he uses his words as we do, KK],
then we cannot take even a first step toward interpretation without knowing or
assuming a great deal about the speaker's beliefs. Since knowledge of beliefs comes
only with the ability to interpret words, the only possibility at the start is to assume
general agreement on beliefs. ... The guiding policy is to do this as far as possible,
subject to considerations of simplicity, hunches about the effects of social
conditioning, and of course our common-sense, or scientific, knowledge of explicable
error.
The method is not designed to eliminate disagreement, nor can it; its purpose is to
make meaningful disagreement possible, and this depends entirely on a foundation -
some foundation- in agreement. (Davidson, 1984a, p.196-197)
Towards the end of section 2.2.3 | already noted that in the case at hand pupils’
utterances are such that one cannot relatively easily work one's way into their belief
system by recourse to events that occurred or objects that pupils handled with during the
interviews, because the interviews mainly involved verbal talk about situations having to
do with radioactivity (the Chernobyl accident, X-ray photography, etc). | then also
suggested another strategy to match patterns of beliefs, namely on a fairly general level.
In order to secure agreement on general matters as well as possible, | think it is
appropriate to identify pupils' beliefs within a familiar pattern of general commonsense
knowledge concerning the way that something may affect (harm) something else. Below
I first argue why such a pattern forms an appropriate background to interpret pupils’
utterances. Against this background | subsequently try to intelligibly attribute particular
beliefs about radioactivity to pupils and to explain erroneous beliefs.

37



A Problem-Posing Approach

2.5.2 Interpreting pupils® utterances against an appropriate background of
general commonsense knowledge

What is best known about *things having to do with radioactivity,” and what generally

makes them controversial subjects of public debate, are the harmful effects that they

may have, in particular to people. As is clear from section 2.4, pupils too are quite

aware of, emphasize, and even exaggerate to some extent, the severe and/or long-term

effects: death, cancer, all sorts of diseases, deformed children, acid rain, etc. | think

this effect-oriented emphasis in their utterances justifies an attempt to interpret their

utterances within a general pattern that serves to explain how things are affected and

how it can (to some extent) be prevented that things get affected. The basic notions in

this general pattern, which Anderson (1986) has called the experiential gestalt of

causation and diSessa (1988) a commonsense version of Ohm's Law, are those of an

affector, an instrument and a resistance. The basic ways in which these notions are

related are the following:

- an affector harms an object by means of an instrument;

- if the affector is counteracted by a resistance, the object will be less affected.

Furthermore, there are also some obvious semi-quantitative relations involving these

notions:

- the stronger the affector is, the more the object is affected;

the longer the affector harms an object, the more the object is affected;

the more affectors harm an object, the more the object is affected;

the nearer the agent is to an object, the more the object is affected;

the greater the resistance is, the less the object is affected.

In order to make an attempt to relate pupils’ utterances to this pattern, a good place to
start is with what they have to say about factors influencing the effects. Here are some
examples.
"With such an X-ray machine you've only got a bit, but at the time of Chernobyl, that
was quite a lot. There the people in the neighbourhood simply died after a couple of
minutes. | think much more radiation was released there. It got into almost everything
in large amounts."
"If you're standing near such a vessel, you will be more susceptible to radiation than if
you are further away."
"l think it doesn’t make a difference whether you're nearby or far away. | think they
[radioactive waste vessels] are sealed in such a way that nothing can come out, none of
the radiation gets through."
"The wall [behind which the nurse stands] does help. In there it's not that much, of
course. At the time of Chernobyl, it went right through the walls. But of course that
was much more. Here the wall will stop it, I think."
"[The nurse stands behind a screen] because if she has to do that [making X-rays]
every day, then of course she would get... and since some radiation is released or is
brought into contact with her, then of course she would get quite a lot inside."
"You shouldn't take X-rays too often, because then you can get cancer."
"The more you get, the worse the disease will be."
"People who work there [in nuclear power stations] are well-paid, but they are not
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allowed to work there for long periods. Otherwise they would get cancer and other

diseases. You have to wear those special suits in there because of the radiation. | think

it is like at the dentist. That it are lead suits, which stop it, so that the radiation won't

enter your body. They are to protect you."
| suggest to think of X-ray machines, radiation therapy devices, nuclear power stations,
radioactive waste vessels and Chernobyl as affectors. Somehow they are affecting
people, especially the people in the neighbourhood. The reason that they affect people
seems to be that something (in the quotes above it is called ‘radiation® or 'it") enters
them, gets inside. I suggest to think of this something harmful that gets inside the object
as the instrument. The more of the instrument you get inside, the worse the disease will
be. Chernobyl is a stronger affector than an X-ray machine, because it has released
more radiation, which has gone into almost everything in large amounts. So it seems
likely to think of an affector as something that releases the instrument. Being near an
affector for too long periods (working in a nuclear power station) and having to do many
times with an affector (taking or making many X-rays) increase the chances of getting
cancer and other diseases. But there are also means to reduce the effects, even if you are
very near to the affector: sealing the affector in such a way that the instrument cannot
escape (and so cannot enter your body), or preventing the instrument to get into your
body by wearing special suits or standing behind a wall or a screen. | suggest to think of
something that prevents the instrument of entering the object as a resistance. If the
affector is very strong (as in the case of Chernobyl), the resistance will hardly give any
protection. | think that the notion of resistance also applies to the following utterances:

"I think [that after irradiation the radiation] will also be broken down by some subs-

tance, because some people don't get complaints while others do. So maybe in some

people it isn't broken down because they haven't got enough substances of some sort."

"This isn't something to really get... so little radiation. Some of the substances inside

your body still will be able to handle it and break it down."
Here the effects are reduced, not by preventing the instrument to enter the body, but by
breaking down the instrument when it is already inside the body (and thus already
affecting the body). So | suggest to broaden the above description of a resistance a bit,
and to think of it as something that counteracts the instrument, either by preventing it to
enter the object or by counteracting it when it is already inside the object.

I think it is also appropriate to use, instead of the above notion of an affector, the
somewhat broader notion of a potential affector. | suggest to think of the latter notion as
applying to something because of which the instrument might get into the object.
(Clearly an affector, in the above sense of *something that releases the instrument,” is a
potential affector.) The reason for introducing the notion of a potential affector is that it
enables me to understand some of pupils’ utterances about irradiated food on the same
par as those about Chernobyl, X-ray machines, etc.

"[When the food is irradiated,] the radiation will remain inside, maybe for some
years."

"Too much radiation, perhaps in the potatoes or in the other food, | don't think that's a
very nice idea, because too much radiation is not good for your body. If you eat it
[irradiated food], it [the radiation] will simply end up... well, I don't know exactly
where it will end up inside your body, but it will simply end up inside your body. And
you're only supposed to get such-and-such a permillage or so inside your body. Well
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anyhow, you'd better not have too much, of course. I mean, | would eat as few

irradiated food as possible actually."

"Eating irradiated food doesn’t sound like a good idea to me. Maybe an accident has

happened in that factory. Certain harmful substances might be in the food and then you

will get... well, infections or whatever, all kinds of lumps on your skin. It doesn't

sound like a good idea at all."
The irradiated food contains the instrument (‘radiation," "it," *harmful substances'), and
by eating the food we get the instrument inside. And the more affectors harm an object
(the more irradiated food a person eats), the more the object is affected. According to
the above description, irradiated food is a potential affector just like, e.g., Chernobyl,
an X-ray machine or radioactive waste.

"A nuclear power station was somewhat overheated, or so, I'm not sure, but at any

rate there had been a fire and so all that radiation was released into the air."

"It is in X-ray machines, | don't know exactly what."

"It seems to me that it would be hard to put that [radiation] inside such a vessel. |

think the radiation is in that waste, in that oil."
Given the new formulation of potential affector, it is clear that pupils® descriptions of
how an affector harms an object are stories that describe how the instrument got from
the affector into the object.

"From the grass and several cows we discovered that there was also more radiation on

the things here [in The Netherlands]. It all came from Chernobyl. It was carried by the

wind and drifted towards us."

" think it simply mingles with the air and when it rains -it also mingles with the rain-

it comes down and ends up in the ground."

"Even here there were vegetables we were not supposed to... It goes all over the

world. It spreads out over all countries and it ends up in the ground. It gets into the

ground."

"A couple of years ago we weren't allowed to eat spinach, because it was contaminated

by irradiation. [That means that] there is radiation... well, that was... some very

dangerous substances were inside, so that was harmful for your body. The radiation

was simply in the ground, | think, or had gone into the ground with the water and had

thus come into the vegetables. | believe [those substances are the radiation], yes."

Above | have written about an object being affected, because of something (the
instrument) being inside it. The following utterances amplify this point.
"I think the radiation is a kind of vapour that comes off. It soaks in your body, which
slowly dies off, and kills cells."
"I think [that after irradiation the radiation] just remains inside [your body,] and that
the radiation just Kills some cells, or so, inside your body."
"[When an X-ray is taken,] part of the radiation falls into your skin, otherwise those
diseases couldn't come up. If it didn't get into your skin, | think you wouldn't get
diseases from it."
"In some people it lingers and... if one person is irradiated he will get nothing while
some other will get, let's say, a headache... I'm not sure, but maybe it lingers in some
people and doesn't in others."
This suggests the belief that the object is affected as long as the instrument is present in
the object. This is not only a plausible belief, it is also consistent with the idea that after
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irradiation some people get complaints because they have not got substances that break
down the instrument. And given that effects may show up after some time (in some
cases even after several years), it is plausible to assume that the instrument lingers for
some time.

As regards the instrument itself, the pupils are less clear. It is referred to in several
ways: ‘(radioactive) radiation,” "X rays," ‘it," ‘radioactivity," *small particles of the
radiation,” *harmful/dangerous substances." Below are some of the more recurrent things
that pupils say about the instrument. (Context-dependent properties such as "making
visible cracks in bones," "destroying tumours,” ‘keeping oranges for a longer time" or
*something luminous people rubbed on their skins® are omitted.)

"Just a little bit of it immediately kills you."

"[Cancer] is the main disease caused by the radiation. | believe you can get cancer

from it and quite a lot of diseases."

"l think you can perhaps tell from the environment, all the things it does, and so on.

Plants, maybe you yourself will get ill, and so on."

"The radiation spreads and perhaps affects the ozone layer. | think only radiation can

do that."

"You can't see it, | believe. I think it's just like the air. | believe you can feel it. Well,

not really feel it, but you can't stand it. Not really feel it, but notice it because it will

cause complaints after a while."

"[X rays can be compared to] a gas. You don't see them and they're dangerous, aren't

they, if you get too much on you; and a gas is the same, really: you don't see it and

it's also dangerous."

"It [poison] can be in powder form, it can also be fluid, but I think it can also be

radiation. | think radiation is rather some sort of gaseous... | don't know how to

explain. At any rate, you can't see it and well... look, otherwise you could have seen

the radioactive radiation in the air, but as far as | know you can’t see it."

"It is very light. | don’t know, a kind of gas, or so, gaseous. It's neither fluid nor

solid."

"It is transparent. You don’t see it at all."

"I think it would be possible to see them [X rays], but you're simply not supposed to

look at them."

"l think X rays have something to do with ultraviolet, because ultraviolet also goes

right through your body."

"I think they [laser beams] can be compared to X rays, because you can make it shine

right through a person and you can also do that with radioactive radiation."

"The radiation goes through everything, through glass, through everything."
So apart from being an instrument, something harmful that gets inside the object, some
other attributed properties seem to be invisibility (or at least: not to be looked at),
transportability and power of penetration. Furthermore, most pupils know that it can be
measured with some suitable device. In the sequel | will denote the instrument that is
involved in situations having to do with radioactivity by ‘radiation*." (This notation is
chosen, because most often the pupils use the word *radiation” to refer to the instrument
that is involved in situations having to do with radioactivity. The asterisk is attached to
indicate that radiation experts refer to something different when they use the word
‘radiation.”) Because of properties like invisibility it is understandable that the pupils
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have no clear picture of radiation* and often compare it to other mysterious things like
gas or a laser beam.

2.5.3 Reflection on the interpretation

| think to have covered most of pupils® utterances in section 2.4 by viewing those as

instances of a familiar pattern of general commonsense knowledge concerning the way

that something may affect (harm) something else. To summarize:

- an affector harms an object by means of an instrument;

- the instrument (radiation*) is something harmful that gets inside the object;

- radiation* is invisible, transportable and penetrating;

- the object is affected as long as radiation* is present in the object;

- a potential affector is something because of which radiation* might get into the object
(e.g. Chernobyl, an X-ray machine, radioactive waste, irradiated food, etc);

- the effects may be reduced by a resistance: something that counteracts the radiation*,
either by preventing it to enter the object (e.g. lead, walls, special suits) or by
counteracting it when it is already inside the object (e.g. substances in the body that
break it down).

Furthermore, some general semi-quantitative relations apply: the stronger the affector

is, the more the object is affected; the longer the affector harms the object, the more the

object is affected; the more affectors harm an object, the more the object is affected; the
nearer the affector is to the object, the more the object is affected; the greater the
resistance, the less the object is affected.

I think that two often recurring types of utterances are not yet covered. They correspond
to beliefs that are not incorporated in the above pattern of beliefs, but which can easily
be added to it. One is the belief that the radiation* itself gets weaker in the course of
time, which can be supported by the following utterances.

"[When an X-ray is taken] small particles of the radiation get into your body and later

it wears off a bit. Just like a kind of gas that wears off after a couple of years."

"It simply wears off. | think you might compare it to a battery, or so. A battery also

wears off."

"It simply has some sort of force inside, which decreases sooner or later."

"It just weakens in the end. Every year such-and-such weaker. | don't know exactly...

it just gets weaker."

"[You might be able to protect yourself] if you had a room with very thick lead walls,

that would help. But if you were to go out afterwards, it wouldn't help no more

because that radiation will still be there. It would be weaker after a couple of years,

but still rather high."

"[When the food is irradiated,] the radiation will remain inside, maybe for some years.

But it decreases. | do think the radiation simply gets weaker."

"[When airing a room,] a bit might be taken along, but not everything. Only in due

course it completely runs out, so | don't think that everything will go away at once."
The idea that radiation* gets weaker in the course of time, seems to be a particular case
of what diSessa (1988) has generally called "dying away" -the idea that "sounds, motion,
and so on, all die away of their own accord™ and of which he mentions the sound of a
struck bell as a prototypical circumstance.
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The other type of utterances that is not yet covered corresponds to the belief that some
radiation* does not come from one affector or another: natural radiation*. It might be
supported by the following utterances.

"It will probably have been blown with the air from somewhere, from some power
station or so, that something had been released and has thus been blown with the air.
Maybe it also comes from... well nothing, really, that it's just around you. | don't
know where it comes from, it's simply there."

"There's got to be a little bit of radiation. I think it's simply in the air already, just a
tiny bit, you know. | think that if there hadn’t been any people, that then it would have
measured even less than it did in this room, just an occasional peep."

"There is always a bit in the air. If it's not too much, it won't be harmful for the
environment, | think. Maybe that's natural, that it has also been around in earlier
times."

| propose that the above may serve as a general belief structure that accounts for the
'mean” pupil’s utterances about situations having to do with radioactivity. | think some
closing remarks are appropriate. First, the above is just a general belief structure and
there may be differences between pupils as far as the details are concerned. There may
for instance be differences as to how a wall acts as a resistance: the radiation* glances
off the wall, the radiation* remains in the wall, etc. | think these kinds of idiosyncratic
differences are not very essential for an understanding of the "mean’ pupil. At any rate,
these differences are now understandable against a common background.

Secondly, the general belief structure is to be understood in relation to pragmatic
everyday life purposes and values. It reflects and guides people’s thoughts and actions in
reaching a sufficient feeling of safety and maintaining good health. One might even say
that it leads to over-cautious behaviour, for instance by preferring not to eat irradiated
food because of the radiation* inside (because it is a potential affector). But not eating
irradiated food will not do any harm (as long as other food is available), like over-
cautious behaviour generally will not do much harm. Of course there are exceptions. In
The Netherlands, for example, there is the extreme case of a girl that covered herself in
plastic after the accident in Chernobyl, did not leave her room and only ate tinned food.
Eijkelhof (1990, p.63) also gives some less extreme case-descriptions that had been
reported by radiation experts, for example:

""'some workers who look after animals which are irradiated by X rays in experimental

settings had a feeling of being neglected: they had not been issued dosemeters and did

not get regular blood tests in contrast to personnel who irradiate the animals, although

the latter personnel had less contact with the animals;"

"the social isolation of an industrial worker who received an extra radiation dose by

accident: he was considered by his colleagues and neighbours to be suffering from

‘radioactive contamination®."
Thirdly, the above interpretation solves the problems | have reported in section 2.3
when discussing Eijkelhof's findings. | can now understand pupils® use of words like
*having,” ‘containing," *handing over® and ‘accumulating® in connection with radiation
and radioactivity. These words naturally figure in stories that describe how the
instrument (radiation*) got from the potential affector into the object. Pupils’
indiscriminate use of words like "contaminated," "irradiated’ and "containing radiation’
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is understandable by interpreting these words as referring to the condition that the
instrument (radiation*) is inside the object. Eijkelhof's tentative conclusion that pupils
""seem to have ‘conservation® ideas about radiation™ can be justified by referring to the
belief that the object is affected as long as the radiation* is present in the object, which
has a natural place in the pattern of beliefs. | now do not have any trouble in interpreting
words like ‘radiation,” ‘it," ‘radioactivity,® ‘small particles of the radiation,” "harm-
ful/dangerous substances,” of which Eijkelhof notes that they seem to be used in an
undifferentiated manner, as referring to one and the same thing: radiation*, i.e. the one
and only instrument that is involved in situations having to do with radioactivity.

Finally one might ask whether the above is a correct (or even the unique)
interpretation of pupils® utterances. To ask for uniqueness would be to ask for too much.
There will remain some trade-offs between the beliefs we attribute to pupils and the
meanings we give to their words. However, by trying to interpret the pupils against the
background of a coherent pattern of beliefs, | hope to have limited down the resulting
indeterminacy, at least on major points, to a degree sufficient for establishing successful
communication and for initiating successful learning. And | want nothing more than just
that. Since the above interpretation is used in the construction of classroom interventions
(see chapters 6 and 8), the adequacy of my interpretation will indirectly be tested in the
evaluation of those interventions (see chapters 7 and 9).
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3 Orientation towards traditional treatments of the
topic of radioactivity

We might ask ourselves whether [the] idea
of a particle as a physical reality is
self-evidently the starting point to learners.
Ten Voorde (1990)

3.1 Introduction

In chapter 1 I have noted that if one wants to link up with pupils' pre-instructional beliefs,
it seems inappropriate to begin a treatment of the topic of radioactivity with a presentation
of atomic and nuclear models. This point may be amplified by the findings presented in
chapter 2, from which it is clear that knowledge at the particle level (if present at all) hardly
plays any role in pupils' reasoning about situations having to do with radioactivity. In chapter
1 I have also noted that already at the beginning of my PhD-study I had set the aim of
devising a unit about radioactivity that does not start with micro-level explanations. My
reasons for setting this aim and believing in its viability were inspired by the work of ten
Voorde (e.g., 1990), who developed a chemistry course in which pupils eventually come
to describe chemical reactions in terms of rearrangements of chemical elements, but in which
micro-level explanations play no role.

Before I started working on this aim I had also studied current units on the topic of
radioactivity. In this chapter I will report some of the findings. In section 3.2 I point out that
there seems to be some sort of consensus as to how to teach the topic of radioactivity.
Current units on the topic of radioactivity all more or less have the same general structure,
and descriptions and explanations in submicroscopic (nuclear) terms are predominant in all
of them, from the beginning to the end. As I will also try to make plausible, this consensus
seems to be there because it is considered to be self-evident that if one wants to teach about
radioactivity, one should introduce as quickly as possible some kind of particle model in
terms of which radioactive processes are subsequently to be introduced. That is, it is not
really considered whether perhaps it could be done differently. This finding strengthened
my above mentioned aim of trying to do it differently.

The aim was also strengthened as a result of studying whether and how, in a unit about
the topic of radioactivity that is based upon micro-level descriptions and explanations, the
latter actually contribute to an understanding of radioactive phenomena. These contributions
are not impressive, as I will try to illustrate in section 3.3, both by anecdotically describing
some class observations and by reflecting on the use of micro-level knowledge about radio-
active processes to an understanding of, for instance, the difference in danger between a
situation in which something is contaminated and a situation in which something is irradiated.
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I conclude with briefly mentioning some possibilities for designing a unit on the topic of
radioactivity that does not start with micro-level explanations but rather ends with them."

3.2 The tendency to self-evidently base a treatment of the topic
of radioactivity upon micro-level explanations

I do not know of any Dutch unit on the topic of radioactivity that is not structured essentially
as sketched below. From colleagues abroad I have heard that the situation is pretty much
the same in other countries. So I assume that anybody who knows the secondary school
curriculum of physics will immediately recognize the following structure.

1. A nuclear model is presented as an extension of molecular and atomic models:

- introduction of the basic submicroscopic entities and some of their properties: nucleus,
electron, proton, neutron, atomic number, mass number, isotope.

2. The process of radioactivity and the properties of radioactive matter and the radiation it
emits are described in terms of these submicroscopic entities:

- radioactive process: unstable nucleus ~ new nucleus + radiation;

- nature and properties of radioactive matter: it consists of unstable nuclei; activity is the
number of decaying nuclei per second; half-life is the time after which half of the
unstable nuclei have decayed;

- nature and properties of the different kinds of radiation: alpha-radiation consists of
helium nuclei (2p/2n); beta-radiation consists of electrons; gamma-radiation is a form
of electromagnetic radiation.

3. A treatment of the effects of radiation (also in microscopic terms):

- ionization, radical formation, damage to cells.

4. A treatment of relevant everyday life situations involving radioactivity: background radia-
tion, nuclear energy, radiation in medicine, nuclear arms, use of radiation in industry and
agriculture.

This general structure has not been altered by the recent shift towards 'contextual physics'
or 'physics in contexts' (cf Yager, 1992, on the status of this shift). It e.g. also applies to
the way the topic of radioactivity is treated in the PLON-curriculum, which aims to promote
a broad scientific literacy amongst pupils and in which the topic is included because it is a
subject of public debate (important applications concern health, energy supply and defence)
and is surrounded by controversy (associations with danger). The main difference between
the PLON-unit lonizing Radiation (PLON, 1984, 1988) and more traditional units is that
the effects and applications (3 and 4 in the above structure) are given much more attention
(cf Eijkelhof, 1990, pp.24-27). The general structure was also not altered when in 1987 in
my country the topic of radioactivity was included in the syllabus for the middle ability
streams. This may be illustrated by figure 3.1. It shows the table of contents of an exemplar-
unit on the topic of radioactivity that was then specially devised for middle ability pupils:
Radiation, you cannot avoid it... (Knoester & Lancel, 1988).

1. See Klaassen er al (1990) and Millar et al (1990) for some preliminary ideas about the subject of this chapter.
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1 Why radiation and radioactivity? (1) 5 Receiving radiation: dangerous or not? (2)
1.1 Working with this unit 5.1 Damage to cells

2 On atoms (2) 5.2 Internal irradiation

2.1 What is an atom? 5.3 How much radiation can a man stand?
2.2 What does an atom 'look’ like? 5.4 How much radiation does a man get?
2.3 Different atoms 5.5 Protection against radiation

2.4 What does the nucleus look like? 5.6 Summary

2.5 How 'empty' is an atom? 5.7 Exercises

2.6 Summary 6 Use of radiation (2)

2.7 Exercises 6.1 Radiation is everywhere in nature

3 Sources of radiation (2) 6.2 Radiation in health care

3.1 One kind of atom with different nuclei 6.3 Industrial use of radiation

3.2 Nuclei can change 6.4 Radiation after a nuclear explosion
3.3 The amount of radiation from a substance 6.5 Nuclear waste

3.4 How fast does the activity decrease? 6.6 Irradiation of food

3.5 Summary

3.6 Exercises

4  Nuclear radiation (1)

4.1 Different kinds of radiation

4.2 Properties of nuclear radiation
4.3 Where does the radiation go?
4.4 Making visible nuclear radiation
4.5 Summary

4.6 Exercises

Figure 3.1 Table of contents of the unit Radiation, you cannot avoid it.... (The numbers between
parentheses represent the number of 50 minute periods that are devoted to a chapter.)

I conclude that there is a wide-spread tradition of teaching the topic of radioactivity as
applied basic nuclear physics. I even think that, perhaps as a result of this tradition, there
is a tendency to self-evidently associate the topic of radioactivity with nuclear models. The
following example is meant to illustrate this tendency. Let me begin with some background
information. In 1988 the then Minister of Education and Science of the Netherlands installed
thirteen committees, which were to devise a national curriculum for the first three years of
secondary education ('basisvorming:' basic education). The committees, one for every
subject in 'basic education,' were given the task of proposing attainment targets on two
levels: a general level and a higher level. The idea behind the two levels was that the number
of subjects a pupil did on the higher level would determine which stream (lower, middle,
higher, pre-university) the pupil would flow into after 'basic education.' In formulating the
attainment targets for physics/chemistry, one of the subjects in 'basic education,’ the
committee for physics/chemistry was also instructed to pay special attention to the relations
between physics, chemistry and everyday life contexts and applications. To that end the
committee proposed ten so-called context-domains, in each of which attainment targets (on
two levels) were formulated (Eindtermencommissie natuur- en scheikunde, 1989). Examples
of proposed context-domains are: use of water; substances and materials at home; electrical
energy at home; forces and safety; radiation and protection against radiation. The attainments
targets within the latter context-domain are given in figure 3.2.
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General level Higher level Concepts
Ionizing radiation
1 different sources of radiation the annual radiation dose (in mSv) from radioactivity

2 four kinds of radiation with dif-
ferent penetrating power

4 possible effects of radiation on
organisms: damage, induction of
cancer, death

the different sources

nature of the four kinds of radiation:
He-nucleus, electron, electromagnetic
radiation

description of radioactive decay in
terms of changing unstable nuclei

activity and its unit becquerel (Bq);
activity-time-diagrams

determination of the half-life of a
radioactive substance from an activity-
time-diagram

relation between dose (in Sv) and
consequences for the human body

cosmic radiation; radioactive substances
in the soil, building materials, food,
water, air; X-ray machines

o, B, y and X rays

radiation effects, radiation sickness

Use of radiation

5 difference between irradiation and
contamination

6 purposes and methods of use of
sources of radiation in health care

7 examples of protective measures
against radiation and the intake of
radioactive substances

9 measures that can be taken to
reduce the effects of radioactive
waste and radiation for people and
the environment

relation between the properties of a
source of radiation and protective
measures

effects of radioactive substances and
radiation for people and the environ-
ment

examples of open and closed sources
X-rays, tracers, internal and external
sources of radiation

absorption and penetrating power
concrete, lead apron, effect of distance,
remote handling, gas masks, intake of
iodine

mean life; waste from nuclear power

stations, hospitals and laboratories

limited production and use; guarded
disposal in for instance salt domes

Figure 3.2 Attainment targets in the context-domain 'radiation and protection against radiation'
(Eindtermencommissie natuur- en scheikunde, 1989). The italicized attainment targets apply
only to the higher level.

The committee's proposal was distributed across the whole educational field (teachers,
inspectors, etc.) with the request to comment on it. To cut a long story short, and to illustrate
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the above mentioned tendency, the curriculum for physics/chemistry was judged too full (as
usual) and something had to be deleted: the context-domain 'radiation and protection against
radiation.' One of the decisive reasons for the deletion of precisely that context-domain were
the many protests of teachers who argued that the topic is far too abstract for especially the
'weaker' pupils, because it involves rather theoretical notions like nuclear models, etc. As
the reader will probably already have noticed, the attainment targets of the general level,
which would apply to the 'weaker' pupils, do not mention abstract and theoretical notions
like nuclear models at all.” The only thing I can conclude is that for the protesting teachers
the topic of 'radiation' was so self-evidently associated with 'abstract' and 'theoretical' that
they did not bother to read the attainment targets for the general level, or, if they did read
them, did not notice that those attainment targets do not mention atoms, nuclei, etc., or, if
they did notice that, could not think of any other way to attain those targets than by teaching
about atoms, nuclei, etc. So if I succeeded in showing that it is possible to meaningfully
teach about radioactivity without having to teach about atoms, nuclei, etc first, I would at
least have brought such largely unquestioned associations up for discussion.

3.3 Does a treatment based upon micro-level explanations con-
tribute to an understanding of radioactive phenomena?

3.3.1 Some class observations

My aim of devising a unit on the topic of radioactivity that is not based upon micro-level
explanations was further strengthened when I had observed, towards the beginning of my
PhD-study, two series of lessons in middle ability classes that used the unit Radiation, you
cannot avoid it... (Knoester & Lancel, 1988). Below, I rather anecdotically describe some
findings of the observations.

As already noted, the unit has the familiar structure described in section 3.2. It begins with
an introductory chapter, in which the importance of knowing something about radioactivity
to understand e.g. the Chernobyl accident is emphasized. It is followed by a chapter called
'On atoms, " which contains a direct presentation of the hierarchical structure of matter along
the lines of figure 3.3 (which is taken from the unit).

It turns out that after two to three 50 minute periods with lots of exercises the pupils suc-
ceeded in remembering micro-facts like the following: the constituent parts of an atom are
a nucleus and electrons, the constituent parts of a nucleus are protons and neutrons, the
atomic number equals the number of protons and the number of electrons, isotopes differ
in the number of neutrons, etc. Furthermore, they were generally able to solve problems
like the one in figure 3.4.

2. The committee had taken over the advice of Harrie Eijkelhof and myself to not include nuclear models in the
attainment targets of the general level. So the fact that those attainment targets do not mention nuclear models
does not contradict the tendency that I try to illustrate here.
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Figure 3.3 From substance ("stof") to protons, neutrons and electrons.
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Figure 3.4  Exercise: What is the atomic number and the number of neutrons of the above nuclei?

An obvious consequence of a direct presentation along the above lines is that it makes pupils
dependent on the way that things are presented, both verbally and pictorially. E.g., when
at the end of the chapter 'On atoms' the teacher in one of the classes noted that protons,
electrons, etc cannot be seen, pupils were very surprised to hear that and began asking
questions such as: "If they can't be seen, can we then feel them somehow instead?;" "How
do we know they exist?;" "How do we know that they look the way they are pictured?"
Some pupils commented "So it's all fantasy," or even "So it's all bullshit," and one or two
pupils showed that they got some imagination themselves and produced their own 'model:’
"Why say that electrons move around the nucleus? They might as well be moving inside the
nucleus."

This problem is, of course, well-known and well-documented (see, e.g., de Vos, 1985;
Nussbaum, 1985). Given that the (sub)microscopic models are not introduced as specific
explanatory systems for macroscopic phenomena, pupils are not made partners in why the
models are as they are. They simply are not provided with any other means to reason about
the correctness of a model than in terms of whether things really look like they are depicted.
Accordingly, they will understand a direct presentation of the hierarchical structure of matter
as a story about how things look on an ever smaller scale. The introduced (sub)microscopic
entities, moreover, are then often understood by them as small-scale macroscopic objects
(cf section 2.2.3).
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Now, one may simply accept that pupils are indeed not made partners in why the models
are as they are, but nevertheless hold that a direct presentation of those models provides a
useful preparation to understanding radioactive phenomena. I think there are also good
reasons to doubt the latter. For one thing, when radioactive processes are introduced in
micro-terms, pupils' understanding of those processes still very much depends on how things
are depicted. This may be illustrated by their reactions to the figures 3.5 and 3.6.
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Figure 3.5 Figure 3.6

Figure 3.5 shows that electrons move in a shell around the nucleus. When later in the unit
the pupils were told that some nuclei are unstable and emit radiation, some of them wondered
why this radiation is not stopped by the shell around the nucleus (i.e. the solid line around
the nucleus). And after having seen figure 3.6, some pupils asked whether radiation is not
absorbed by water and what those things flying through the air are. The teacher explained
that the waves at the bottom do not represent water but, just like the things above it, a kind
of radiation, and added that, of course, the radiation cannot be seen. Some pupils then
wondered how one can tell that the kinds of radiation look as depicted.

Some of the introduced (sub)microscopic entities, moreover, seemed to be understood as
small-scale macroscopic objects. Some pupils, for instance, said that each individual nucleus
gradually loses all its radiation, that half-life is the time in which a nucleus loses half of its
radiation, or that unstable nuclei emit radiation as long as they are unstable. This talk makes
sense if we understand it as being about small pieces of radioactive material.

I think it also speaks against a direct presentation of (sub)microscopic models as providing
a useful preparation to understanding radioactive phenomena that pupils do not experience
it as such. During the elaborate treatment of the chapter 'On atoms,' for instance, pupils
wondered what molecules, atoms, protons, etc have got to do with what the unit was
supposed to be about: radiation (given that the title of the unit is 'Radiation, you cannot
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avoid it..."). They regularly asked when they would at last start talking about that, and from
time to time there even arose quite some friction between teacher and pupils over this. The
pupils probably experienced the treatment of the chapter 'On atoms' as an unnecessary
postponement of addressing the topic of radiation, which most of them claimed to be
interested in. The teacher could only justify the elaborate treatment by saying that 'later on'
they would understand what it was for: "It is like learning the rules of a game, which are
very dull in themselves, but once you know them and start to play the game it may be great
fun."

'Later on' there were indeed some instances where knowledge of micro-facts seemed to
be useful to pupils in understanding radioactive phenomena. Given that some unstable nuclei
change by emitting a helium nucleus, for instance, a pupil was able to deduce that this gives
rise to a new substance "because it hasn't got the same number of plus-things [protons] any
longer." But there were also instances in which micro-level descriptions and explanations
rather seemed counter-productive. The very same statement, for instance, that some unstable
nuclei change by emitting a helium nucleus, for many pupils blurred the distinction between
radioactive material as a source of radiation and the radiation itself, because both consist
of nuclei. In fact, many pupils interpreted 'nuclear radiation' (as the radiation is called in
the unit) as 'radiation that consists of nuclei' rather than as 'radiation that is emitted by
nuclei.’

3.3.2 Some reflections on the use of micro-level knowledge about radioactive
processes

In this section I argue that, even if pupils understand a direct presentation of micro-level
knowledge as intended, this knowledge in itself is of little practical use. For example, in
terms of a micro-level description of the radioactive process (e.g., unstable nucleus - new
nucleus + electron), one may introduce the notion of radioactive matter as something that
contains unstable nuclei. But thus introduced, this notion is no help in establishing whether
or not some given object is radioactive. For there are no direct ways to check whether an
object contains unstable nuclei, but only indirect ones such as measuring with a Geiger
counter.

Furthermore, in terms of the micro-level description 'unstable nucleus -~ new nucleus +
electron,' one may introduce one kind of radiation, beta-radiation, as something that consists
of electrons that are emitted in this process. One can then also distinguish between irradiated
and contaminated objects: an irradiated object has only received radiation (electrons) while
a contaminated object has received radioactive matter (unstable nuclei) as well. Thus
introduced, it is clear that a contaminated object, just like radioactive material, emits
electrons that may do damage to its surroundings. That is, a contaminated object presents
a radiation danger to its surroundings. It is not as straightforward, however, to understand
that an irradiated object does not present a radiation danger to its surroundings. For one may
argue as follows: an irradiated object has received electrons and those could do damage, e.g.
when the object is eaten.” It is of course possible to block this argument by extending the

3. Note that this reasoning is not far-fetched. If we replace 'electrons' by 'radiation*' it is in accordance with pupils’
pre-instructional beliefs concerning irradiated food (cf section 2.5).
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micro-level description to what happens with the emitted electrons when they get into an
object, e.g. along the following lines. Beta-radiation consists of emitted electrons, but
emitted electrons as such are not beta-radiation. They are only beta-radiation, and are only
able to do damage, as long as they are moving. Some (simplified) mechanism can also be
provided: electrons collide with the particles of the object; it are those collisions that cause
damage to the object; because of the collisions the electrons lose speed; in the end they come
to a stop and will no longer do damage. So if an object is irradiated with beta-radiation there
may indeed remain some electrons in the object, but they are standing still and will no longer
do any harm -even if the object is, for instance, eaten.

Let me now also call into question the usefulness of this micro-level account of absorption
processes for practical purposes. First of all, even though the account is a simplification of
the actual absorption processes that take place, it is already rather involved. So I doubt
whether it will serve to get across the point of distinguishing between contamination and
irradiation. Secondly, the absorption processes occur in just a fraction of a second. And I
think that this does not call for an even more involved explanation in terms of particles, but
simply for an empirical establishment: once it is emitted, radiation will under normal (non-
vacuum) conditions have 'disappeared’ almost immediately, in the sense that no radiation
will be measured any longer.

3.3.3 Conclusion

I hope to have provided sufficient reasons for not basing a unit about radioactivity upon
micro-level descriptions and explanations. I have not yet presented an alternative approach.
It is natural, however, that such an alternative approach should aim at an empirical
development of a coherent macroscopic description of radioactive phenomena in such terms
as 'radioactive matter,' 'radiation,' 'contamination' and 'irradiation.' The approach should
somehow include the introduction of empirical criteria for checking the presence of
radioactive matter and the establishment of empirical facts like the 'disappearance' of
radiation and the relatively localized spreading of radiation.

Furthermore, such an approach might prepare the ground for (or need for) subsequent
micro-level explanations for the empirical facts that are already expressed in macroscopic
terms. The fact that radiation, once emitted, almost immediately 'disappears,' for instance,
might eventually be explained in terms of collisions as has been done above. In chapter 8
the details of an alternative approach will be worked out.
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[T]here could not be thoughts in one mind

if there were no other thoughtful creatures

with which the first mind shared a natural world.
Davidson (1989b)

When thought takes thought as subject matter,
the observer can only identify what he is studying
by finding it rational -that is, in accordance with
his own standards of rationality.

Davidson (1990b)

4.1 Introduction

Understanding, as a human activity we are all engaged in, is in a sense rather unproble-
matic. We all know that people "think and reason; they consider, test, reject and accept
hypotheses; they act on reasons, sometimes after deliberating, imagining consequences
and weighing probabilities; they have desires, hopes and hates, often for good reasons.
They also make errors in calculation, act against their own best judgement, or accept
doctrines on inadequate evidence" (Davidson, 1985c). It are these kinds of accomplish-
ments, activities and errors that set us apart from other animals, and that make us the
rational animals we are. Furthermore, "[t]here is no secret about the nature of the
evidence we use to decide what other people think: we observe their acts, read their
letters, study their expressions, listen to their words, learn their histories, and note their
relations to society. How we are able to assemble such material into a convincing
picture of a mind is another matter” (Davidson, 1987a).

It is this "other matter® that is the major subject of this chapter. It is, of course, a
matter that has been treated in various ways in various disciplines (philosophy, psychol-
ogy, heurobiology, etc). | myself am very much attracted to Donald Davidson's
approach to the subject, because it answers to my basic intuitions and is rather compre-
hensive in scope.” Davidson's leading question is: what makes it possible that people
come to understand one another? His approach to this question, and the answers he
comes up with, have served as a general background and source of inspiration for my
thinking about matters relating to science education (as may already have become clear
from section 2.2).

Davidson's approach, and the answers he comes up with, depend on his analysis of the

1. This chapter may therefore be read as my understanding of Davidson's philosophy of mind. | do not want to
claim that | fully understand Davidson's philosophy as he intends it to be understood, nor that there are no
internal tensions in it that will have to be remedied. My aim here is not to try to improve on Davidson's
approach but to expose the leading ideas behind it. | am aware, and Davidson would be the first to admit,
that many of the basic ideas are not new and can be found in the writings of various people. What is new is
the way in which they are explicitly combined into a coherent whole. It is only because Davidson presents
the ideas in the light of his coherent whole that in the following | mainly quote Davidson (unless indicated
otherwise). | have also profited from lectures that Davidson has delivered in Utrecht and Leuven in the fall
of 1994.
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special kind of understanding that is involved when two people understand one another.
And indeed this kind of understanding is special: for what we are after when we want to
understand others, is that we are able to view them as having thoughts about and talking
about a world they share with us, as having needs, values, hopes and fears, as acting
intentionally to promote their values and as subject to moral evaluation. We want to
understand them, and to be understood by them, as endowed with thought and reason, as
rational agents, and as intending to be understood as such. So we know beforehand that
the question what it is that makes mutual understanding possible has an answer, because
the nature of thought, speech and intentional action is such as to be made interpretable
(understandable). Of course this does not answer the question, but rather asks for a
further illumination of the nature of thought, speech and intentional action.

From the fact that the phenomena to be illuminated are social phenomena, it follows
that such an illumination must show how it is possible for one person to fathom the
thoughts, meanings and actions of another, on the basis of publicly observable behaviour
(roughly: on the basis of the other’s motions, made noises, and place in the world). This
does not entail that thought, meaning and action "can be defined in terms of observable
behaviour, or that [they are] "nothing but® observable behaviour; but it does imply that
[they are] entirely determined by observable behaviour, even readily observable
behaviour"” (1990c). That simply is all an interpreter has to go on.

In sections 4.2 and 4.3 | draw attention to some basic ideas about what is involved in,
and makes possible, mutual understanding, by discussing some rather simple examples
of how we actually do come to understand one another. In section 4.4 | will somewhat
further elaborate these ideas and discuss their consequences concerning such issues as
the relations between the subjective, the objective and the intersubjective, and between
the social and the physical sciences. In appendix 1, finally, | give an indication of how
the rather informal account of sections 4.2 and 4.3 can be turned into a serious theory of
interpretation. In my opinion this theory, if further developed, will be of important
methodological relevance to science educational research, and the social sciences in
general.

4.2  Understanding human thought and action

4.2.1 The ineluctability of a sharing of standards of rationality

What is intentional meets minimal standards of rationality

In trying to understand others as rational agents, | want to render them intelligible to me
in much the same way as | want to be intelligible to them. | want to understand others as
much like myself, as sharing my basic thoughts and values and as answering to basic,
and shared, norms of rationality. That | cannot do without norms and even have no
choice but to assume that others share my basic norms of rationality, should not be
thought of as my lack of imagination or as some authoritarian trait of mine. It simply is
an unavoidable consequence of the special kind of understanding that | am trying to
reach, namely understanding within the realm of the intentional. In fact, already simply
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to say of someone that she performed an intentional action is at the same time to declare
that she shares minimal norms of rationality with me. For an intentional action is an
action done with some intention, and for me to understand it as such there is the
minimal requirement that | recognize some value she wants to realize, and a belief that
by acting as she does she has some chance of realizing the value. If | say of her, for
instance, that she raises her arm with the intention of catching her teacher's attention,
she must have wanted to make it the case that she has caught her teacher’s attention (no
doubt for further reasons), and she must believe that by raising her arm she has some
chance of achieving her end. Still, her having this desire and this belief is not enough.
She must have gone one step further -in fact so simple a step, that we are apt to miss its
subtlety. She must have concluded -from her finding something desirable in it being the
case that she has caught her teacher's attention, and her belief that by raising her arm
she has some chance of catching her teacher's attention- that there is something
desirable about raising her arm. That is, "a belief and a desire explain an action only if
the contents of the belief and desire entail that there is something desirable about the
action, given the description under which the action is being explained. This entailment
marks a normative element, a primitive aspect of rationality" (1987b). So it is rather a
matter of definition that what is intentional meets minimal standards of rationality.

Norms and the holistic nature of thought and action

It will be clear that there is more to rationality than just this simple entailment, and |
will now discuss some more aspects. The following is not meant, however, as the
exhaustive and definite list of basic norms of rationality. | just want to give some idea of
the kinds of norm that seem to play a role in mutual understanding. What the norms of
rationality do is regulate the relations between beliefs, desires, intentional actions, etc;
they tell when a collection of beliefs, desires, intentions, etc, are related in such a way
that they form a rational set.

An obvious set of regulative principles is given by the principles of logic. If | have the
belief that it is raining and storming, | also have both the belief that it is raining and the
belief that it is storming. If | have the belief that now it is not raining here, | do not have
the belief that it is raining here and now. If | believe both that all whales are mammals
and that Moby Dick is a whale, | also believe that Moby Dick is a mammal. Or, to put
things the other way round: if we understand someone as believing that all whales are
mammals, as believing that Moby Dick is a whale, but also as believing that Moby Dick
is not a mammal, we somewhere must have misunderstood that person because the set of
those three beliefs does not form a rational set. We must try again and revise our under-
standing of that person.

Another principle regulates our choices between courses of action when we see various
options. In the case mentioned above, we considered a pupil who raised her arm because
she found something desirable in catching her teacher's attention and believed that
raising her arm would promote that value. This case illustrates a simple form of
reasoning: to conclude from the perceived value of the end to the perceived value of the
means. But usually our reasoning is more complicated. We do not normally "perform
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every action that we believe would promote some good or satisfy some obligation. We
don't, if for no other reason that we can't, since acting to promote one good will often
prevent our acting to promote some other good. And of course many actions that we
know would promote some good we also know would produce much greater evils"
(1987b). Let me again take a simple example: buying new clothes. | think we all know
the sort of thing that happens: we end up with various pieces of clothing and will have to
make a choice. We will take into consideration how well the various pieces fit us, try
some combinations, think about whether they combine with clothes we already have,
judge their quality, compare their prizes, see how well, young or fashionable we look in
them, think about what "the others® will think of them, ask for a second or third opinion,
etc. Usually an endless number of things can be said, and will be said, both for and
against each particular piece (or combination of several pieces). But after some period
of deliberation in which we weigh the pros and cons (a period that for some people is
better measured in hours than in minutes), we usually manage to reach an overall judge-
ment: a judgement that, all things considered, we should buy this or that piece or this or
that combination of pieces. (Which overall judgement is reached after the weighing will
of course vary from individual to individual, depending on personal taste, budget, etc.) |
am now in a position to state the second principle, which Davidson calls the principle of
continence, and which simply tells us to act on our overall judgement, to act on the
judgement based on all the considerations we deem relevant. In the case at hand it tells
us to actually buy the clothes that, all things considered, we had judged we should buy.

It will be clear that sometimes we do not act on our own best overall judgement, but |
think that in those cases we must confess that we really do not understand, and would
have a hard time explaining to someone else, why we acted as we did. Suppose one
Friday evening | am on the bus from work to home. Somewhere halfway it suddenly
strikes me that | have left a book on my desk, a book that | will probably need for the
homework | plan to do during the weekend. | check my suitcase, and indeed: | do not
carry the book with me. | do not act impulsively (get off the bus immediately to fetch
the book, for example), but sit back and think. I think about the amount of trouble I
would have to go through were | to fetch the book: | would have to wait for the bus in
the opposite direction; since the building | work in is already closed, | would have to
call a security guard to let me in; since | do not carry my ID card with me, | can only
hope that the security guard knows me; in fact, if the security guard is not cooperative, |
may not even be let in; furthermore, even if all goes well 1 will get home at least an
hour later, and | am already pretty hungry as it is now -and well, perhaps | do not ever
come to work this weekend, and even if | do, | will very well be able to carry on
without the book. All things considered, |1 come to the conclusion that | should simply
leave the book the book. Still ... at the next stop | get off the bus to return to my office
and fetch the book. Clearly, this is an irrational act of mine. I go against my own
principle. And as an irrational act, it is an act that damages mutual understanding. For
suppose that you are a witness of what happens next: you see me get off the bus, wait a
quarter of an hour for a bus in the opposite direction, get off near the building I work in,
make a telephone call, have a long argument with a security guard, eventually get into
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the building, take a particular book from my desk, and finally take a bus home. You
cannot but conclude that it must have been very important for me to have that book with
me during the weekend. And if I honestly were to tell you that ... well, it is not really
that important ... you would be right in saying that it is hard to understand, then, why |
went through all that trouble. And | cannot but admit that; | do not understand myself on
this occasion.

The principle of continence also plays a role when we consciously choose among
possible courses of action in the light of the various consequences each of them may
have:
[W]e value a course of action ... because of the value we set on its possible conse-
guences, and how likely we believe those consequences are, given that we perform the
action ... In choosing among courses of action ... therefore, we choose one the relative
value of those consequences, when tempered by the likelihood of those consequences,
is greatest. Courses of action are usually gambles, since we don't know for certain
how things will turn out. So to the extent that we are rational we take what we believe
is the best bet available (we *maximize expected utility"). (1980b)
[This] does not mean that all the ways the [best bet available] may turn out are more
desirable than any of the ways the alternatives may turn out, but that the weighted sum
of the desirabilities of the outcomes of the chosen course of action is greater than the
weighted sum of the desirabilities of the outcomes of any of the alternatives. The
‘weights® are, of course, the probabilities [we assign] to the outcomes; in other words,
[our] beliefs. (1985d)
The final principle |1 want to mention is closely related to the principle of continence.
Following Carnap and Hempel, Davidson calls it the principle of total evidence for
inductive reasoning. "[W]hen we are deciding among a set of mutually exclusive
hypotheses, this [principle] enjoins us to give credence to the hypothesis most highly
supported by all available relevant evidence™ (1985a), or to let the degree of belief in
each hypothesis depend on the support it gets from all available relevant evidence.?

The need for norms to regulate the relations between beliefs, desires, intentional
actions, etc, is related to the holistic nature of beliefs, desires, intentions, etc. To have
(or to attribute) one belief, desire or intention, is to have (or to attribute) a whole array
of them. Simply to have the intention to go to the cinema tomorrow evening, for
instance, already presupposes lots of other things. | must know what a cinema is. | must
see my way clear into reaching the cinema that | intend to go to. | may have read a
review of the film that is on at the cinema. That review may have given me the idea that
I am going to like the film. The expected enjoyment is in fact one of my reasons for
intending to go to the cinema. | must not have other plans, or have made other appoint-
ments, for tomorrow evening. | will have to know how late the film starts and how long
it will take me to get from my home to the cinema. Perhaps | also judge that it would be
best to make a reservation, because tomorrow is Friday and | want to be sure that... and
so on, and so on. (I do not want to say, of course, that having the intention to go to the

2. Note that thus formulated, this principle not only applies to inductive reasoning, but e.g. also to solving a
murder mystery.
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cinema tomorrow evening requires the background of this particular list, but that there
must be some such list of interlocked beliefs and desires if anything is to count as the
intention to go to the cinema tomorrow evening at all.) Given this holistic nature and the
fact that the relations between beliefs, desires, intentions, etc, ramify in so many and
complex ways, we simply could not do without regulative principles in order to keep
track of all those relations.

As already noted, | have mentioned the above principles as illustrations of the kinds of
norm of rationality that play a role in mutual understanding. | do not want to suggest
that they are all the norms there are, nor that we always act in accordance with them,
nor that people explicitly know the norms. The point is rather that we cannot do without
some such norms (since norms are always involved in mutual understanding), that they
must be largely shared, and that people normally act in accordance with them. So "[t]he
way to improve our understanding of such understanding is to improve our grasp of the
standards of rationality implicit in all interpretation of thought and action" (1990c; see
also appendix 1). The point can also be made in several other ways:

[TThe more flamboyant the irrationality we ascribe to an agent, the less clear it is how

to describe any of his attitudes, whether deviant or not, and ... the more basic we take

a norm to be, the less it is an empirical question whether the agent's thought and

behaviour is in accord with it. (1985f)

Relatively small differences take shape and are explained against a background of

shared norms, but serious deviations from fundamental standards of rationality are

more apt to be in the eye of the interpreter than in the mind of the interpreted. (1985a)

The underlying paradox of irrationality, from which no theory can entirely escape, is

this: if we explain it too well, we turn it into a concealed form of rationality; while if

we assign incoherence too glibly, we merely compromise our ability to diagnose

irrationality by withdrawing the background of rationality needed to justify any

diagnosis at all. (1982)

4.2.2 Two interpretative devices for understanding thought and action
Whatever the norms of rationality are, they are all normative, not in the sense that they
tell which particular beliefs and desires someone should have, but in that they tell how
the beliefs, desires, intentions, etc, should be related to one another and to the way in
which someone’s behaviour is described in order to understand that behaviour as inten-
tional action. The normative elements of rationality thus put constraints on patterns of
beliefs, desires, intentions, etc. Unless a rational pattern -a pattern that satisfies these
constraints- can be discovered in someone’s behaviour, that behaviour cannot be
described or understood as intentional action. This is why the normative elements are
ineluctable for understanding and why they must be shared by all who want to under-
stand others as, and want to be understood by others as, intentional creatures. For "to
find someone else intelligible in the way that intentional actions are intelligible is to
recognize one's own ground level norms realized in the behaviour of the other” (1985g).
To put it another way: | try to understand you in terms of attitudes like holding true,
wanting to be true and intending to make true, and my task is to give content to these
attitudes -to find out what you hold true, what you want to be true, what you intend to
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make true; what you believe, know, remember, notice or perceive is the case; what you
want to be the case, what you hope or fear will be the case; what you intend to make the
case; about what being the case you are pleased, astonished, surprised or proud, etc. It
is in giving content to your attitudes -that is, in attributing to you beliefs that something
is the case, desires that something be the case, intentions to make something the case,
etc- that the beliefs, desires, intentions, etc, thus attributed get related. And so it is in
giving content to your attitudes that the normative elements constrain me to do this in
such a way that the beliefs, desires, intentions, etc, | thus attribute to you are related in
accordance with the norms. That is, the norms are constitutive of my attributions of
beliefs, desires, intentions, etc, to you; they play a constitutive role in my giving
content to your attitudes, not by identifying particular beliefs, desires, intentions, etc,
but by specifying the relations that should hold between them. The concepts of belief,
desire, intention, etc, are intentional in nature, and as such have criteria of application
that are governed by the norms of rationality. Those norms are not set by nature, but by
us when we decide to view others, and ourselves, as intentional creatures. The una-
voidable assumption that we share basic norms of rationality “comes to no more than
this, that it is a condition of having thoughts, judgements, and intentions that the basic
standards of rationality have application™ (1985f).

A sharing of basic norms of rationality is one key to what makes mutual understanding
as intentional creatures possible, and application of the norms is an important interpreta-
tive device. But, as noted, this device only puts constraints on patterns. It does not
enable the identification of particular beliefs and desires. For that purpose another
device has to come into play as well. This other device is based on the simple idea that
in the most basic cases what a belief (or desire) is about is determined by what regularly
causes the belief (or desire). If | believe that a car is approaching, it generally will have
been an approaching car that has caused my belief; my desire to eat an apple may have
been caused by my seeing an apple in front of me, in that case it is the apple in front of
me that has inspired my desire to eat an apple. Conversely: the belief that is inspired by
and only by approaching cars is apt to be the belief that a car is approaching; the desire
that is caused quite regularly by sightings of apples may very well be the desire to eat an
apple. This simple idea is a direct correlate of the common sense view of how we learn
our first language: "in the simplest and most basic cases words and sentences derive
their meaning from the ... circumstances in which they were learned. A sentence which
one has been conditioned by the learning process to be caused to hold true by the
presence of fires will be true when there is a fire present; a word one has been
conditioned to be caused to hold applicable by the presence of snakes will refer to
snakes™ (1989a). | will come back on this simple idea in section 4.3; in section 4.4.1 |
will discuss its further, and profound, consequences for how we are to view, according
to Davidson, the relations between a mind, other minds and the world. Now | just
mention that with the second interpretative device, the one that is based on this simple
idea, we have found our way into identifying the contents of particular beliefs (or
desires) that someone has.
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Let me summarize what has been established so far. Firstly, the norms of rationality are
constitutive of thoughts, by specifying the relations that should hold between beliefs,
desires, intentions, etc. Secondly, it is also constitutive of (at least the basic) thoughts
that they are about what regularly causes them. Thirdly, it is the complex interplay of
those two constitutive elements by which we come to understand others.

4.3 How the contents of basic thoughts are determined

According to Davidson, "[w]hat is needed in order to give objective content to ...
thoughts is ... the right sort of causal interaction between [different] observers in their
shared environment” (1988). This picture involves three elements: a society of two (or
more); the right sort of interpersonal connections between the members of the society; a
world that is shared by the members of the society and in which their interpersonal
connections take shape. Davidson holds both that all three elements are necessary to
give content to thoughts, and that they are irreducibly related in that they either stand
together or fall together. I will try to illustrate the three elements and their interrelations
at two cases in which the question of content-fixing causes for basic thoughts naturally
arises.

4.3.1 Interpretation from scratch

The first case is interpretation from scratch: a situation in which two people who speak
unrelated languages, and are ignorant of each other's languages, are left alone to learn
to communicate. Let one of the imagined pair, she, take the initiative and speak; the
other, he, tries to understand.

Some first steps towards mutual understanding

The best she can do is to be interpretable. She will use a finite supply of distinguishable
sounds (or signs, or whatever she believes can be easily distinguished by him as well)
and apply them consistently to objects and situations she believes are salient and
believes he is in a good position to observe as well. If she chooses to utter sounds, she
will not utter complicated strings of sounds (what in her language, let's assume that it is
English, are full sentences) such as *The small brownish animal that you see climbing in
the third tree on your left is what | call a squirrel.” Rather she will draw his attention to
the squirrel as well as she can (point at it, mimic its climbing motions), and sound very
clearly and slowly: "There's a squirrel® -or better still: the one-word sentence *Squirrel."
She will try to focus his attention on often recurring features or activities and on objects
she can touch, while uttering the appropriate one-word sentences: "Eat"; "Tree"; "Stone’;
‘Brown"; *Mouth'; "Moon"; "Red"; 'Leg"; "Apple’; "Water"; "Kiss"; "Grass"'; "Sleep”;
*Cow'; "Hard"; "Sunrise’; "Wet", etc.

The best he can do is assume that she intends to be interpretable; that by making the

sounds she makes she is expressing thoughts that are meant to be understood by him;
that she is bending all her efforts to make his task to find out what the contents of her
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thoughts are (or what she means by the sounds she makes to express them) as easy as
possible by limiting herself to basic thoughts about what can readily be observed -about
features in their shared environment she finds, and believes he will find, salient. It is
clear that all he has to go on in fathoming her thoughts (or the meaning of the sounds
she makes) is, on the one hand, the sounds themselves, and, on the other, the context in
which she makes them: the things that are going on or are present in their shared
environment; the further things she does (point, touch, ...); the things he is doing or that
they are doing together, etc. His task is, roughly, one of finding similarities and
correlating: he must class together utterances that sound relevantly similar to him; for
each class of similar sounding utterances, he must note, as complete as he can, the
circumstances in which each member of the class has been uttered; he must then try to
find a salient feature that is common to all those circumstances. This common and
salient feature will then be his first guess of what that particular utterance means (what
the particular thought that she expresses by that utterance is about). He will, as a first
approximation, take this common and salient feature to be the cause of her thought and
of her disposition to utter those particular sounds -as a first approximation, because he is
aware that especially in the early stages of his project he is likely to get things wrong.

If he really wants to understand her, and wants to find out whether he has got it right
or wrong, he should somehow make his present understanding available to her. Here is
an example of what he does. He has noted a common and salient feature accompanying
her utterances that sound to him very much like "kras," and that common and salient
feature causes him to hold true his one-word sentence *Zolp® -that is, he has noted that
in all cases that she has applied her word "kras®, he has held his word *zolp* applicable.
What he does next is collect a bunch of things that for him are also clear cases in which
his word *zolp® is applicable, and show those things to her while echoing as well as he
can her relevant utterance: "Kras."

Let us change point of view again. She sees him coming with a lettuce, some leaves,
some beans and even an emerald; she hears him uttering, while he is pointing at all
these things, something that comes very close to her *Grass." If she had not already been
aware of it all the time, at least at this point she comes to realize how much she needs
him too, in addition to the objects and events in their shared environment, in order to
make herself understood. For unless he does not somehow make his present
understanding available to her, she has no way to find out whether she has made herself
understood or even whether she has been understandable at all. So she does not take him
as pulling her leg, or as holding such strange beliefs as that lettuces, leaves, beans and
emeralds are all kinds of grass. Rather she takes him as seriously intending to show her
his present understanding, and realizes that now it is her task to find features that are
common and salient both to the circumstances in which she previously uttered her
*Grass® and to his presentation of lettuces, leaves, beans and emeralds. She guesses that
the common and salient feature in all those cases has been the presence of something
green.

Now it is up to her again to choose some appropriate action. In fact, which course of
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action she chooses will depend on what she intends to achieve. She may, for instance,
intend to make him speak and understand *proper English," perhaps for the somewhat
imperialistic reason that everybody should be able to speak and understand *proper Eng-
lish," or for the simple reason that the people in the environment all speak and under-
stand, at least to some extent, "proper English," so that it would be convenient for him
to speak and understand *proper English* as well. She then would somehow have to
make available to him the following: how she thinks he has understood her utterances of
'Grass;" that that is not how she intended to be understood; how, in fact, she did intend
to be understood; that an utterance of 'Green® would be her way of expressing the
thought that she thinks he has taken her utterances of *Grass" to express.

But if she merely intends to eventually be able to successfully communicate with him,
there is no reason for her to take this course of action. She could simply praise him for
his present understanding, try to further establish whether after this praise he is indeed
disposed to utter *Grass' in the presence of, and only in the presence of, something
green, and if so, finally choose to conform to this practice herself as well. A basic
element of their later successful communication would thus have been set up: her utter-
ance of *Grass® means what his utterance of ‘Grass’ means, since she holds it true when,
and only when, he holds it true -their shared belief in the truth of the utterance is
systematically caused by the same features of their shared environment. That by this
move she is misusing her native language (that she is not speaking "proper English®) is
of no import. If mutual understanding is all that matters, they might very well reach it in
a language they create for themselves in the process of reaching it. In fact, if the two of
them are stranded on this desert island, the idea "misuse of a language' does not even
have application. For what the sounds they utter mean is just what they take them to
mean in their coming to understand each other. That simply is (defines, characterizes)
‘their language;" it is a product of their mutual understanding, and not something that
they already shared and subsequently applied to understand one another. And since there
are no other hearers than just the two of them, there is also no particular reason to
conform to the conventions of either's past social situation.”

Much more needs to be done to reach mutual understanding

3. Although the idea "misuse of a language® does have application in cases other than that of two people
stranded on a desert island, still this idea is quite generally of no use for an understanding of how we come to
understand each other. For even if someone misuses a language, we usually have no problem in
understanding that person. The idea ‘misuse of a language® seems to depend on the idea of a reified language
-something against which actual uses of language by speakers can be checked for correctness, e.g.: proper
English. Perhaps for the reason to encourage conformity within a linguistic community we may want to, and
often do, correct someone who in our opinion clearly misuses the common practice of that community. But
also in that case we first have to find out what it is that that person means by the words he or she uses,
because otherwise we would not know into what we had to correct his or her misuse. By introducing the idea
of a reified language, we simply legislate what is to count as ‘the’ proper use of language. But at the same
time we then sever the link from using language (in the sense of producing distinguishable patterns of sounds,
signs, or whatever) to the purpose of using language (to understand and to be understood). So the idea of a
reified language is of no use in trying to understand our linguistic competence: "[w]e must give up the idea of
a clearly defined shared structure which language-users acquire and then apply to cases. And we should ...
give up the attempt to illuminate how we communicate by appeal to conventions™ (1986b).
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It will be clear that the above story is a far from complete account of how she and he
come to understand one another. It could, for instance, happen that -contrary to the
above case, where he had his word *zolp'- in his 'native’ language there is no single
word to refer to the salient feature that he finds common to all the circumstances in
which she has uttered a particular word.? This does not matter, as long as he is able, as
in the above, to find out in which circumstances she uses the word and to check the
correctness of his finding. From then on he may simply use her word.

The story also does not pay attention to how complex sentences, or predicates and
sentences that are less directly geared to easily detected goings-on (the more theoretical
concepts and statements), are going to be understood. It is here that the complex
interplay with the first interpretative device even more clearly comes forward than in the
above story -with the device, that is, that concerns the relations between thoughts (and
the sentences used to express them). When she is going to compose complex sentences,
words are going to appear in several sentences. His task then, roughly, becomes the
following: to detect some types of composition; to find out what kind of relations hold
between some complex sentence (of a given type) and simpler expressions that he
already understands and that are contained in the complex sentence; to infer an under-
standing of complex sentences (of that given type) on the basis of those relations; to
make his understanding available to her.” Her task is, as before, to make his task as
easy as possible: by choosing easily detectable ‘rules of composition;" by reacting as
clearly as she can when he makes available her present understanding to her, etc. In
trying to understand her more theoretical concepts and statements he will have to depend
much on evidential relations. He will, for instance, have to find out which sentences
(that he already understands) she takes as evidence for the application of her theoretical
predicates or her belief in some theoretical statement. In all these cases she depends, as
always, as much on him as he on her in their process to reach mutual understanding. It
will also be clear that this process is never really finished, given that the ramifications of
the relations between thoughts are so many and complex, and that from a finite vocabu-
lary and a finite number of ‘rules of composition" a potential infinity of sentences can be
constructed to express those thoughts (cf appendix 1).

The story also does not mention that "[w]hat begins with mutually observed reactions

4. A case like this might arise if | were to understand Eskimos. If it is indeed true that they have more than
twenty words for "snow," it is clear that not for all of those words there will be an existing Dutch (or Eng-
lish) word to translate it.

5. Suppose she has composed some simple two-word sentences: ‘Cow brown;* "Wet stone;" ‘Grass apple,*
which she utters consistently in the presence of brown cows, wet stones and green apples. He notes the
simple ‘rule of composition’: saying two words, one after the other. He also notes that in the cases that she
has uttered *Grass apple,’ he has held true both the sentence "Grass® and the sentence *Apple* (and the same
applies mutatis mutandis for the other sentences). He conjectures the following relations: the truth of ‘Grass
apple’ entails both the truth of *Grass’ and the truth of "Apple’ (and mutatis mutandis for the other
sentences). From this he assumes the following for the truth conditions of the given type of composed sen-
tence: an utterance of *x y* is true if, and only if, it is uttered in the presence of something that is both x and
y. From this assumption the conjectured entailments follow, since the truth conditions of "x* (or 'y*) simply
are: an utterance of "x" ("y") is true if, and only if, it is uttered in the presence of something that is x (y). He
will make his present understanding available to her by uttering, for instance, *Stone grass® in the presence of
something that is both a stone and green (in fact, in the presence of the emerald that he gave her earlier).
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to mutually observed phenomena soon graduates to something more useful™ (1993a).
They will, for example, use their mutually understood words to tell each other what they
have seen that morning, what they expect to happen tomorrow, what they wished the
other would do. In fact they can, and surely will, use their words for almost any extra-
linguistic purpose they may happen to have: for informing, commanding, inquiring,
lying, speaking metaphorically, "joking, story-telling, goading, exaggerating, insulting,
and all the rest of the jolly crew" (1984a, p.165).

Summary

Although the simple story | have sketched surely is not the whole story, it is hard to

believe that it is not a basic part of the whole story. It is the part in which the contents

of basic thoughts (or the meaning of the words used to express them) is determined by
the direct interactions between her, him, and the objects and events in their shared
environment. Davidson often describes the determination as a kind of triangulation:

- she and he are two of the vertices of a triangle;

- from each of them originate two lines: the first is the expression of a thought (say, by
making sounds) that is directed to the other person, the second is a ‘line of thought
directed to what the thought is about according to the person that expresses it;

- a base line between her and him is established by a piece of successful communi-
cation: when she and he share, and know of each other that they share, the disposition
to hold applicable a particular pattern of sounds;

- once a base line has been set up with respect to a particular pattern of sounds, a
simple triangulation at the same time determines the third vertex -what both of them
speak or think about when they utter that particular pattern of sounds; what the
objective content of the thought they then share is: it is the intersection of their
respective ‘lines of thought.*

How much they depend on each other to fathom each other's thoughts follows, in this
picture, from the fact that it takes two (or more, of course) to triangulate. And that they
have to make their present understanding of the other(s) available to the other(s) -by
means of "the right sort of causal interaction ... in their shared environment; in a word,
communication™ (1988)- corresponds to the setting up of a base line that is needed for
the triangulation to work.

I will close this subsection by mentioning one consequence of the above story. From the
fact that the story does not mention or depend on the details of the mechanisms that
constitute the causal chains from her to him (and him to her), and from spoken-of object
or event to her to him (and him to her), it follows that those details cannot in themselves
matter to how she and he come to understand one another and to what their thoughts are
about (or what their words mean). The kinds of details that | have in mind concern such
things as: the acoustical and visual signals that speed between her, him and what they
speak of; the stimulations of their nerve endings; the processes in their nervous systems
and brains -all those things do play a causal role, of course, but no theoretical role. The
story only depends on the following device: she and he take their words and thoughts to
have as subject matter the very publicly observable objects and events that are salient to
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both her and him. The criterion for salience is the establishment of a base line: she and
he must share, and know they share, dispositions to appropriate verbal behaviour. This
is the only interaction between her, him and their environment that matters to the story.
It leaves everything else that happens in between out of the account of how she and he
come to understand one another and of what their thoughts are about (or what their
words mean). So if the story is correct (not as the whole story, but as a basic part of the
whole story), then it shows in effect that such an account can do without considering
anything else that happens in between. According to the story, as long as she and he
share a disposition to appropriate verbal behaviour, the respective states of their neural
networks or nervous systems may be just what they are -very different, for instance.
This is not to deny, of course, that it is important that each of them has senses, a
nervous system and a brain.

4.3.2 A fragment of first language acquisition

"It would be good if we could say how language came into existence in the first place,
or at least give an account of how an individual learns his first language, given that
others in his environment are already linguistically accomplished. These matters are,
however, beyond the bounds of reasonable philosophic speculation” (1991a). Neverthe-
less, some fragment of the child"s learning to use its first words seems obvious enough -
that fragment where a parent teaches a child a word by reinforcing its random babbling
on appropriate occasions. This fragment, which has some connections with the above
story and which is somehow related to the question of content-fixing causes for basic
thoughts, is the second case | want to consider.

A child's learning to use its first words versus interpretation from scratch

Put in greatly simplified terms, the primitive learning situation can be described as
follows: "[t]he child babbles and when it produces a sound like *table® in the presence of
tables it is differentially rewarded; pretty soon the child says ‘table’ in the presence of
tables" (1989b). Of course the parent must notice the child’s utterances of *table," notice
the presence of a table, notice that the child is in a position to observe the table, and
make it as clear as possible to the child that it is rewarded for, and for nothing but, its
utterance of "table’ (by repeating the utterance, by rewarding the child immediately after
its utterance, etc).® The parent thus stimulates the child to display verbal behaviour that
the parent finds appropriate and a first success of the conditioning process is achieved
when the child produces sounds that the parent finds relevantly similar in situations that
the parent finds relevantly similar. (The parent will usually also condition the child to
make the appropriate sounds, and correct the child's mispronunciations into, for
instance, ‘proper English’-pronunciations. If the parent does consciously entertain any
reasons for making such corrections at all, it may be for the reason to enhance the
child's chances for successful future communication within their linguistic community.
But in principle, or if all that matters is the future communication between child and
parent, such corrections are not necessary. If the child were to utter *cable’ in the

6. | do not want to suggest that a parent always does these kinds of things deliberately. A lot of it happens
naturally and spontaneously, of course. What matters is that the parent knows when to reward the child.
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presence of, and only in the presence of, tables, the parent could choose to leave it at
that, at least for the time being.)

Let me now compare the previously discussed case, in which she and he were left alone
to learn to communicate, with this fragment of first language acquisition. In the former
case she and he come to understand one another’s basic thoughts by reference to the
publicly observable objects and events that are salient to both her and him. Each of them
reacts both to the other's utterances and to their shared environment. Each of them
explicitly considers and formulates hypotheses concerning the features of their shared
environment that the other's basic thoughts are about or that the other thinks one’s own
basic thoughts are about. Each of them consciously treats as evidence the combination of
the other's utterances and features of their environment accompanying those utterances
in order to test such hypotheses. The criterion for the acceptance of a hypothesis is the
establishment of a base line by means of successful communication: each of them is
aware (and is aware that the other is aware, etc) that they share a disposition to hold an
utterance applicable.

In the latter case the parent conditions the child to exhibit a piece of appropriate
verbal behaviour by reference to observable objects and events that the parent thinks are
hard to miss for the child. The parent reacts both to the child's utterances and to features
in the environment. The parent consciously treats as evidence the combination of the
child's utterances and features of the environment accompanying those utterances in
order to be able to differentially reward the child. The criterion for the success of the
conditioning is the establishment of some sort of base line by means of appropriate
rewards: the parent consciously rewards the child when its behaviour is appropriate.

What is common to both cases is the reference to publicly observable objects and events,
and that in the end both parties have matching (dispositions to) pieces of behaviour (she
is disposed to utter "Grass’ whenever he is; the child utters *table’ whenever the parent
is jjljljljl disposed
to utter 'Table’)”. What is different is that in the former case both she and he
consciously used the reference to publicly observable objects and events, and that both
she and he were aware (and aware of the other's awareness) that they shared dispositions
to pieces of behaviour, while in the latter case it can only confidently be said that the
parent uses the reference to publicly observable objects and events and is aware of a
sharing of dispositions to pieces of behaviour. Already being at home with the business
of linguistic communication, both she and he are aware of the existence of a triangle,
one vertex of which is he, another she and the third their common world. Furthermore,
both she and he take each other's simple verbal behaviour as responses to (or basic
thoughts about) aspects of their common world, where the aspect that oneself or the
other is thinking about is determined by matching pieces of verbal behaviour -by
gauging each other's responses (basic thoughts). Analogously the parent, being linguis-

7. As already noted, it is not necessary that the pieces of behaviour are identical. All that is needed is that they
match: it would do equally well if she is disposed to utter *Grass" whenever he is disposed to utter *Zolp*, or
if the child utters "cable’ whenever the parent is disposed to utter "Table."
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tically accomplished, takes her or his own simple verbal behaviour as responses to (or
basic thoughts about) aspects of the world. And since the parent holds applicable the
sentence "Table" (has the basic thought that a table is present) whenever the child utters
"table," the parent can see the child's utterances of "table" as responses to tables.

Behaving in different ways in different circumstances versus expressing thoughts about
the world

But does the child also see itself as responding to tables, does it by uttering "table’
intend to express the thought that a table is present, does it express any thought at all,
does it have the concept of a particular object or kind of object (e.g., the concept
"table’)? To get the point of these questions, it is perhaps useful to make a comparison.
Just as the parent conditioned the child to display a particular kind of behaviour (an
utterance of "table") in particular situations (whenever a table is present), so we can
condition a dog to display a particular kind of behaviour (say, jump on a chair) in
particular situations (say, whenever a bell rings). If the conditioning has succeeded, we
can see the dog's jumps on a chair as responses to a kind of event in the world (a ring of
a bell). But does the dog also see itself as responding to rings of a bell, does it by
jumping on a chair intend to express the thought that a bell is ringing, does it express
any thought at all, does it have the concept of a particular event or kind of event (e.g.,
the concept ‘ring of a bell*)?

Let me try to reformulate the problem in a familiar way. Whereas it is doubtful whether
the child and the dog are aware that they are reacting to something in the world, it
seems safe to say that they are experiencing certain sensations. Please do not complain
that we do not know what is directly experienced in sensation, or that we have no way
of finding out what the sensations of others are. | accept the complaints, and | admit that
an appeal to phenomena such as experienced sensations is an appeal to phenomena more
postulated for the sake of the problem than independently open to study and observation.

For the primitive learning to take place, the child and the dog (and we too, of course)
must have some built-in selective mechanism that allows them (and us) to discriminate
among sensations, to experience some sensations as more alike than others. One experi-
enced sensation must be enough like another for the child to provoke similar behaviour
(an utterance of "table’); one experienced sensation must be enough like another for the
dog to provoke similar behaviour (a jump on a chair); one experienced sensation is
enough like another for us to provoke similar behaviour (an utterance of 'The child
utters "table"* or "The dog jumps on a chair'). We can say that the child, like us, is able
-more or less naturally, or after some minimal learning by conditioning- to class
together the experienced sensations of various seeings of something that is a table;
analogously, the dog is more or less naturally able, like us, to class together the experi-
enced sensations of various hearings of something that is a ring of a bell; we are more or
less naturally able, like the child, to class together the experienced sensations of various
hearings of something that is an utterance of ‘table’ by the child, or the experienced
sensations of various seeings of something that is a jump on a chair by the dog.

What we can do, is take our provoked behaviour (say, an utterance of *"The dog jumps
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on a chair') as an expression of a simple perceptual belief: for us, the experienced
sensation (the seeing of something that is a jump on a chair by the dog) is related to our
coming to have a belief (our seeing that there is something that is a jump on a chair by
the dog). By uttering *The dog jumps on a chair® we express the belief that there is some
event in the world that is of a certain kind (that is a jump on a chair by the dog).
Similarly, by uttering "The child utters "table™" we express the simple perceptual belief
that there is some event in the world that is an utterance of *table* by the child. Whereas
our experienced sensations are principally inaccessible to others, our simple perceptual
beliefs have objective content because they claim the existence of events (or objects) of
a certain Kind that are publicly observable. Our claims may of course be false, and we
may even intentionally make false claims. We may for instance lie: represent ourselves
as holding true our utterance 'The dog jumped on a chair® with the intention that others
will understand us as claiming that an event occurred that is a jump on a chair by the
dog, while we know that no such event occurred.

The problem now is whether the child, or the dog, apart from experiencing a sensation
(the seeing something that is a table, or the hearing something that is a ring of a bell),
also comes to have a simple perceptual belief (that there is something that is a table, or
that there is something that is a ring of a bell); whether the child by uttering "table," or
the dog by jumping on a chair, claims the existence of an object or event in the world
that is of a certain kind (that is a table, or a ring of a bell); whether the provoked
behaviour has objective content for the child, or the dog; whether the child, or the dog,
also has the attitudes *holding true* or *holding false'; whether the child, or the dog, can
lie: utter "table’, or jump on a chair, with the intention that others will understand it as
claiming the presence of an object that is a table, or the occurrence of an event that is a
ring of a bell, while it knows that there is no such object present, or that no such event
occurred.

One requirement for a creature's experienced sensations to be related to simple
perceptual beliefs is that it has the concept of the cause (the stimulus) -the idea that its
experienced sensations are caused by some stimulus that exists independently of its
experiencing the sensations. Having this idea, the creature can then take itself as
reacting differentially to stimuli -as responding similarly to what it takes to be similar
stimuli. But this requirement is not enough and it is even doubtful whether a single
creature by itself could have the concept of the stimulus. The problem is that the single
creature has no way of locating the stimulus: is it reacting to a brain state or change, to
events in its nervous system, to arrays of light striking its retina and sound waves
striking its ear-drum, to objects or events further away from its skin and if so, to which
of them?; where in the causal chain is it to locate the relevant cause? Or to put it in
another way: "[t]he criterion on the basis of which a creature can be said to be treating
stimuli as similar, as belonging to a class, is the similarity of the creature’s responses to
those stimuli; but what is the criterion of the similarity of the responses?" (1991a).
Without a second creature that is in interaction with the first, there can be no answers to
these questions; only the responses of the second creature to the responses of the first
creature (and vice versa) can provide the criterion. What is needed is that each creature
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comes to note (and by means of the right sort of interaction with the other comes to note
that the other comes to note, etc) that whenever it takes itself as responding to similar
stimuli, the other's responses are similar as well. So the criterion is the establishment of
a base line: both creatures® awareness (and awareness of the other's awareness) that their
similarity responses match. Once a base line has been established, once they share, and
know they share, for example the disposition to utter *Table®, each creature can then
take an utterance of "Table" (both by itself or by the other) as a response to a common
stimulus -a stimulus that is located, because it is common, in a world that is external to
what is going on inside of each of them and that they share. This is what gives them
their sense of objectivity, "the concept of objects and events that occupy a shared world,
of objects and events whose properties is independent of [their] thought” (1991b).
Indeed, each of them can then take an utterance of "Table® (both by itself or by the
other) as a thought they share about the world they share -the thought that there is an
object in the world that is a table. So the second requirement for a creature's experi-
enced sensations to be related to simple perceptual beliefs is that there is a second
creature, and that both creatures are aware (and are aware of the other's awareness) of
the existence of a triangle of which they are two vertices, and of which the third vertex
is a common stimulus -an object or event in a world thus made common. For them to
know that they are so related requires that they be in communication; only communica-
tion can create the awareness that they share thoughts and a world with each other. Each
of them must understand, and be understood by, the other.

I still have not answered the questions whether the child (the dog), after it has been
successfully conditioned to utter "table” (to jump on a chair), does see itself as respond-
ing to tables (to rings of a bell), does by uttering "table’ (jumping on a chair) intend to
be understood as expressing the basic thought that a table is present (that a bell is
ringing), or does have the concept of a particular object or event, or kind of object or
event, e.g. the concept ‘table* (‘ring of a bell*). But | have formulated the conditions
under which these questions can be answered in the affirmative: the child (the dog) must
be aware of the existence of a triangle; it must be in communication with others; it must
understand, and be understood, by others. It is no secret that at some stage the child
begins to understand the basic verbal behaviour of others as making claims about an
external world; begins to speak itself in order to make claims about the external world;
discovers the possibility of lying, of uttering "table* with the intention that other people
will take the utterance as its claim that there is an object present that is a table while it
knows that no such object is present; begins to communicate with others about what it
thinks is the case, about what it expects will be the case, about what it intends to make
the case, about what being the case it is surprised, etc. This is, of course, merely a
restatement of the great mystery of first language acquisition. We know that children
begin to do these kinds of things at some stage, while we never see dogs doing these
kinds of things. We know that it happens with children, but not how it happens. (Of
course we do know that, when compared to human brains, canine brains lack a part, so
that it is likely that the dog's lack of such a part will be the cause of what prevents it
from happening with dogs, while the presence (and workings) of that part in the child’s
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brain will play a causal role in what allows it to happen with children.)

Some further remarks on first language acquisition

Although first language acquisition remains as great a mystery as it has always been,
some consequences follow from the above. Firstly, the child’s discovery of itself as a
thinking being (as a speaker and hearer), is at the same time also its discovery of other
thinking beings (of speakers and hearers other than itself), and of a world that it shares
with those other people and about which it shares many thoughts with them. The
subjective, objective and intersubjective -or knowledge of one's own mind, knowledge
of the world, and knowledge of other minds- are irreducibly related: none can be based
on one or both of the others, they all presuppose each other, and they emerge together (I
will come back on this in section 4.4.1). Secondly, although the presented fragment of
first language acquisition is by far not the whole story of first language acquisition, it is
a basic part of the whole story. The reason is that the objects and events in the world by
reference of which the parent has conditioned the child to display pieces of verbal
behaviour are, when in the end the child itself takes these pieces of verbal behaviour as
expressions of thoughts about the world, the very objects and events that those thoughts
are about. Thus, finally, what in the most basic cases our thoughts are about (and the
words we use to express them mean) is determined by the circumstances in which we
learned, and used, the words; "this much ‘externalism® is required to explain how
language can be learned, and how words and [thoughts] can be identified by an inter-
preter" (1987a).

As already noted, the above fragment is a far from complete account of first language
acquisition. | certainly do not want to claim that a child learns to use all its words by
means of a direct exposure to the objects and events that the words normally refer to:
some words may be learned by paging through picture books, watching television, etc.
Someone who has learned from books what a guanaco looks like may never have been
caused to accede to 'That's a guanaco’ by seeing a guanaco, and yet be prepared
(having seen pictures of guanacos perhaps) to accede when he does see one. Or, to take
a harder case; someone may know, in some reasonable sense, what a guanaco is, and
that it is not a llama, and yet be regularly caused to assent to 'That's a guanaco® in the
presence of llamas. In both these cases, the contents of the belief that there is a
guanaco present is determined, not by exposure to guanacos, but by having acquired
other words and concepts, such as those of llama, animal, camel, domesticated, and so
forth. Somewhere along the line, though, we must come to the direct exposures that
anchor thought and language to the world. (1991b)
The fragment does not consider how the child comes to understand beliefs by their
relations to other beliefs. Nor the related issues of its learning to use more complex
sentences and sentences it has never heard or spoken before, and its coming to use more
theoretical predicates and statements. All these things will involve the child’s grasp of
the basic norms of rationality (the norms that regulate the relations between beliefs,
desires, intentions, etc). In summary, and to stress both the two constitutive elements of
thought and the public availability of thoughts (as well as the words used to express
them):
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There are no words, or concepts tied to words, that are not to be understood and inter-
preted [and learned, KK], directly or indirectly, in terms of causal relations between
people and the world (and, of course, the relations among words and other words,
concepts and other concepts). (1989a)
But most importantly, and this is the gist of much of the foregoing, the fragment cannot
be the whole story because it is essentially behaviouristic and as such suffers from the
same deficiency that behaviourism suffers from quite generally: it leaves out the mind
altogether.?
A creature may react with the world in complex ways without entertaining any proposi-
tions. It may discriminate among colours, tastes, sounds and shapes. It may ‘learn’,
that is, change its behaviour in ways that preserve its life or increase its food intake. It
may ‘generalize’, in the sense of reacting to new stimuli as it has come to react to
similar stimuli. Yet none of this, no matter how successful by my standards, shows
that the creature commands the subjective-objective contrast, as required by belief.
(1985c)

A sharing of naturally experienced similarity

| have already mentioned that the child, the dog and we must have some built-in
selective mechanism that allows them and us to discriminate among sensations, to
naturally experience some sensations as more alike than others, to instinctively class
together experienced sensations. | think it is safe to say that all creatures must have
some such built-in mechanism in order to survive (evolution will have had something to
do with it). In order to set up some sort of a base line with another creature (whether by
conditioning or communication), | do not have to know anything about the details of my
own built-in mechanism or that of the other creature. But there is one obvious require-
ment that must be met for the establishment of a base line to work: if I instinctively
experience the sensations | have on different occasions as similar, the other creature
must on the same occasions have sensations that it too (more or less naturally or after
minimal learning by conditioning) experiences as similar. The other creature's
sensations may be whatever they are, as long as it experiences (because of the way that
it is constructed) its sensations as similar whenever | (because of the way that | am con-
structed) experience my sensations as similar. Experienced similarity is all that | need to
share with the other creature, and nothing else -even the way in which we are con-
structed may be different (as dogs and humans are differently constructed and, of
course, already different human beings are to a larger or smaller extent differently
constructed).

The criterion for a sharing of experienced similarities, | hope by now this no longer is a

8. Behaviourists will, of course, claim that what | call its deficiency is in fact the great virtue of behaviourism:
all that there is to the mind -thought, intentional action, meaning, attitudes like holding true, wanting to be
true, etc.- is ‘nothing but' or (by definition) reducible to observable input and output that are described in
non-mental terms (and ideally in terms of the ultimate physics). | have already noted that Davidson rejects all
‘nothing but" and (definitional) reductionist approaches -*'I despair of behaviourism and accept frankly ...
attitudes ... such as holding true™ (1984a, p.231)- while he still maintains that thought, intentional action and
meaning are entirely determined by readily observable behaviour. In section 4.4.2 | will come back on
Davidson's views on the relation between body and mind -the physical and the mental, the non-intentional and
the intentional, the non-rational and the rational.
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surprise, is a matching of similarity responses: she is disposed to respond similarly (with
an utterance of "Grass") whenever he is disposed to respond similarly (with an utterance
of 'Grass'); the child "responds’ similarly (with an utterance of "table’) whenever the
parent is disposed to respond similarly (with an utterance of 'There's a table"); the dog
‘responds’ similarly (with a jump on a chair) whenever we are disposed to respond
similarly (with an utterance of 'A bell is ringing'). Without a sharing of experienced
similarities between she and he, the child and its parent, the dog and us, there would be
no way to establish these matchings of similarity responses.

I have some while ago introduced the phenomenon of experienced sensation in order to
formulate the difference between behaving in different ways in different circumstances
(we can also see sunflowers and earthworms as doing that), and expressing thoughts
about the world (as we have seen only communicators can do). But since what is
required for two people to have basic thoughts and to determine the contents of each
other's basic thoughts is their recognition of a triangle of which they are two of the
vertices and the third is what their (shared) thought is about, and since the determination
of the contents of those basic thoughts depends on no more than their awareness (and
awareness of the other's awareness) of a matching of similarity responses, it follows that
the phenomenon of experienced sensation plays no theoretical role in determining the
contents of those basic thoughts: "although sensation plays a crucial role in the causal
process that connects beliefs with the world, it is a mistake to think it plays an
epistemological role in determining the contents of those beliefs" (1989a). It is
important for empirical knowledge and the acquisition of language that we have senses,
a nervous system, a brain, etc, and it is important to recognize that the senses, their
deliverances and the workings of the nervous system and the brain do play a causal role
in knowledge and the acquisition of language, but they are not and do not provide or
supply an epistemological foundation (an ultimate source of justifying evidence) for
meaning or empirical knowledge. In fact, and | will come back on this in section 4.4.1,
meaning, belief and empirical knowledge not only do not have such an epistemological
foundation, they do not need a foundation of this kind. Rather, a “community of minds
is the basis of knowledge; it provides the measure of all things" (1991a).

So although "[t]here is an abundance of puzzles about sensation and perception, ... these
puzzles are not ... foundational for epistemology. The question [for example] of what is
directly experienced in sensation, and how this is related to judgements of perception,
while as hard to answer as it ever was, can no longer be assumed to be a central
question for the theory of knowledge™ (1989a). The same goes for the question what the
details are of the built-in selective mechanism that allows humans (or dogs) to
discriminate among sensations, to behave in different ways in different circumstances. It
is not a question for the theory of knowledge, but a question in the research of human
(or canine) physiology -a research question in, for examples, biophysics or
neurophysiology. Given what humans (dogs) naturally and easily class together (for
humans: seeings of tables, seeings of something green, seeings of jumps on a chair,
hearings of "table’, etc; for dogs: seeings of other dogs, seeings of cats, hearings of
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rings of a bell, etc), given how they instinctively *generalize® (come to behave similarly
to sensations that are experienced as similar), biophysical or neurophysiological studies
in perception will try to uncover the mechanism that accounts for those facts about
human (canine) nature: "the facts about salience, attention and tendencies to generalize
in some ways rather than others" (1991c). When these kinds of questions get answered
in biophysics or neurophysiology, the answers will tell us a lot about how a human (dog)
is constructed, about what similarities in the respective ways that humans and dogs are
constructed account for the fact that both humans and dogs are able to instinctively class
together seeings of dogs, seeings of cats, hearings of rings of a bell, etc, and about the
details of parts of the causal processes that connect the provoked behaviour of a human
(dog) with the world; but the answers will not enable us in any way to say whether some
provoked behaviour of a human (dog) is to count as an expression of a thought or as an
intentional action, let alone to determine the contents of thoughts or intentions (I will
come back on this in section 4.4.2.)

4.4 Implications and additions

In the above | have presented a rather (I admit:) detailed elaboration of some rather (I
hope you admit:) simple ideas about what is involved in, and makes possible, mutual
understanding: the two interpretative devices, their complex interplay, a society of
interacting minds in a natural world they share, the establishment of a base line by
communication, etc. In appendix 1 | somewhat further elaborate these ideas in the
direction of a theory of interpretation: a theory which incorporates a structure that, on
the one hand, the observable behaviour of an agent must exhibit near enough if the agent
is to have beliefs, desires, intentions, etc at all, and on the other hand enables an
interpretation of that behaviour as intentional action and meaningful speech. In this
section | further elaborate some themes that have already, more or less implicitly,
emerged in the above: the relation between knowledge of one’s own mind, knowledge of
other minds and knowledge of the world, and the relation between the physical and the
mental.

4.4.1 Three varieties of knowledge
In the foregoing it has already quite explicitly been stated that knowledge of one’s own
mind, knowledge of other minds and knowledge of the world are irreducibly interre-
lated. To briefly recapitulate some steps:
[U]ntil the triangle is completed connecting two creatures, and each creature with
common features of the world, there can be no answer to the question whether a
creature, in discriminating between stimuli, is discriminating between stimuli at the
sensory surfaces or somewhere further out, or further in. (1991a)
The problem is not ... one of verifying what objects or events a creature is responding
to; the problem is that without a second creature interacting with the first, there can be
no answer to the question. And if there can be no answer to the question what a
creature means, wants, believes or intends, it makes no sense to hold that the creature
has thoughts. (1989b)
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Until a base line has been established by communication with someone else, there is no

point in saying a person's thoughts or words have a propositional content. (1991a)

If I did not know what others think | would have no thoughts of my own and so would

not know what | think. If I did not know what | think, | would lack the ability to gauge

the thoughts of others. Gauging the thoughts of others requires that I live in the same

world with them, sharing many reactions to its major features, including its values.

(1991a)
A society of minds that share, and know they share, a world and a way of thinking about
the world is the basis of all three varieties of knowledge; all three varieties of
knowledge "are located conceptually in the world we inhabit, and know we inhabit, with
others™ (1991a); "all three varieties of knowledge are concerned with aspects of the
same reality; where they differ is in the mode of access to reality” (ibid). Although I
will come back on the differences somewhat later, it is perhaps useful to now take away
one possible worry that may have arisen: the worry "that if all our knowledge ... is
objective, we will lose touch with an essential aspect of reality: our personal, private
outlook™ (ibid). This worry will be seen as groundless, however, once it is recalled from
the foregoing that "objectivity itself [has been traced] to the intersections of points of
view [of two (or more) personal, private outlooks, KK]; for each person, the relation
between his own reactions to the world and those of others™ (ibid). For then we recog-
nize that our knowledge "has its basis not in the impersonal but in the interpersonal.
When we look at the natural world we share with others we do not lose contact with
ourselves, but rather acknowledge membership in a society of minds" (ibid).

The public and correct nature of thought

Given that each of the three kinds of knowledge necessarily both depends on and is
indispensable for the others -that “there could not be thoughts in one mind if there were
no other thoughtful creatures with which the first mind shared a natural world" (1989b)-
it follows that it is not problematic whether there are other thinkers, whether there is a
world, or whether knowledge of other minds or the world is possible.

As such Davidson's position contrasts with the common idea that the subjective
(knowledge of one's own mind) is the measure of all things -that there is a subjective
world prior to everything else. If this conception allows the existence of an external
world or other minds at all, it gets burdened with all sorts of gaps that are principally
unbridgeable: between *'my* world and "the real® world; between "‘my* world and "your®
world; between my understanding of you and your understanding of yourself, etc.
Davidson's position leaves no room for such priority of the subjective and for the
existence of such unbridgeable gaps "'since it predicates self-knowledge on knowledge of
other minds and the world. The objective and the intersubjective are thus essential to
anything we can call subjectivity, and constitute the context in which it takes form"
(1991a).

Furthermore, the very methods that enable a determination of the contents of thoughts,
at the same time make for the establishment of an intersubjective standard of correctness
and for a sharing of thoughts that are, according to this standard, largely correct. This
public and correct nature of thought springs "from the nature of interpersonal under-
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standing. Linguistic communication, the indispensable instrument of fine-grained
interpersonal understanding, rests on mutually understood sentences, the contents of
which are finally fixed by the patterns and causes of sentences held true", desired to be
true, intended to be made true, etc (1990c; see also appendix 1). In the end, everything
rests on a sharing of similarity responses and norms of rationality -on sharing, and
knowing that one shares, a world, many reactions to its major features and a way of
thinking about it, with someone else. No further epistemological foundations for thought
or knowledge are needed.

Conceptual relativism and scepticism

It will be clear that Davidson's position entails that there are limits to how much
individual or social systems of thought can differ, and thus opposes a particular reading
of conceptual relativism. "If by conceptual relativism we mean the idea that conceptual
schemes and moral systems, or the languages associated with them, can differ massively
-to the extent of being mutually unintelligible ... or forever beyond rational resolve-
then | reject conceptual relativism™ (1989a). The problem is that this idea requires a
device that enables one person to say that someone else has concepts, and to say what
those concepts are concepts of, without understanding that other person. But as we have
seen there cannot be such a device, because to say that someone else has concepts is to
understand and be understood by that person. No such problem arises if we read con-
ceptual relativism as the (pedestrian) idea that there are differences between various
epochs, cultures or individuals -differences of kinds that we all recognize and struggle
with: with respect to style, taste, habits, areas of interest, directions in which thought
has developed, etc- without embracing the idea that there might be more comprehensive
differences. But also on this reading it must be remembered that the differences can only
take shape or made sense of against a large background of shared and correct thoughts.

That our thoughts are largely correct does not imply that they cannot be wrong. In fact,
each and every belief can be false (even a simple perceptual belief can be caused by
misleading sensations), each and every desire can be bad, etc. A first thing to note is
that it does not follow logically, from the premise that each and every thought could be
wrong, that the lot of them could be wrong or that they could be wrong all together. If
this reasoning was valid, it would also follow, from the premise that each and every
person that takes part in a lottery could win the first prize, that the lot of them could win
the first prize or that they could win the first prize all together.

So the sceptic who wants to maintain that all our knowledge could be false all
together, must base his argument on something else than the fact that each and every
one of our beliefs could be false. But, and this is Davidson's answer to the sceptic,
given the way in which beliefs are identified it simply cannot happen that the lot of them
are false or that they are false all together: "enough in the framework and fabric of our
beliefs must be true to give content to the rest. The conceptual connections between our
knowledge of our own minds and our knowledge of the world are not definitional but
holistic™ (1991a). By and large how we think the world is put together "is how it is put
together, there being no way, error aside, to distinguish between these constructions"
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(1985b).

The principle of charity

The insight that thought is by nature generally correct has made evaporate the traditional
problem in epistemology how we know that our knowledge is generally true, but in its
place condenses another problem: how to cope with error and false belief. Given that a
shared standard of correctness is the measure of everything, including our own thoughts,
incorrect thought cannot really be accommodated. Or to put it another way, given that
mutual understanding grows by extending a mutual standard of correctness, any attribu-
tion of false belief or error to someone else damages mutual understanding and thus also
the validity of the claim that that person has a false belief or has made an error. Instead
of attributing false belief or error to someone else, we may as well wonder whether we
have understood that person correctly. So the general policy is and remains to interpret
(or to adjust our interpretation of) someone in such a way that he or she comes out right
as often as possible or, alternatively, that the shared standard of correctness extends
further and further and further. This policy is Davidson's principle of charity: in a
slogan-like form it says that we must devise an interpretation that finds the other
"consistent, a believer of truths, and a lover of the good™ (1980a, p.222). | hope it is
clear that the principle of charity is not, as the name might suggest, a friendly
methodological advice "resting on a charitable assumption about human intelligence that
might turn out to be false™ (1984a, p.137). It rather emphasizes that a shared standard of
correctness is the measure of all things, that without such a shared standard there would
be no thought at all, and that by extending the shared standard we do not only improve
our understanding of others but along with that also the clarity and effectiveness of our
own concepts.

As a matter of principle, the principle of charity does not allow error or false belief. Or
to put it the other way round, error and false belief are what keeps the process of
interpretation going on: whenever our present understanding of someone forces us to
attribute error or false belief to that person, the principle of charity counsels us to revise
our present understanding. We should not think of mutual understanding as a project that
is finished at a certain time. Of course, we do not always have the time, opportunity or
motivation to actively engage ourselves in this project, and on this pragmatic level:

[t]he best we can do is cope with error holistically, that is, we interpret so as to make

an agent as intelligible as possible, given his actions, his utterances and his place in the

world. About some things we will find him wrong, as the necessary cost of finding him

elsewhere right. As a rough approximation, finding him right means identifying the

causes with the objects of his beliefs, giving special weight to the simplest cases, and

countenancing error where it can best be explained. (1990d)
Here are some ways to countenance error by explaining it: he mistook that sheep for a
goat, because he was not very well placed to observe the sheep (or did not wear his
glasses); he reached this false conclusion from these premises, because the inferential
chain was very long and he did not take enough time to work it out, etc. | could choose
to thus attribute error and false belief to him, and leave it at that. But in principle |
ought to ask myself: how well placed was | myself to observe what he called a goat (did
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| wear my glasses)?; was it really that sheep he was talking about?; does he use the word
‘goat” as | do (did I wrongfully assume identity of meaning)?; did not I myself conclude
to hastily by attributing a reasoning mistake to him (did | perhaps make a mistake
somewhere in the inferential chain)?; was | right about what | think were his premises
and his conclusion (did | wrongfully assume identity of meaning)?; could it be that on
some reinterpretation of his premises and conclusion he did not make any reasoning
mistake at all?, etc.

Let me put it in yet another way. The best way, in principle, to deal with cases where
we suspect someone has made a mistake (has formed a false perceptual belief, has made
a reasoning error, has acted against his or her own best judgement, etc) is to try to
resolve the matter with that person. It is clear, however, that the resolution can only
work if both parties know of each other what the other is talking about and what *the
matter* to be resolved actually is. And for both parties to know that of each other
requires that they have already tried to extend their mutual standard of correctness as far
as possible. Only on this condition might a subsequent exchange lead to a clarification
for both parties: perhaps the other will admit the mistake; perhaps we will find out that
we have made a mistake or misunderstood the other; perhaps the exchange will for both
parties lead to an adjusted view of the matter, etc. The resolution will, as always,
involve the complex interplay of the two interpretative devices or, alternatively, the
complex interplay of the two methods to extend the intersubjective standard of correct-
ness.

Here, of course, we touch on "a good Socratic intuition: it is only in the context of
frank discussion, communication, and mutual exchange that trustworthy truths emerge"
(1990e, p.15). Although we do not know, and will never know, which of our thoughts
are correct or which truths have emerged in mutual exchange, what we do know is that
on the whole our thoughts are correct and that we have methods that lead to an extension
of our shared standard of correctness and thus to an increase in correct thought.”

9. It is, perhaps, worth noting that this position falls outside the familiar isms, which all have in common that
they somehow try to define or characterize which statements, or sets of such, are true. For realists, for
instance, those statements are true which correspond to an observer-independent definite world structure.
Opposed to realism are the various brands of what is called anti-realism, which "humanize truth by making it
basically epistemic* (1990c), and which introduce "a dependence of truth on what can somehow be verified
by finite rational creatures™ (ibid). For empiricists, for instance, the truth of some statements (observation
sentences) is directly tied to experience (to patterns of excited nerve endings, for example), while an
empirical theory is true (empiricists would probably use words like ‘empirically adequate® or ‘viable®) just in
case it predicts and explains true observation sentences. That is, "[i]f truths about observables are called
*phenomena’, then a theory is empirically adequate just in case it saves the phenomena, all the phenomena™
(Fine, 1986, p.143). Other brands of antirealism (that partly overlap with each other or with empiricism) have
in common that they portray the truth of a statement (or set of statements) as amounting to the fact that certain
people would accept that (set of) statement(s) under certain circumstances. Fine (1986, p.138) describes three
antirealisms that all fit this description but differ with respect to the *certain people (subjects)* and the "certain
circumstances’: "If we let the subjects be "perfectly rational® agents and the circumstances be *ideal* ones for
the purposes of the knowledge trade ... then we get the picture of truth as ideal rational acceptance, and this is
the picture that Hilary Putnam ... paints for his "internal realism." If the subjects are not perfectly rational and
yet conscientious and well intentioned about things, and we let the circumstances be those marking a serious
dialogue of the kind that makes for consensus, where consensus is attainable, then we get the Wittgensteinian
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"What is certain is that the clarity and effectiveness of our concepts grows with the
growth of our understanding of others. There are no definite limits to how far dialogue
can or will take us™ (1991a). The dialectic imposes on both parties the constant burden
of interpretation -of applying the principle of charity, of applying the very methods that
eventually lead to an increase in correct thought. And of course it will be very useful to
"turn to a third party and a fourth to broaden and secure the interpersonal standard"
(ibid).

Differences between the three varieties of knowledge

In the above | have emphasized the interrelation between the three varieties of knowl-
edge. Let me now also point at some of the differences between them. A basic differ-
ence between my knowledge of the contents of another mind and my knowledge of the
contents of my own mind is this. The former is necessarily inferential, and depends
(among other things) on my consciously taking as evidence, and my framing of
hypotheses about, observed correlations between on the one hand the speech and other
behaviour of the person to be interpreted and on the other the objects and events in our
communal environment. The latter, on the other hand, is usually direct in that |
normally know what | believe, want, intend, or mean by my words without having to
rely on this kind of evidence or inference. A thought | have and the thought | believe |
have simply are one and the same thought, while a thought you have and the thought |
believe you have can only become the same thought (a shared thought) as a result of our
process of coming to understand one another. This asymmetry between interpreted and
interpreter cannot be obliterated but only be *smeared out' by exchanging the roles of
interpreted and interpreter, i.e., by interacting and, in particular, communicating.

The basic difference between knowledge of the natural world and knowledge of another
mind (or one's own mind) is that we do not aim to discover rationality in nature,
whereas we cannot but understand another (or our own) mind as answering to (shared)
norms of rationality. Of course, also in studying the natural world we necessarily
employ our own norms (what else?). So the point to emphasize is not that we as
explainers and observers employ our norms in understanding the actions (including the
speech) of others. "The point is rather that in explaining action we are identifying the
phenomena to be explained, and the phenomena that do the explaining, as directly
answering to our own norms; reason-explanations make others intelligible to us only to
the extent that we can recognize something like our own reasoning powers at work"
(1987b, my italics).

4.4.2 The physical and the mental

position that Richard Rorty ... calls *epistemological behaviourism." Finally, if our subjects are immersed in
the matrix of some paradigm and the circumstances are those encompassed by the values and rules of the
paradigm, then we get the specifically paradigm-relative concept of ruth ... that is characteristic of Thomas
Kuhn's ... antirealism."

According to Davidson and Fine, these isms (in so far as they can be made intelligible at all) are all
misguided by the idea that we are in need for characterizations or definitions of truth. For a further discussion
of these matters | refer to Davidson (1990c, part II) and Fine (1986, chapters 7 and 8).
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Anomalous monism

An issue somewhat related to the relation between knowledge of the natural world and
knowledge of a mind concerns the relation between mind and body, the mental and the
physical, the social and the physical sciences. Davidson has dubbed the position he
occupies with respect to the mind-body problem ‘anomalous monism." In short, "it
resembles materialism in its claim that all events are physical, but rejects the thesis,
usually considered essential to materialism, that mental phenomena can be given purely
physical explanations” (1980a, p.214). Below | further elaborate this position. Let me
first discuss the two components of anomalous monism: monism and anomalism.

According to Davidson, the mental and the physical should not be understood as
ontological categories but as conceptual categories: to say of a state or event that it is
mental (physical), is to say that we can describe it in mental (physical) terms. David-
son's monism says that states or events that are described in mental terms are also
describable, taken one by one (as opposed to taken type by type), in physical terms.
Descriptions in mental terms contain normative concepts such as belief, desire and
intentional action. So the following are examples of mental states and events: his
knowing that London is in England; his seeing that it's raining; her coming to believe
that a car is approaching; my wanting that this thesis is finished; her raising an arm to
catch her teacher's attention; his being proud that he has a beautiful car, etc. Descrip-
tions in physical terms draw only upon concepts in terms of which the basic laws of
nature are formulated. Since basic physics aims at a closed system of strict laws in the
light of which ultimately all that happens can be explained or predicted, in the ultimate
physics every event will be a physical event, i.e., describable by means of the concepts
in which those laws are formulated.

The other component of anomalous monism is: anomalism (of the mental). *Anomalous®
should here not be read as odd or irregular, but as a-nomological, i.e., non-lawlike,
failing to fall under strict laws. Anomalism of the mental says that states or events do
not fall under strict laws when described in mental terms. This claim depends on the
distinction that Davidson makes between states (or events or objects) and types of state
(or event or object), and on the realization that laws deal with types of state (or event or
object). Particular states (or events or objects) only fall under a law if they can be
described as being of a type with which the law deals. It are states (or events or objects)
as described that instantiate laws.
Suppose a hurricane, which is reported on page 5 of Tuesday's Times, causes a catas-
trophe, which is reported on page 13 of Wednesday's Tribune. Then the event reported
on page 5 of Tuesday's Times caused the event reported on page 13 of Wednesday's
Tribune. Should we look for a law relating events of these kinds? It is only slightly less
ridiculous to look for a law relating hurricanes and catastrophes. The laws needed to
predict the catastrophe with precision would, of course, have no use for concepts like
hurricane and catastrophe. (1980a, p.17)
Like there are no strict laws relating events of the types just quoted, Davidson's
anomalism of the mental says that there are also no strict laws relating mental events of
a certain type and mental events of another type or relating mental events of a certain
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type and physical events of a certain type, i.e., that there are no strict psychological or
psychophysical laws. Strict laws do not employ mental concepts.

Anomalism of the mental (Davidson's arguments for which | shall turn to presently)
implies that freedom and natural necessity can very well co-exist in the same human
behaviour, because by lack of psychophysical laws the laws in the physical realm do not
carry over to the mental realm.
The nomological irreducibility of the psychological means ... that the social sciences
cannot be expected to develop in ways exactly parallel to the physical sciences, nor can
we expect ever to be able to explain and predict human [thought and action] with the
precision that is possible in principle for physical phenomena. This does not mean
there are any events that are in themselves undetermined or unpredictable; it is only
events as described in the vocabulary of thought and action that resist incorporation
into a closed ... system [of strict laws]. These same events, described in appropriate
physical terms, are as amenable to prediction and explanation as any. (1980a, p.230)
Even if someone knew the entire physical history of the world, and every mental event
were identical with a physical, it would not follow that he could predict or explain a
single mental event (so described, of course). (ibid, p.224)
Even if the laws of physics are completely deterministic, action and thought can still be
viewed as autonomous. And conversely, if physics turns out to be incurably
indeterministic, we do not need the indeterminacy of physics as providing some room
for free thought and action.

Toward the end of this section | will present Davidson's argument that anomalism,
along with some further premises (among which the premise that the content of mental
states or events is determined by causal relations to objects and events in the outside
world), implies monism: *free to act® and "subject to a closed system of strict laws" are
necessarily united in the same behaviour.

The irreducible difference between mental and physical concepts

I will now first discuss Davidson's arguments for the impossibility of strict laws
relating the mental and the physical -that "the basic concepts of [the mental]
vocabulary cannot be reduced, or related by strict laws, to the vocabularies of
the physical sciences™ (1987b). The main reason has already been mentioned:
the basic concepts of the vocabulary of thought and action have normative
criteria of application, whereas the physical concepts have non-normative
criteria of application; therefore they cannot be connected by strict laws.
Suppose we try to say, not using any mental concepts, what it is for a man to believe
there is life on Mars. One line we could take is this: when a certain sound is produced
in the man's presence ('Is there life on Mars?) he produces another (*Yes'). But of
course this shows he believes there is life on Mars only if he understands English, his
production of the sound was intentional, and was a response to the sounds as meaning
something in English; and so on. For each discovered deficiency, we add a new
proviso. Yet no matter how we patch and fit the non-mental conditions, we always find
the need for an additional condition (provided he notices, understands, etc.) that is
mental in character. ...
Beliefs and desires issue in behaviour only as modified and mediated by further beliefs
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and desires, attitudes and attendings, without limit. (1980a, p.217)
Furthermore, in establishing the correctness of our attributions of beliefs, desires,
intentions, etc, to an agent we are forced "to bring more and more of the whole system
of the agent’s beliefs and motives directly into account. But in inferring this system from
the evidence, we necessarily impose conditions of coherence, rationality, and
consistency. These conditions have no echo in physical theory" (ibid, p.231), and cannot
"be stated in a purely physical vocabulary" (ibid, p.259).

It is a constitutive element of giving content to attitudes like holding true, wanting to be
true, intending to make true, etc, that the norms of rationality have application. There-
fore there are no necessary and sufficient conditions that allow us to attribute beliefs,
desires, intentions, etc to someone, to characterize a particular piece of behaviour as an
intentional action performed with a certain intention, or to interpret a particular sound
that someone makes as having a particular meaning. We must tailor all these attribu-
tions, characterizations and interpretations to the principle of charity, and "we must
stand prepared, as the evidence accumulates, to adjust our theory [our attributions, etc,
KK] in the light of overall cogency: the constitutive ideal of rationality partly controls
each phase in the evolution of what must be an evolving theory" (ibid, p.223). We must
always "consider how best to render the creature being interpreted intelligible, that is, as
a creature endowed with reason™ (1991a).

Of course, physical concepts too have constitutive elements, but those are not
governed by the norms of rationality. The concept of weight, for instance, depends on
the existence of a relation between objects (heavier than) that is transitive and asymmet-
ric, and of some empirical criterion on the basis of which we may assert that this object
is heavier than that object (a pair of scales" tipping to this side, for instance). Along with
some further constitutive axioms of the theory of measurement for weight, we can then
assign numbers (weights) to the objects such that a heavier object gets assigned a higher
number (weight), the weight of two objects equals the sum of the weights of the two
objects, etc, and such that the numbers are unique once a particular object has been
chosen as the unit of weight (cf appendix 1). The constitutive elements of the concept of
weight allow us formulate the necessary and sufficient conditions under which we are to
attribute a weight of, say, 1.46 Newton to an object. And when concepts like those of
weight are going to appear in lawlike statements, it are the constitutive elements of such
physical concepts that allow us to determine in advance whether or not the conditions
for application of the law are satisfied. In fact, "the existence of lawlike statements in
physical science depends upon the existence of constitutive ... laws like those of the
measurement of length [and weight] within the same conceptual domain™ (ibid, p.221).
Of course it may happen that in an advanced physics there is no longer a use for the
concept of weight, but then that advanced physics would have to depend on other
concepts with strong constitutive elements in terms of which a closed system of laws
with precise conditions for application can be formulated.

One further consideration is this. Mental concepts are causal concepts, i.e., concepts
that have the notion of causality irreducibly built into them. An intentional action is one
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that is caused (in the right way) by beliefs and desires; beliefs and desires are in part
identified by the sorts of intentional action they tend to cause, and in part by the sorts of
event or object that regularly cause them. Of course, not only mental concepts are
causal, most of the concepts that feature in commonsense explanation are.

Many of us can do no better in trying to explain why some iron-filings moved than to

say there was a magnet in the neighbourhood; we know, of course, that magnets tend

to move iron filings. The concept of a magnet is a causal concept: something wouldn't

be a magnet if it didn"t cause iron filings to move under certain conditions. (1993b)
When causal concepts are used in an explanation, this always depends on the assumption
that ""a vast number of (unspecified and unspecifiable) factors that might have intervened
between cause and effect did not™ (1993c). When objects, states or events are described
in terms of causal concepts, they do not instantiate strict laws, but rather rough
generalizations that cannot be made, and are not meant to be made, precise and
exceptionless. Generalizations, that is, that make use of causal tendencies, potentialities
or dispositions, and that are of the following type: an object (or state, or event) that is of
a certain kind has, under appropriate conditions, a cause of a certain kind or an effect of
a certain kind. E.g.: a magnet causes iron filings to move under appropriate conditions;
a slippery road causes appropriate objects to slip under appropriate circumstances; a
belief that there is a dog before me is under normal circumstances caused by the
presence of a dog before the person who has the belief; under appropriate circum-
stances, a desire to attract the teacher's attention causes an action of the person who has
the desire of which that person believes that it will result in it being the case that the
teacher’s attention is attracted.

In order to arrive at strict laws, a developing physics will extrude causal concepts
from its vocabulary, as the concept of a magnet is no longer needed (in an advanced
physics) once it can be said explicitly what the properties are that create magnetic fields.
So since mental concepts are causal, strict laws do not employ them, just like strict laws
do not employ, e.g., the concepts of a magnet or slipperiness.™®

What the above arguments, in one way or another, all come down to is that "[t]here are
no strict psychophysical laws because of the disparate commitments of the mental and
physical schemes™ of description and explanation (1980a, p.222). "We have such a keen
interest in the reasons for actions and other psychological phenomena that we are willing
to settle for explanations that cannot be made to fit perfectly with the laws of physics.
Physics, on the other hand has as an aim laws that are as complete and precise as we can
make them; a different aim" (1991a).

10. It may also be that, for example, chemistry cannot be reduced to physics. Then there would be no strict

chemico-physical laws relating types of chemical state or event with types of physical state or event -laws,
for instance, that relate every chemical predicate C to some physical predicate P in a statement such as: for
every state (event) x, if x is C then x is P.
Note however that an argument for the irreducibility of chemistry (or biology, or solid state physics, or
geology, ...) to fundamental physics must be different from the above argument for the irreducibility of the
mental to the physical. For the latter irreducibility derives from the normative character of mental concepts,
whereas chemical, biological, etc, concepts do not have normative criteria of application. Still the latter
concepts may be causal, and if they are there will be no strict laws that employ them.
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Monism

As Davidson notes, it is certainly not a new point "that complete knowledge of the
physics of man, even if this covers, under its mode of description, all that happens, does
not necessarily yield knowledge of psychology ... [In fact, it is] a point made long ago
by Plato's Socrates" (1980a, p.250). Furthermore, "[t]he step from the categorical
difference between the mental and the physical to the impossibility of strict laws relating
them is less common, but certainly not new. If there is any surprise, then, it will be to
find the lawlessness of the mental serving to help establish the identity of the mental
with that paradigm of the lawlike, the physical™ (ibid, p.223). But although its con-
clusion (monism) may be surprising, the argument itself is fairly simple.

The argument depends on three premises. Davidson (1980a, p.208) calls them: the
principle of causal interaction, the principle of the nomological character of causality,
and anomalism of the mental.
The first principle asserts that at least some mental events interact causally with
physical events. ... Thus for example if someone sank the Bismarck, then various
mental events such as perceivings, notings, calculations, judgements, decisions,
intentional actions, and changes of belief played a causal role in the sinking of the
Bismarck. In particular, ... the fact that someone sank the Bismarck entails that he
moved his body in a way that was caused by mental events of certain sorts, and that his
bodily movement in turn caused the Bismarck to sink. Perception illustrates how
causality may run from the physical to the mental: if a man perceives that a ship is
approaching, then a ship approaching must have caused him to come to believe that a
ship is approaching. (ibid)
This principle is related to the interpretative device that counsels an interpreter, in the
most basic cases, to take a speaker’s words and thoughts to be about the sorts of object
and event that normally cause them (a device, of course, that always has to be used in
combination with the other device that regulates the relations between thoughts, actions,
etc).

The second principle asserts that events related as cause and effect fall under strict
laws. That is, the laws, conjoined with a sentence that says one of the events (described
appropriately) occurred, entail a sentence that asserts the existence of the other event
(described appropriately). The key phrase here is ‘described appropriately.” The
principle of the nomological character of causality does not say that under every
description two events related as cause and effect instantiate strict laws, but only that
they have descriptions that instantiate the laws. For example, if the event reported on
page 5 of Tuesday's Times caused the event reported on page 13 of Wednesday's
Tribune, the principle does not say that under the descriptions *the event reported on
page 5 of Tuesday's Times' and "the event reported on page 13 of Wednesday's Tribune®
these events instantiate strict laws (and, obviously, they don't), but only that there are
appropriate descriptions of these very same events that do.

The third principle is anomalism of the mental, which has just been discussed: there
are no strict psychological or psychophysical laws.
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Let me now give the argument for monism. It applies to mental events that causally
interact with physical events, and so to all mental events in case "all mental events
ultimately, perhaps through causal relations with other mental events, have causal
intercourse with physical events" (1980a, p.208). Now, suppose m, a mental event,
caused p, a physical event. Then, according to the principle of the nomological
character of causality, under some description m and p instantiate a strict law. This law
can only be physical, according to anomalism of the mental. "But if m falls under a
physical law, it has a physical description; which is to say it is a physical event. An
analogous argument works when a physical event causes a mental event™ (ibid, p.224)."”

Conclusion

The ultimate physics has just been depicted as a closed system for describing and
explaining that covers, under its mode of description, all that happens, and that does not
contain mental concepts (or any other causal concepts). | hope it will be clear, however,
that according to Davidson's position the ultimate physics should not be thought of as a
replacement of or improvement on schemes that do contain mental concepts (like natural
languages). Firstly, mental concepts cannot be reduced to physical concepts, and the
explanations we use to render human behaviour intelligible in the way that intentional
action is intelligible cannot be reduced to the explanations we use in physics. Secondly,
to understand, explain or learn physics we depend, as always, on our interactions with
others (knowledge of physics cannot be considered independently of knowledge of the
contents of one's own and other minds), and interpersonal knowledge acquisition cannot
do without mental concepts: it depends on understanding what the other is talking about,
on understanding each other's reasons for believing something, on communicating with
others in order to reach agreements (on how to measure weight, for instance), etc.
Mental concepts and our ways to understand human thought and action are essential to
all understanding, including an understanding of science.

So it does make sense to think of science as an "irreducible or semi-autonomous
[system] of concepts, or [scheme] of description and explanation, but only as [it is] less
than the whole of what is available for understanding and communication™ (1980a,
p.244). This leads to a view of "the language of science not as a substitute for our
present language, but as a suburb of it" (1985b). The developing language of science, as
a fragment that lacks mental concepts, needs a more comprehensive language "in which
to incorporate or explain the fragment" (1980a, p.244), and which develops along with
the development of the fragment. Furthermore, an understanding of science, like
everything else, depends on a largely shared and correct view of the world, and its
further development aims at an extension of this view. "Science can add mightily to our
linguistic and conceptual resources, but it can't subtract much™ (1985b).

11. Note that this argument need not only apply to mental events. If, for example, chemistry were not reducible
to physics (if there are no strict chemico-physical laws that relate types of chemical event with types of
physical event), it would still follow that chemical events that causally interact with physical events are also
describable, taken one by one, in purely physical terms. A second note is that some mental events may also
be identical with, for example, chemical, biological or physiological events, that is, have a description in
chemical, biological or physiological terms.
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5 A problem-posing approach to science
education

51 Introduction

5.1.1 A crude picture of (the development of) science”

In section 4.4.2 it has been argued that "[s]cience can add mightily to our linguistic and
conceptual resources, but [that] it can't subtract much" (Davidson, 1985b). The addition
consists, on the one hand, in the introduction of specific ways of classifying objects or
events, and of relating objects and/or events to one another, and on the other in the
recognition of regularities when objects or events are described in terms of these specific
ways of classifying and relating. This recognition of regularities may, in the course of an
empirical investigation, lead to the formulation of generalizations (inductive hypotheses),
e.g.: whales are mammals;, whenever a piece of metal is heated it expands. If apart from
being confirmed by their instances such generalizations also support counterfactual and
subjunctive claims, they may be called lawlike. Someone who knows what their positive
instances are and how they cohere with those instances will then have good reason to
expect that they will cohere with other instances as well, to project them to unobserved
cases and to invoke them to advance counterfactual claims. This does not necessarily
imply that they will also be lawlike in the sense of being very precise and exceptionless,
although they may provide good reason to believe that there are more precise and more
widely applicable generalizations at work and perhaps even point at ways to formulate
such improved generdizations. A further addition may then consist in the introduction of
ways of classifying and relating with more precise and objective criteria of application, in
order to formulate more precise and wider applicable generalizations. The final goal will
be generalizations whose positive instances provide good reason to believe that they may
be sharpened indefinitely by drawing upon the same ways of classifying and relating in
terms of which they are already formulated. It will be clear that this final goal will only
be reached, if ever, in fundamental physics.

5.1.2 A few modifications and additions
Of course, the above is just a crude and very simplified picture, so let me make a few

1. Thissection isinspired by Davidson, 1980a, pp.207-227.
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attempts to paint a somewhat more realistic one (without in any way pretending to be
exhaustive). For one thing, the above does not throw any light on the actual
development of science. In this respect, Poincaré distinguishes two opposite tendencies
in the history of the development of science.
On the one hand, new relations are continually being discovered between objects which
seemed destined to remain for ever unconnected; scattered facts cease to be strangers to
each other and tend to be marshalled into an imposing synthesis. The march of science
is towards unity and simplicity. On the other hand, new phenomena are continually
being revealed; it will be long before they can be assigned their place -sometimes it may
happen that to find them a place a corner of the edifice must be demolished. In the same
way, we are continually perceiving details ever more varied in the phenomena we know,
where our crude senses used to be unable to detect any lack of unity. What we thought
to be simple becomes complex, and the march of science seems to be towards diversity
and complication. Here, then, are two opposing tendencies, each of which seems to
triumph in turn. (1952a, p.172-3)

The crude picture may also give the wrong impression that the development of science is
a straightforward process. It does not do justice, for instance, to the acts of genius and
major breakthroughs that have been involved. Sometimes a specific way of classifying or
relating "is so important that with its addition a whole department of science takes on a
new look" (Davidson, 1984a, p.183), e.g.: the specific, though simple, way of relating
events as 'occurring simultaneously' that Einstein has defined.

The process is aso not straightforward in the sense that there may be competing
theories, competing ways of describing and/or competing sets of hypotheses. Thisis quite
alright, of course, as long as there is meaningful disagreement between the proponents of
competing theories, i.e., as long as they correctly understand each other's ways of
describing, know the evidence by which each other's hypotheses are supported, and so on
(al of which depends, as argued in chapter 4, on common ground: a shared world, both
causally and conceptually, and shared norms of rationality). They can then challenge each
other and, e.g., think of experiments in which the different theories lead to different
predictions, and so on.

Furthermore, the development of science has not always proceeded without difficulties. It
has not always been and is not aways the case, for instance, that the proponents of
competing theories reach a meaningful disagreement, but instead experience sheer
unsurmountable difficulties in their attempts to understand one another, even to the extent
of giving up such attempts altogether. It then almost seems as if they "practice their
trades in different worlds" (Kuhn, 1970a, p.150). In this connection, Kuhn has introduced
the notion of 'incommensurability:' "In the transition from one theory to the next words
change their meanings or conditions of applicability in subtle ways. Though most of the
same signs are used before and after a revolution -e.g. force, mass, element, compound,
cell- the way in which some of them attach to nature has somehow changed. Successive
theories are thus, we say, incommensurable" (1970b). Now, of course, these changes of
meaning are in principle harmless: they are not intractable and correct interpretation will
identify them as such. In practice, however, the subtle changes of meaning with respect to
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some words may easily give rise to situations in which two scientists fail to recognize that
they do not use those words in the same way, and as a result think they disagree on issues.
In the terms of section 2.2 it can be said that they then do not properly solve the problem
of interpretation: by wrongly assuming identity of meaning they come to attribute beliefs
to the other that the other does not, in fact, hold, and thus come to misunderstand each
other's theory. Ramberg therefore suggests to not so much think of incommensurability as
a relation between theories, world views, social practices or paradigms, but rather as "a
characteristic of the discourse that results when we proceed as if we are using the same
vocabulary, and so interpret others by applying linguistic conventions to which they are
not party" (1989, p.132). In any case, the communication breakdowns between
proponents of successive or competing theories must be characterized as communicative
failures. Whereas the ‘communicators’ involved may come to think of each other as
"living in different worlds, [they may in fact], like those who need Webster's dictionary,
be only words apart” (Davidson, 1984a, p.189).

As any human enterprise, finaly, the scientific enterprise is of course also subject to al
sorts of human failings. Apart from the above mentioned communicative failures, one
may also think of errors in calculation and, more seriously, acceptance of doctrines on
inadequate evidence, neglect of ethical issues, fraud, obsession with power, blindly
following authorities, and so on.

5.1.3 Science education

The picture of (the development of) science that has been presented in section 5.1.1 gives
rise to the following picture of science learning: it is a process in which pupils, by
drawing on their existing conceptual resources, experiential base and belief system, come
to add to those (by arriving at new ways of classifying and relating, studying events that
never before they have witnessed or paid attention to, framing new inductive hypotheses,
and so on), in order to further and further characterize and explain more and more aspects
of the natural world. Just as in section 5.1.2 | have briefly indicated that the former
pictureisfar too crude and simplified, | will in the remainder of this chapter illustrate and
argue, in somewhat more detail, that a process of science learning too, if it is to make
sense to pupils, involves much more than painted in the latter picture.

Many of the expressions that correspond to the scientific terms that are to be
introduced, for instance, are also used in ordinary language, and very often in a way that
differs from the way they are going to be used in the scientific theory. The introduction of
scientific terms may thus involve changes of meaning with respect to some expressions.

Moreover, if pupils are to meaningfully engage in an activity there should be a sense in
which they know why they are going to do it. They will have to develop some sense of
purpose for going to study events they have never witnessed or paid attention to; the
inductive hypotheses should become reasonable for them; an intention to improve on
already established generalizations should come forward, etc. Furthermore, if the process
of science learning is to take place at al, in the minimum sense that pupils are prepared
to learn about some scientific topic, they should at least take sufficient interest in it and
be sufficiently motivated to participate in a serious way. In short, pupils process of
science learning, if it is to make sense to them, not only involves additions to their beliefs
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and conceptual resources, with accompanying changes of meaning, but also, and
irreducibly related to these, evaluative attitudes (desires, aims, interests, etc) and changes
therein, both on a global and local level.

In sections 5.2 and 5.3 | try to illustrate that the two aspects just mentioned, the
introduction of scientific terms as part of pupils entrance into some scientific theory and
providing pupils with a sense of purpose and direction respectively, are often neglected,
or insufficiently or inadequately taken into account in science education. | aso try to
illustrate that science education is not likely to contribute, and may instead even damage,
aprocess of insightful science learning if the two aspects are neglected or inappropriately
taken into account.

In section 5.4 | sketch an approach to science education that explicitly takes these
aspects into account, and whose point is, more generaly, to make pupils want to add to
their conceptual resources, experientia base and belief system, in a way that leads to
their understanding of science. | do not propose this approach, which | call problem-
posing,” as a general theory of teaching and learning. | rather propose it as a
programmatic view of the possibilities for improving science educational practice a a
content-specific level, which are to be further explored and empirically realized by
science educational research. The results of this research will then be what in section 5.4
| call didactical structures, roughly: examples of good science education.

5.2 The introduction of scientific terms, as part of pupils’ en-
trance into some scientific theory

This section can be read as a continuation of section 2.2 in the sense that it further
elaborates the educational consequences of the, what | consider to be, trivial point that
many expressions that correspond to scientific terms are also used in ordinary language,
and very often in a way that differs from the way they are used in the scientific theory
that pupils are supposed to learn. It is aso a continuation in the sense that | will illustrate
these consequences at the (different) ways in which expressions containing the word
'force' are used in mechanics and in pupils' intuitive theory of motion (cf section 2.2.3). |
hope it will become clear that the lessons which can be drawn from this particular case
carry over to other cases as well.

5.2.1 Linking up with pupils’ existing knowledge includes linking up with
their existing uses of language
In section 2.2.3 | have summarized an intuitive theory of motion that is formulated in

2. | have chosen this name for two reasons. First, because it is part of a problem-posing approach to bring
pupilsin such a position that they themselves come to pose the main problemsthey are going to work on.
Secondly, | intend problem-posing to be understood as sort of opposite to problem-solving, which in my
opinion receives much to much attention, both in science education itself and in research on science
education.
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terms of expressions containing the word ‘force’ and that, thus formulated, pupils hold
true. | have also noted that on the face of it (more precisely, if identity of meaning is
assumed with respect to those expressions), pupils intuitive theory isin flat contradiction
with Newton' laws. However, by drawing attention to the interdependence of belief and
meaning (cf section 2.2.1), | have observed that the fact that pupils hold true the intuitive
theory as formulated does not yet throw any light on what it is that they believe. The
problem of interpretation is that it still needs to be found out which beliefs are
represented by their holding true the intuitive theory. What | have subsequently done in
order to solve this problem, is to take note of the circumstances under which they hold
true (fragments of) their intuitive theory, and to assign such meanings to their expressions
containing the word ‘force' that, thus reformulated, their intuitive theory tranglates into a
correct pattern of beliefs. In chapter 4, moreover, | have argued that it is simply part of
what it is to have beliefs at all, that correct interpretation necessarily requires us to so
assign meanings to the words of others that by and large their sentences are true
(according to us) under the circumstances that they hold those true. In doing so, | have
also made explicit that pupils uses of expressions containing the word ‘force' cannot be
interpreted in accordance with scientific usage. Their use of the expression 'to exert a
force on,' for example, is such that they use it in sentences of the form 'A exerted a force
on O, where A is an agent and O an object, and hold those sentences true just in case (1)
there was an action of which A was the agent, and (2) something happened to O, and (3)
A's action caused what happened to O.

Let me now reverse the above line of reasoning to simply point out that it must be part of
their learning mechanics that they learn to use and understand, e.g., the expression 'to
exert aforce on' differently from how they use and understand it before education. For if
Newton's laws are understood in accordance with their pre-instructional usage, those laws
are on the face of it in contradiction with the plainly correct beliefs that are represented
by their holding true their intuitive theory.

5.2.2 Without linking up with pupils' existing uses of language it is unlikely

that they arrive at a proper understanding of science
It is astriking feature of common courses in mechanics that they do not take into account
the above simple observation that it must be part of pupils learning mechanics that they
learn to use and understand, e.g., the expression 'to exert a force on' differently. It is not
only the case that no attempt is made to indicate how this expression is used in mechanics
(and why it is thus used), but it is not even indicated that in mechanics the expression is
(going to be) used differently. What comes closest is that after a presentation of Newton's
first law it is usually remarked that this law seemsto be in contradiction with the fact that
in normal circumstances moving objects come to a stop when left on their own, but that
the contradiction is only apparent because closer inspection of the circumstances reveals
the presence of retarding frictional forces.

So it is pretty much up to pupils themselves to figure out, on the basis of how Newton's

laws are applied in various situations by the textbook and the teacher, both how to
describe situations in terms of expressions like 'to exert a force on' and, given an
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appropriate such description of a situation, how to subsequently apply Newton's laws to
it. After some training, pupils usually acquire some ability to perform the latter step. In
particular, given the forces that are exerted in a given situation, pupils are often able
(apart from mathematical difficulties) to apply Newton's second law in order to calculate,
e.g., the braking distance of a car. At the same time, however, many pupils (and even
university students, including myself asit turned out during teacher training) are often not
able to perform the first step: given relatively simple (but non-standard) situations, they
are often unable to describe those correctly (i.e., in accordance with scientific usage) in
terms of expressions like 'to exert a force on' (see, e.g.. Warren, 1971; Viennot, 1979;
Clement, 1982; McCloskey, 1983). They do not describe situations in terms of pairs of
objects that exert mutually opposed forces on each other; in the situation of a car or a
bicycle travelling on a flat road they identify a balance between the 'driving force of the
engine' or the 'force of the cyclist' and the resistance of the air and the road; as they used
to do before instruction, they describe situations in terms of expressions like 'to have a
force' and 'to get a force from," and so on. In short, also after instruction much of their
talk is to be best understood as in section 2.2.3, i.e,, asin line with the intuitive theory of
motion.

| think the above represents the sort of hybrid between the intuitive theory of motion and
Newtonian mechanics that many pupils arrive at after common courses in mechanics, and
| agree with the researchers who have established it that thisis an unsatisfactory outcome.
But as already noted in section 2.2.3 | do not agree with the researchers who seek the
source of this outcome in the failure of those common courses to address pupils' intuitive
theory in order to overcome it. It need not be overcome simply because, if appropriately
interpreted, it is correct.

My own analysis of the source (or at least one of the basic sources) of this outcome is
based on the observation that correctly applying Newton's laws cannot be separated from
a specific way of describing situations (such that they are amenable to Newton's laws).”
According to me, the failure of common courses in mechanics is that they neglect this
'specific way of describing' part. As a consequence, it is more or less up to the pupils
themselves to fill in this part, and | think it is not surprising that this is to demand too
much of many of them. But then, not being provided with additional conceptual
resources, it is also not surprising that after instruction many of them only use the
conceptual apparatus that they already commanded before instruction in describing (non-
standard) situations.

5.2.3 Incommensurable discourse

3. Notethat thisobservation corresponds, more generally, to what has been argued in section 4.4.2, namely
that explanations by means of laws ar e sensitive to how the events, situations or states to which they are
to be applied are described. Thereason isthat laws deal, not with particular events, situations or states,
but with properties of such. Therefore, events, situations or states only instantiate a law, and hence can
only be explained in thelight of alaw, in asfar asthey have therelevant properties (the properties with
which thelaw in question deals).
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In common courses in mechanics (as in science education more generally), there is an
emphasis on quantitative exercises concerning standard and pre-fabricated situations, and
| have already noted that in this area pupils usually make some progress. This one-sided
emphasis may, on the one hand, further account for the fact that many pupils make little
conceptual progress (cf Warren, 1979) and, on the other, explain why during those
courses themselves this limited progress does not surface very often and only comes
forward by research that explicitly explores conceptual progress.

The below fragment of a lesson in mechanics, however, does present an example in
which, | think, the above mentioned failure of common courses in mechanics does come
forward. In the lesson preceding the one from which the below fragment is taken, the
pupils watched a specially developed video, which is about the forces that are acting
while riding a bike. The below transcript begins with the teacher, who intends to
summarize and elaborate on the video by means of the well-known air track. His
introductory question, in which he asks for the forces acting on the glider when it rests on
the not yet operating track, is meant to simply remind the pupils of the supposedly well-
known static forces that are acting in that situation. Then the following discussion
occurred, which took about twenty minutes.

1 Teacher:The video has been about forces that act when cycling. Well, here [points
to the glider on the track] | have a kind of bicycle. Let me now
first ask what forces are acting on it. Just try: what forces do you
think are acting at this moment; are there any forces acting?

2  FEric Gravity.

3 Teacher:Gravity, Eric says. What if gravity were the only force, what would
happen then?

4  FEric Then it would go down.

5  Teacher:Then it would go down. Ernie, what other forces could be acting?

6 Erie Eh...well ...

7  Teacher:What preventsit from falling down?

8 Emie The track.

9  Teacher:Right, the track. So the track has to supply a counterforce to prevent the
glider from faling down. Just for the sake of completeness:
Eric, which direction has gravity?

10 2 [joking] Upwards.

11 FEric No, downwards.

12 Teacher: So, Orson, the force of the track is upwards. Right?

13 Jane: How's that?!

14 Orson: Well, otherwise it would fall down.

15 Teacher: Otherwise it would fall down, he says. So: if it did not rest on the track
and | dropped it, then only gravity would act and it would fall
down. If the track wants to stop it, then it will have to push the
glider upwards.

16 Jane But the track does not push, does it?
17 Teacher: The track does not push.

18 Jane: No...

19 Orson: Well, the track is just there.

20 Jane ...it'sjust there.
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[Some pupils are mumbling things like: 'Don't make such a fuss. Just accept it.']

Teacher:If you drop it, it will fall down, aforce will act upon it.

Jane: Sure, if the track is not there.

Teacher:Okay. If you put it on your fingers... | can't take it off. [The teacher can-
not get the glider off the track, and takes a small weight in-
stead.] It's the same with this thing [the weight], isn't it. If you
drop it, it will fall down. Now | want to stop it [places the
weight on the tips of hisfingers]. Sinceit is such a small weight,
you don't feel much. But if you put a heavy weight on your
fingers, you will fedl it.

Jane: Okay.

Teacher:That is because you will have to exert a counterpr-

essure. So you do have
to...

Jane: Sure, if you're doing that yourself.

Teacher:If | place a heavy weight here, then my fingers will go down. If | want to
keep it in place, | will have to push it upwards. The track will do
that too, it's just that we don't notice that. We don't notice that
the track doesit, the track doesn't move...

Carl: Yes, but the track can't push upwards, can it?

Teacher: ... but the track in fact does it as well.

Carl: Y es, but the track can't do that, can it?

Teacher:Oh yes, it can do just that.

Carl: Y ou can push upwards with your fingers, but the track can't.
Teacher: Let me take something else, something more flexible than metal. [fetches

a piece of foam rubber and putsit in front of him] Here goes. So
I will now try to convince you that the track really exerts an
upward force. That is, | did agree with Orson, Jane did not, let's
see whether we can come to an agreement. [puts the small
weight on the foam rubber, which gets pushed in a bit] If | put
this thing here, the foam rubber gets pushed in, doesn't it? Well,
actually | need something a bit heavier...

Jane: Oh, well | do believeyou asitis.

Teacher:Do you? So you do actually believe that. [laughter] So: the foam rubber
will get pushed in, if you put something heavy on it. And if we
don't put something heavy on it, but push it in and let go [does
so with afinger], what will happen then?

Jane: Then it will come up again.

Teacher: Then it will come up again. Why's that?

Jane: Well, because there's nothing on it.

Teacher: Sure, but what does it do then, when it comes up? Then it pushes upward,
doesn't it?

Jane: What?

Teacher:[somewhat more pressing] Then it pushes upward, doesn't it?

Jane: No, then it just gets back to its original state.

[Some pupils seem to suggest that Jane is just being stubborn.]

Jane: No, | don't think that has got anything to do with it.

Teacher:Don't you? | push the foam rubber in, put something on it, and the foam
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rubber pushes it upwards. Then that is an upward force.

Jane: Well, | think that's really very strange.

Teacher:Do you?

Jane: Yes. That isnot ... well ... no, that is not aforce. | don't think it
really isaforce.

Teacher:If you want to push something up, then for that purpose you will have to

exert aforce. And now: [pushes the weight into the foam rubber
and then lets the foam rubber spring back] it is pushed in and it

pushes the weight back up.
Jane: Okay.
Teacher: But you don't think that's aforce.
Jane: Right.

Teacher: Y ou don't think that's a force. For it is the same, isn't it? And do you con-
sider thisto be aforce, when it falls down?

Jane: Sure, that's gravity.

Teacher: So: the downward motion is due to a force, but if it moves up [lets the
weight again move up from the foam rubber] then that is not due
to aforce?

Jane: Right.

[Laughter from the class. The teacher remains serious.]

Teacher:What if | now ... | throw it upwards, like this.

[Jane aso begins to laugh about the awkwardness of the whole situation.]

Teacher:|s that aforce or not?

Jane: [laughing] It is, of your hand it is.

Teacher: Of my hand it is. And now | let the foam rubber do it [again does so] and
then it isno longer aforce.

Jane: [still abit laughing] Right.

Teacher:What, then, is the difference?

Jane: [serious again] Well, that motion just goes all by itself. That's
just the way things go. [laughter] Well, | really do think that's
strange.

Teacher: So because it goes all by itself, that is why according to you it is no force.

If it now of itself gives a slap, then that will be aforce.

Jane: Yes.

Teacher:| see. Well, so it seems that we haven't been making much progress. | do
think there will be aforce if you push it in, and Jane still doesn't
think that that is a force. I'll leave it at that for a while. For the
time being, everybody may think about it as he wishes. | would
like to know, however, what the others do think about it.

[Of the others, most indicate that they agree with the teacher, while no one

indicates to agree with Jane. Some pupils, among which Orson and Carl, are in

doubt.]

Teacher: Alright. Let's leave it at that for now. Perhaps | will be able to convince
you at alater time. According to me, the difference between the
foam rubber and the metal is that it can't be noticed that well
that the metal is springy. But also the metal has got some spring
that allows it to push back. So the metal is harder and -but now |
speak for myself- it gets pushed in, but it does spring back and
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thus exerts a counterforce. Okay. It is sort of funny, though, that
we still don't agree.

Let me give an analysis of this transcript. A first thing to note is that the teacher analyzes
his discourse with Jane as their having a difference of opinion about whether "the track
really exerts an upward force" (34, 69). Accordingly, he sees it as his aim to convince
Jane that his opinion is the correct one (34, 71). He does so, not by arguing in terms of
Newton's laws as he probably quite rightly assumes this to be inappropriate at this stage,
but by more or less ostensively and comparatively pointing at ever more clearly visible
cases of 'acting forces.' In the end, the teacher considers his attempt a failure: "I do think
there will be aforce if you push it in, and Jane still doesn't think that that is a force" (69).
Given that thisis how he evaluates the situation and that he probably cannot think of any
other way to convince Jane, it is a fair thing of him to explicitly state that, for the time
being, he will let the matter rest (69). He even emphasizes: "It is sort of funny, though,
that we still don't agree” (71).

But is the teacher right in analyzing his discourse with Jane as their having a difference
of opinion? | do not think so. Of course Jane agrees that the glider's being supported by
the track is similar to the weight's being supported by the teacher's fingertips in the sense
that in both cases an object's falling down is prevented. Of course Jane agrees that
throwing a weight upwards and letting the foam rubber do it are similar in the sense that
in both cases the weight is made to move upwards. And of course the teacher agrees that
the piece of foam rubber and the metal track cannot of themselves push something up-
wards or give aslap in the way that we can (16, 29, 33, 67-68), and that the foam rubber
springs back without us having to do anything, that it goes all by itself (66). And without
doubt Jane could also come to agree with the teacher (perhaps along the lines suggested
by Minstrell, 1982) that the metal track is like the piece of foam rubber in the sense that it
is sort of springy too, but unlike metal in the sense that metal is harder and that its
springiness cannot be observed that well (28, 71).

So the teacher and Jane actually agree on all the similarities and dissimilarities between
the various situations. Moreover, towards the end of their discourse the teacher is sort of
able to predict when Jane will say that a force is exerted and when not (56, 63, 67).
Nevertheless, they have an ongoing and unresolved quarrel. If they were asked the
guestion 'Does the track exert an upward force?,' or 'Does the foam rubber exert an
upward force?,' the teacher would answer 'Y es and Jane would answer 'No' (34, 71).

According to me their discourse runs aground in this yes-no stalemate, not because they
really have a difference of opinion, but simply because they do not in fact answer the
same question -more particularly, because they do not assign the same meaning to the
expression 'to exert a force on.' In other words, their discourse is incommensurable (cf
section 5.1.2). The teacher uses the expression in accordance with scientific usage. Jane,
on the other hand, uses it more or less as indicated in section 2.2.3. More precisely, |
think her use of the expression is to be interpreted as follows. She uses it in sentences of
the form 'A exerted a force on O, where A is an agent and O an object; she holds those
sentences true in case there was an action of which A was the agent, and something
happened to O, and A's action caused what happened to O, or in case A supports O
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(prevents that it falls down). Again, | think this interpretation is correct simply because,
thus interpreted, whenever she answers 'Yes (or 'No') to the question 'Does this exert a
force on that? she is, according to me, right in doing so. | agree with her, for instance,
that when the glider rests on the track, an utterance of her sentence 'The track exerts a
force on the glider' is not true, simply because the track is not an agent. It could not, of
itself, cause something to happen to the glider, e.g.: throw it upwards. Moreover, by
asserting her sentence 'The foam rubber does not exert a force on the weight,’ she is not
denying that the weight moves upwards nor that the foam rubber has been involved in the
weight's upward motion, but only, and rightly so, that the foam rubber, of itself, has
caused the weight's upward motion. It is rather the teacher who, by pushing the weight
deeply into the foam rubber and then letting the foam rubber get back to its origina state
(43), in effect has caused the weight's upward motion. So | conjecture that Jane would
have answered 'Yes' if concerning this situation she was asked 'Does the teacher exert a
force on the weight? In terms of the intuitive theory of motion it might be said that the
teacher hands over his force to the weight via the foam rubber.”

On my analysis, the conflict that the teacher and Jane themselves think they are having
(34, 69) isjust an apparent one, and their discourse a communicative failure. The source
of the miscommunication relates, | think, to the fact that common courses in mechanics
simply neglect the 'specific way of describing' part: Jane has not picked up that in mech-
anics the expression 'to exert aforce on' is used in away that differs from ordinary usage;
the teacher does not even seem to consider the possibility that Jane might use the express-
ion in a way that differs from scientific usage. So if the failure of common courses of
mechanics surfaces in those courses themselves, it is likely to manifest itself in the form
of incommensurable discourse. The result then is that teacher and pupils will feel a gap
between them or, as ten Voorde (1990) calls it, a gulf of ununderstandableness, without
being able to bridge it. In the above example the teacher may have felt the gulf as his
being unable (despite all his efforts) to convince Jane. Jane may have felt it by the
teacher's tireless attempts to convince her of something she just cannot believe: "l really

4. | refer to Klaassen & Lijnse (in press) for a more elaborate comparison between my interpretation and

one that others might give. | suppose, for instance, that Clement would attribute to Jane the, as he calls
it, 'deep seated' alternative conception of 'static objects as barriers that cannot exert forces (1993). If
this supposition was correct, Clement would not sufficiently disentangle the notions of belief and
meaning. That is, whereas he would, | guess, admit that pupils do not use and understand expressions
containing the word 'force' as a scientist does, in his formulation of what Jane believes he nevertheless
would use such expressions: Jane believes that static objects are barriers that cannot exert forces. He
could thus in some sense be said to be awar e of the problem of interpretation, i.e., that an identification
of what Jane believes cannot be separated from an identification of the meanings she assigns to the
expressions she uses to state her beliefs, but he could not be said to have solved it. For the statement
'Jane believes that static objects are barriersthat cannot exert forces' isnot informative aslong asit is
not specified what Jane means by her expression ‘'to exert aforceon.'
Furthermore, whereas Clement would aim to make Jane " overcome the dominance of an alternative
conception" (ibid), on my interpretation thereisno need to aim at that simply because Jane's beliefsare
quite alright. | do see a need, however, to make explicit and plausible a new way of using the expression
'toexert aforceon.'
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do think that's strange" (47; 66).

5.2.4 Creating appropriate places in pupils' existing conceptual apparatus

If Jane and her teacher had realized that their discourse was incommensurable, they
would aso have been able to find a way out of it: "what the participants in a
communication breakdown can do is recognize each other as members of different
language-communities and then become trandators’ (Kuhn, 1970a, p.202), instead of
remaining vain convincers. The teacher might e.g. have proposed something like this: to
use the expression 'to exert a force on' in sentences of the form 'O, exerts a force on O,,'
where O, and O, are objects and, in particular, O, need not necessarily be an agent; to
assent to a sentence of that form just in case something happensto O, (or, is prevented to
happen) that would not have happened (or, would have happened) if O, had not been
there. All parties would then have assented to 'The track exerts a force on the glider," if
only because, if the track had not been there, the glider would have fallen down. All
parties might eventually also have assented to 'The glider exerts a force on the track,'
after it had been established that the track does get a bit deformed when the glider is
placed on it. Along the same lines it might be established that then also the glider gets a
bit deformed, perhaps via appropriate intermediate situations, e.g.: if one pushes down a
spring with one's hand, the hand is pushed in a bit as well. The above proposa might
accordingly be modified by deleting the parts between parentheses. All parties would
then still assent to 'The track exerts a force on the glider." Moreover, from the way this
modification has come forward, they might even begin to wonder whether there are in
fact situations in which they would assent to 'O, exerts aforce on O,' but dissent from 'O,
exertsaforceon O,.'

Let me try to draw some lessons. Note, first of all, that |1 have only brought forward the
above proposals in order to illustrate that Jane and her teacher might have got out of their
incommensurable discourse. | have not meant to suggest that the proposals are useful
intermediate steps if one aims to devise a course in mechanics in which pupils do arrive
at a proper understanding. What | do want to suggest, however, is that in such a course it
will at least be necessary, in order to prevent incommensurable discourse, to make
explicit agreements concerning the way that, e.g., the expression 'to exert a force on' is
going to be used. What | would also like to suggest is that this will be necessary but not
yet sufficient. For suppose that the last proposal above is indeed useful in the light of a
further development towards Newtonian mechanics, and that it is indeed explicitly
brought forward that the expression 'to exert aforce on' is going to be used thus. What is
still lacking then, is that pupils need not yet appreciate why they should thus use the
expression, i.e., what the point is of having available a relation that holds between two
objects whenever something happens to the one object that would not have happened if
the other had not been there.

In my opinion this poses an important educational task, and not just in the case of
mechanics. It concerns, more generally, the introduction of scientific termsin afor pupils
meaningful way, as part of their entrance into some scientific theory, namely: to induce
in pupils aneed or, at least, good reasons for having available the terms that one intends
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to introduce. This need or these good reasons are to create, so to say, a place in pupils
conceptual apparatus for the term to be introduced to occupy.” | also think that in general
this task is non-trivial, because generally pupils reasons, or need, for having available a
particular term cannot, at the stage that it is to be introduced, coincide with what may be
caled the teacher's or curriculum deviser's reason to introduce it, namely that having
available such a term is useful in the light of a further development towards a scientific
theory. For the case of mechanics, | have not yet given this important task enough
thought and therefore | now refrain from making any suggestions. | refer to chapters 6, 8
and 11 for some suggestions concerning cases that | have given some thought.

5.3 Providing pupils with a sense of purpose and direction

This section concerns the evaluative attitudes that, as | have already indicated in section
5.1.3, ought to be explicitly taken into account in science education (along with the
cognitive attitudes, of course). The evaluative attitudes that | have in mind here not so
much concern pupils perception of the affective climate of the learning environment (cf
Créton & Wubbels, 1984; Wubbels & Levy, 1993b; see also section 10.2), but rather
pupils' perception of their learning process with respect to content. This is not to say, of
course, that | consider the former unimportant or independent of the latter, but simply that
my focus of attention is on the latter, if only because | think that the latter receive far too
little attention in (research on) science education.

As a consequence | do not focus on interpersonal teacher behaviour that is appropriate
in order to create and maintain a classroom atmosphere that pupils appreciate as positive,
but on content-oriented ways of planning and guiding that are appropriate in order to
create and maintain alearning process that pupils appreciate as an internally coherent one
with a certain direction, and in whose development with respect to content they take an
active interest. Or rather, in this section | focus on ways of planning and guiding that are
not particularly appropriate in this respect. It is perhaps good to note at the outset that by
criticizing these ways of planning and guiding | do not intend to offend anyone, but to
make a plea for explicitly taking into account the content-directed evaluative attitudes in
planning and guiding science education, and to show that appropriately doing so poses a
non-trivial educationa task.

5.3.1 Traditional science education

With varying degrees of emphasis, | think the traditional setting in which much science
education tak s place is as follows. There is a textbook whose main line is a story in
which the authors present, explain and illustrate the theory. The pupils are to read (study)
this story, often as homework, and during lessons the teacher tells the story in his or her
own words and answers pupils questions about it. In the textbook the story is regularly
interrupted by suggestions for experiments, which usualy are to further illustrate the

5. Notethat thistask is also relevant if the introduction of the scientific term does not involve a change of
meaning, i.e., if thereisno ordinary use of the expression corresponding to theterm.
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theory, and by exercises with various degrees of difficulty, by means of which pupils are
to digest the theory. The experiments are carried out by the teacher or, if they are not too
difficult and time-consuming, by the pupils (often in small groups). The teacher selects
the exercises that the pupils are to make, usually as homework. Later on (e.g., in the next
lesson), the teacher makes clear what the right answers to the exercises are, e.g., by
showing (or letting pupils show) how to arrive at those answers, or by pointing out what
pupils who have arrived at the wrong answer have done wrong (or by letting other pupils
point that out). At regular times, finaly, there are tests, in which pupils are to solve some
problemsthat (mostly) do not deviate much from the earlier exercises.

Below | somewhat further elaborate this traditional setting, in order to indicate that it
does not seem very suited to actively involve pupils in the development of their learning
process with respect to content.

Following a rational reconstruction

The pupils are hardly challenged to play an active role in the establishment of the theory.
They rather are expected to (be able to) follow the story in which the authors present,
explain and illustrate the theory, by reading the textbook and listening to the teacher. The
story itself, moreover, is often of a kind that does not really stimulate pupils to take an
active interest in following it. For it is often cast in the form of, what may be called, a
rational reconstruction. That is, the content is sequenced in a way in which someone who
has aready mastered the knowledge may, in hindsight, conveniently reconstruct or
summarize it, or build it up from first principles. In chapter 3 | have, in this respect,
pointed at the common practice of basing a treatment of the topic of radioactivity upon
micro-level explanations. One may aso think of the common practice to almost
immediately present Newton's laws in introductory courses in mechanics, to quite early
introduce molecules in chemistry courses, and so on. The story is thus not really written
from where pupils are, but rather from where they should end. Moreover, for someone
who has not already mastered the knowledge, the point of earlier parts of the story can, at
best, only come forward in hindsight, in later parts of the story (or by making the
EXErcises).

Explaining from above

| think it is also quite common in a traditional setting that in their explanations teachers
do not redly involve pupils. For athough teachers usually do their utmost to make
themselves understood, they often do not involve pupils in the process of making
themselves understood or in finding out whether they have made themselves understood
as intended (and thus fail to do what, as argued in chapter 4, is an essential ingredient of
mutual understanding). Of course, teachers do ask questions in order to check whether
they have been understood, but then this check usualy consists in checking whether a
pupil gives the correct answer, i.e., the answer they themselves would give. If not,
teachers often do not try to understand the pupil's answer (e.g., what exactly it is that the
pupil answers, and why) but make sure that the correct answer comes forward, perhaps by
asking another pupil and still another until eventually the correct answer is given, or else
by giving the correct answer themselves. And if a pupil asks a question, teachers often do
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not make a real effort to understand that question (what exactly it is that the pupil asks,
and why), but simply give the correct answer to the question as they understand it. The
below fragment is an example of the latter. It is taken from a lesson in a middle ability
class that used the unit Radiation, you cannot avoid it... (cf. chapter 3). The lesson was
about chapter 4 of that unit (cf. figure 3.1). Earlier in the lesson the teacher had shown a
Geiger counter to the pupils and had held it close to a jar containing some radioactive
stones.
1 Sandy: But Sir, I've seen a film [probably Silkwood] and that was in a
nuclear power station...
2  Teacher:Yes.
3  Sandy: ...and somebody there was contaminated. Then they are cleaned
with asteel brush. But it will have gone inside, won't it?
4  Teacher:Yes, but were they ...? Then some radioactive substance had come on

them.
5  Sandy: And then you heard a bell ring when you passed underneath.
6  Teacher:Right.
7  Sandy: They wore a suit and things like that...
8 Teacher:Yes.
9  Sandy: ...but it will have gone through, won't it? And still they are...
10 Hank: WEéll, you had to hold your hands in this way on that thing.
11  Sandy: Yes.
12 Teacher:Well, perhapsit will be on the suit, won't it.
13 Sandy: Yes, but you had to hold your hands before it, didn't you.
14 Hank: When you've got too much of it on your hands, it will ring
15 Sandy: So that's what they had ... when you've got that, it will ring very
loudly.

16 Teacher:Yes. Well, you could ... Look, suppose an accident happens in that power
station, Sandy. Or you do something wrong, take hold of
radioactive substances or something. Of course you can take
hold of a stone like that [points to the radioactive stones in the
jar] and then there will always come some small bits on your
skin and on your clothes ... aways. And when you then walk
underneath or past a Geiger counter, you will hear it tick. Well,
that's roughly how the system works.

17 Sandy: Never mind.

18 Teacher:[somewhat surprised] Yes. Well, that isindeed ... that is a safety measure.

Note, first of al, that by building on the information that the pupils provide (some people
were contaminated, 3; a bell rang when they passed underneath, 5, or held their hands
before it, 13-15), the teacher gives a correct explanation of the situation: some radioactive
substance had come on them (4) or on their suits (12); perhaps because they had
accidentally taken hold of some radioactive materia, just like if we took hold of one of
those radioactive stones, some small bits would come on our skin or clothes (16); what
they passed underneath or held their hands before, was a Geiger counter (16); the Geiger
counter would tick if we, with small bits of one of the radioactive stones on our skin or
clothes, walked past it (16). Thereby the teacher has also answered what he takes to be
Sandy's question: what the point is of brushing contaminated people.
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Nevertheless, Sandy does not accept the teacher's explanation and, in the end,
withdraws: Never mind (17). Thereason is, | think, that in her opinion the teacher has not
answered her question. For her question is what the point of brushing is when it has
aready gone inside (3, 9). 'It' here probably refers to what in section 2.5 | have called
radiation*: the highly penetrative instrument that, as long as it is inside an object, causes
damage to that object. So by talking about radioactive stones and Geiger counters (16),
she may have felt that the teacher is simply parrying her question. We know, of course,
why the teacher is talking about radioactive substances and Geiger counters. For the
teacher and we know that a Geiger counter does not tick near a person that has been close
to, but has not touched, a radioactive object: one does not get contaminated by
irradiation. Sandy probably does not know this, and most likely uses the expression 'is
contaminated' as indicated in section 2.5: as applying to objects that have received
radiation* (and therefore may do damage to their surroundings). So when she now hears
that the apparatus underneath which the nuclear workers had to walk or before which they
had to hold their hands is a Geiger counter, just like the one she has seen earlier in the
lesson, for her (unlike for the teacher and us) this does not imply that the nuclear workers
who caused the bell to ring must have carried radioactive material on them. After the
teacher's explanation, therefore, her question still stands.

Asin the fragment discussed in section 5.2.3, we may say that here too there is a gulf of
ununderstandableness. Sandy's withdrawal may show that she has felt the gulf. The
teacher's surprise after Sandy's withdrawal may show that he has felt it too: he may feel
he has given a clear explanation (as indeed he has for those who know enough), and still
Sandy does not seem to understand.

| think that the phenomenon of explaining from above, i.e., of giving explanations that
are clear for those who already know enough, is quite common in traditional settings, but
that its consequences do not often come forward as clearly and immediately as in the
above fragment (namely in the form of an explicit withdrawal). | think that implicit
withdrawals are its more common consequences, e.g.. not paying attention to the
explanations; stop asking oneself and the teacher questions; simply taking the
explanations for granted; only trying to meet the teacher's standards and to say what the
teacher wants to hear.

| also think that the tendency to give an explanation from above, in the expectation that
pupils will be able to follow it, is related to the earlier mentioned tendency to so sequence
the content in textbooks that someone who already knows enough understands it, in the
expectation that thus presented pupils will at least be able to follow it.” Both tendencies,
however, at least do not really stimulate pupils to take an active interest in following,
simply because no real effort is made to make pupils see the point of following (or to
check whether pupils already know enough in order to be able to follow).

6. Towards the end of section 5.2.3 | have pointed at a similar relation. The fact that in the fragment
discussed there the teacher did not even seem to consider the possibility that pupils might not quite use
their words as he does, isin my opinion related to the failure of common science courses to pay any
special attention to the introduction of scientific terms, as part of pupils entrance into some scientific
theory (in the case discussed ther e: Newtonian mechanics).
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Cookbook experiments

| think that also the experimental work in traditional settings does not really involve them
in the development of their learning process with respect to content. For the experiments
that are performed by the teacher are usually part of an explanation from above, in which
the teacher explains the experimental setting, indicates what to observe, draws the
conclusions, etc, while the pupils sit and watch. The situation is not essentially different,
moreover, concerning the experiments that the pupils themselves perform. For usualy,
and up to university levels (see, eg., van Keulen, 1995), these experiments are of a
cookbook nature: it is prescribed, step by step, what to do, and not infrequently also what
to perceive and conclude.

Thus, pupils not only do not really learn to experiment (to plan, devise, control, etc),
but also do not really come to appreciate the point of experimentation in science. It may
even be said that in traditional settings experimentation does not play a functional role in
pupils conceptual development. Although experimentation may, e.g., serve to bring some
variation in lessons or to increase pupils ability to handle equipment, as far as following
the story of the authors is concerned, | think it does not really matter whether the experi-
ments are actually performed (by teacher or pupils) or just verbally explained by the
teacher and read by the pupils.

Emphasis on (the right answers to) exercises

| think it is a familiar fact that in traditional settings there is an emphasis on exercises. It
is also in these exercises that, in a sense, the pupils take an active interest. It is not so
much that the exercises contribute to pupils taking an active interest in the development
of their learning process with respect to content: the problems that are posed in the
exercises commonly are not pupils problems; they are usually simply presented to pupils,
without any attempt to give those a point for pupils; instead the problems are most often
pre-fabricated from above such that the theory can be applied in a standard way; the
answers to the exercises are usualy explained from above, in order to clearly bring
forward the standard ways of applying the theory, etc. | think the pupils rather take an
active interest in the exercises because those are related to the tests. It is in their best
interest, so to say, to try to meet the teacher's standards by training themselves to solve
problems like the teacher has solved similar ones. For if, with the help of the teacher,
they manage to find out how to solve the standard problems, that will increase their
chances at getting sufficient results at tests. In the worst case, the whole point of their
learning process for pupils reduces to getting the right answers, in one way or another, to
the exercises.

I think that this emphasis on exercises (at least partly) accounts for the familiar finding
of science education research that, on the one hand, pupils generally make some progress
in solving standard problems but, on the other, little conceptual progress (see section
5.2.2 for an example). In particular, as remarked in section 5.2.3, the emphasis may both
account for and mask their limited conceptual progress. In the worst case, the result may
be, e.g., applying formulas without insight, memorizing tricks to solve standard problems,
verbalism, or compartmentalization. As Poincaré has put it for the case of mechanics:
"There is one thing that strikes me, and that is, how far young people who have received
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a secondary education are from applying the mechanical laws they have been taught to
the real world. It is not only that they are incapable of doing so, but they do not even
think of it. For them the world of science and that of reality are shut off in water-tight
compartments' (1952, pp.137-8).

5.3.2 Approaches that centre around ‘overcoming alternative beliefs'

In recent years some approaches to planning and guiding science education have been
proposed, usualy under the banner 'constructivism,' that, as far as | understand them,
capitalize on the idea that what pupils already know is often in contradiction to the
scientific knowledge that they are to learn. One may think here of the status-changing-
model proposed by Posner et al (1982), of conflict strategies (e.g., Nussbaum & Novick,
1982) and bridging strategies (e.g., Clement, 1993), of the constructivist teaching scheme
proposed by Driver & Oldham (1986), and so on. The emphasisin al of those is, in one
way or another, on the aternative beliefs that pupils are to overcome in their process of
learning science. | will not comment in any detail on those approaches, most of which are
of a rather general nature, but just make some genera comments on them and then
discuss in somewhat more detail a concrete constructivist teaching sequence.

Let me begin with the general comments. The first one is that in al of the above
approaches pupils are given the opportunity to take a much more active role than in a
traditional setting. They are, e.g., chalenged to engage in activities such as group dis-
cussion, designing posters and predicting the outcome of experiments. It turns out that
pupils are not only willing and able to take a more active role, but also enjoy that. All this
is very positive, of course, because it will increase their involvement in the process. So
concerning this aspect of encouraging pupil contributions | am with those approaches.

My second comment is that concerning the other general aspect that those approaches
have in common, namely their emphasis on the aternative beliefs that pupils are to
overcome, | am not with them. In section 2.2.3 | have tried to illustrate at a few concrete
cases that pupils existing ideas are quite aright and not, as held by proponents of the
above approaches, aternative or in contradiction with scientific knowledge. In chapter 4,
moreover, it has been argued at some length that correct interpretation forestalls the
possibility of finding that a great deal of the beliefs of others are incorrect. So, according
to me, much of the point of the above approaches falls away. Although, as remarked in
section 2.2.3, | do not mean to imply that pupils will never have to subtract anything from
what they believe, it makes no sense to centre an educational approach around pupils
supposedly aternative beliefs. As suggested in section 2.2.3, we should rather search for
an approach whose emphasis is on making pupils want to add (substantially) to what they
aready believe in a way that leads them to a proper understanding of scientific
knowledge.

Let me now discuss a paradigmatic example of a concrete teaching sequence that centres
around pupils supposedly alternative beliefs, namely the CLISP-approach to teaching the
particulate theory of matter (1987). | will argue that this approach, precisely because of
its emphasis on the supposedly alternative beliefs that pupils are to reject in favour of
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appropriate scientific ones, fails to involve pupils in a learning process that might
eventually lead to a proper understanding of scientific particle models.” As a side-line |
also indicate what, according to me, the educational task of making pupils see the point
and direction of such a process consistsin. In doing so it will also come forward that this
isanon-trivial task.

Let me first briefly describe how the devisers of the CLISP-approach themselves
account for it (see, e.g., Driver, 1988; Johnston, 1990; Scott, 1992). The approach begins
with asking pupils for their own ideas about a number of simple phenomena relating to
the behaviour of matter (e.g., how smell reaches you). By means of a number of theory
making games that are set in non-scientific contexts (e.g., solving a murder mystery),
pupils are then encouraged to reflect on their understanding of theories and how those are
developed. Next pupils are asked to put forward their own ideas about the properties of
solids, liquids and gases and are stimulated to reach a consensus on a pattern of prop-
erties. Subsequently pupils are to generate a theory as to what solids, liquids and gases
are like inside, while they are reminded of the general nature of theory making and
encouraged to base their theory making in the case at hand upon the pattern of properties
of solids, liquids and gases. Although up to this point pupils are left completely free in
what they bring forward, it turns out, as was expected and/or intended by the devisers,
that in a wide range of classes pupils reach consensus on a similar sort of pattern of
properties (e.g., solids have a definite and fixed shape, liquids take the shape of the
container, gases have no shape but rather completely fill the container), that they generate
particle models in order to account for the behaviour of solids, liquids and gases as
described by the pattern (e.g., a solid cannot be compressed because its particles are so
close together that they cannot be pushed any closer), that some of their particle ideas are
aternative (e.g., they attribute macroscopic properties such as expanding to particles or
hold that there is air between particles), and that some ideas of the school science view
are lacking in their particle models (e.g., particles have intrinsic motion). The heart of the
CLISP-approach then consists in making pupils remove their aternative ideas and adopt
the appropriate scientific ones (e.g., by thought experiments to encourage them to
consider the possibility that there might be nothing between particles, by diffusion
demonstrations to make them recognize that particles have intrinsic motion, or by direct
explanations of what scientists think).

A first thing to note about this account is that particle ideas or particle models are
attributed to pupils because they use words like 'atom," molecule,’ or 'particle,’ and/or
draw discrete entities in their pictures of what something is like inside. Furthermore,
some of their particle ideas are counted as alternative because they attribute macroscopic
properties such as melting or expanding to particles.

Now, oneis of course free to call what pupils bring forward 'particle ideas' or 'particle
models," but | think one should then also clearly bear in mind that their ideas are not
about the particles that figure in scientific particle models and that their models are of a
different nature than scientific particle models. For, as already explained in section 2.2.3,

7. Similar arguments can be given concer ning other concr ete teaching sequences with the same emphasis.
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if one clearly separates the notions of belief and meaning, it is clear that from the way
pupils use words like 'particle of ..." or 'atom of ...," one cannot do better, in order to make
them make sense, than interpret those as 'tiny bit of ...." So the statement that pupils come
up with ideas about particles/atoms, some of which are alternative, then simply amounts
to the statement that pupils believe that a substance can be divided in little bits that, apart
from their size, are just like larger amounts of the substance (have the same macroscopic
properties, are subject to the same macroscopic regularities, and so on). Their particles
simply are small-scale macroscopic objects, and their particle models simply are
macroscopic accounts.

However, because of its emphasis on the supposedly alternative particle ideas that
pupils are to reject in favour of appropriate scientific ones, the CLISP-approach in effect
does equate pupils particles to the particles that figure in scientific particle models, and
does treat their particle models as on a par with scientific particle models. Or, to put it
from the pupils' point of view: in the CLISP-approach they are to replace some of their
existing ideas about their particles by other ideas about their particles, which are then
called 'scientific.'

So in my opinion the CLISP-approach misfires. If appropriately interpreted, there are
no aternative beliefs to overcome (e.g., there is no need to make pupils abandon the idea
that their particles expand when heated) and to be replaced by 'scientific' ones (e.g., there
is no need to make pupils learn that their particles have intrinsic motion or that there is
nothing between their particles). Moreover, by unjustly equating pupils particles to the
particles that figure in scientific particle models and by treating their particle models as
on a par with scientific particle models, the CLISP-approach also cannot lead to a proper
understanding of scientific particle models. At best, pupils will arrive at a hybrid between
their particle models and scientific particle models. So it comes as no surprise to me that
between two parallel groups, of which one used the CLISP-approach and the other the
school's traditional approach, "there was little difference ... overal in the conceptual
change produced" (Driver, 1988).

Let me now close this section with an indication of what the educational task of making
pupils see the point and direction of a process that eventually does lead to a proper
understanding of scientific particle models might consist in. | think for instance, that it
should not only become clear to pupils that devising a scientific particle model is aform
of theory making that, just like e.g. solving a murder mystery, involves framing tentative
hypotheses on the basis of available clues etc, but foremost also that it is the making of a
theory of a special kind and that making it of this special kind imposes constraints on the
framing of hypotheses.

What is special about a scientific particle model, or at least a classical one, isthat it aims
to explain, under the assumption that an object is a certain collection of particles with
specified masses, all macroscopic changes of that object solely in terms of changes of
position and velocity of those particles due to their mutual interactions. The explanation,
moreover, is also of a specia kind and involves the use of hypotheses of two kinds:
hypotheses that allow one to derive, given the positions and velocities of the particles at
some time, their positions and velocities at a later time (e.g., hypotheses concerning the
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way the particles collide, or concerning the interactions between the particles); hypoth-
eses that link the state of the collection of particles to macroscopic properties of the
object (e.g., the mean kinetic energy of the particles in the collection is the temperature
of the object). This crudely indicates the general form of any scientific particle model.”

The above can also be said to indicate the general framework within which further
specific hypotheses are to be made in order to arrive at some specific scientific particle
model. | therefore think that the above mentioned educational task, of making pupils see
the point and direction of a process that eventually does lead to a proper understanding of
scientific particle models, consists in making pupils arrive at a sufficient insight in why
the general framework is as it is. For once they have this insight, what they are going to
do next, namely devise and modify specific scientific particle models, can be given a
point that they understand, while they are then also provided with a sense of control over
what comes next in that they themselves can judge whether the further specific
hypotheses that are made satisfy the constraints the framework imposes. The framework
will then function, so to say, as a stable background that enables pupils to perceive the
further process as an internally coherent one with a certain direction: the specific models
may change in order to explain better or more, but the general framework remains the
same.

Meeting the educational task, i.e., making pupils arrive at a sufficient insight in why the
general framework is as it is, is of course far from simple. Among other things, the
following should become clear to pupils. Why one would want to improve on
macroscopic explanations of macroscopic phenomenain the first place. Why, if thereisa
need for improvement, it is plausible, in order to attain the desired improvement, to
assume that an object is a collection of particles. In what sense these particles differ from

8. Note, first of all, that the particles that figure in any such model are not pupils particles. Within any

such model it simply is not allowed to use in an explanation, e.g., the hypothesis that particles expand:
everything has to be explained solely in terms of changes of position and velocity of the particles due to
their interactions. Furthermore, the only property that is attributed to the particlesin any such modedl is
that they have a fixed mass. Thisisnot to say that, e.g. when picturing the particles, oneis not allowed to
attribute colour and shapeto them or even to draw something other than particles between them, aslong
asin explanations one makes no use of the colour and shape thus attributed to them or of the something
that isimagined between them.
Note, further, that the above scheme not only indicates the general form of classical particle models but
also applies, with appropriate maodifications, to the formalism of quantum field theory. One modification
in that case concernsthe propertiesthat are attributed to the particles. Apart from their mass, also their
charge, spin, charm, strangeness, etc are specified. Another modification concerns the hypotheses of the
first kind: in quantum field theory the interaction between the various kinds of particles are specified in
the form of a particular Lagrangian density, by means of which it is possible to calculate, by specified
procedures, the transition probability from an initial many particle state to some final many particle
state. The initial many particle state specifies how many particles of this kind with this momentum, this
component of the spin along a specified direction, etc, how many of that kind with that ... etc, are present
befor e the interaction takes place; the final many particle state how many particles of this kind with this
... €fc, are present after the interaction has taken place. One of the differences with a classical model is
that there may be a non-vanishing transition probability to a final many particle state in which a differ-
ent number of particles (of somekind) is present than in the given initial many particle state.
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small-scale macroscopic objects. Why one wants to give explanations solely in terms of
changes of position and velocity of the particles, and why it is plausible to expect that all
(or a least a great humber of) macroscopic changes can be explained in these terms.
Why, in order to give such an explanation, one needs the two kinds of hypotheses
mentioned above, and what the explanation then consists in. How further specific hypoth-
eses can be arrived at. In what sense some specific particle model can be called better
than another one.

| hope this suffices to not only make clear that the real educationa task is non-trivial,
but also that the CL1SP-approach does not meet it at all and, in fact, draws one's attention
away from it. What | would like to retain from the CLISP-approach is to give pupils an
active role in the process. They enjoy that and will thus be more involved in the process.
But whereas in the CLISP-approach their involvement consists in their bringing forward
ideas about their particles, | would like it to consist in their seeing the point and direction
of, and their having control over, constructions and reconstructions of specific scientific
particle models.

5.4 Didactical structures

5.4.1 A problem-posing approach: making pupils want to add to their
conceptual resources, experiential base and belief system

As will have become clear from the preceding sections, | think that the main possibilities
for improving science educational practice at a content-specific level are to be sought in
appropriately taking into account the content-directed evaluative attitudes (and not, for
instance, in taking into account supposedly aternative beliefs). That is, as far as the
cognitive attitudes are concerned it has been argued that pupils science learning should
be thought of as in the crude picture presented in section 5.1.3: it is a process in which
pupils, by drawing on their existing conceptua resources, experientia base and belief
system, come to add to those (with accompanying changes of meaning). What | think
needs to be added to this picture is that, if the process is to make sense to them, pupils
must also be made to want to add to those (with accompanying changes of meaning), in a
way that leads to a proper understanding of science. An approach to science education
that explicitly aims at this | call problem-posing. If one adopts this approach, one will not
unguestioningly assume (as in many traditional science curricula) that pupils simply stand
ready to absorb new knowledge, such that al one has to do is present them this new
knowledge. Rather, the emphasis of a problem-posing approach is on bringing pupils in
such a position that they themselves come to see the point of extending their existing
conceptual resources, experiential base and belief system (with accompanying changes of
meaning) in a certain direction. Let me give some examples.

In section 5.2.4 it has been argued that if the introduction of a scientific term is to make
sense to pupils, it should have a point for them. They should feel some kind of need for,
or a least have good reasons for, having available a term of the kind one intends to
introduce. This need or these good reasons are to create a place in pupils conceptual
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apparatus for the term to be introduced to occupy. The need or good reasons, moreover,
will in general have to be induced in one way or another. For if they already existed, i.e.,
if the place was already created, it most likely would already be occupied, i.e., there most
likely would be no need to introduce the scientific term because pupils would already
have it at their disposal.

In genera there will also be no existing want of pupils to learn the particular content
one intends to make them learn, if only because they do not yet know that particular
content. So in general one will have to induce such a want. A first step in this direction
might consist in connecting the content that one eventually intends pupils to arrive at with
their existing interests. These existing interests may then induce in pupils, what may be
called, a global motivation for at least beginning to study the topic at hand, and at the
same time provide them with a, without doubt still very vague, sense of purpose and
direction concerning where their study will lead them to. As already noted, this can only
be afirst step.

Further, and more specific, wants will have to be induced in the further process, e.g.: a
want to enlarge their experiential base in a certain direction, in order to find an answer to
a question that has, in turn, been induced earlier in the process. In order to comply with
that want they may subsequently devise an experimental setting, by means of which they
expect to so enlarge their experiential base that they will find an answer to the question.
They will then evaluate their subsequent experimentation in the light of this expectation,
as a result of which a need may come forward for an improvement of the experimental
setting, for further experimentation, and so on.” In the course of their experimentation,
moreover, they may come to recognize regularities and come to frame inductive
hypotheses. Since they have then played an active part in the establishment of the
hypotheses (on which evidence the hypotheses are based and how the evidence coheres
with the hypotheses), they will also appreciate how, when, and when not to apply those.
Perhaps they also come to see some of the limitations of the established hypotheses,
which may then, in turn, create a need to improve on those. And so on.

From the above examples it will be clear that it is an essential ingredient of a problem-
posing approach that pupils' reasons for being involved in a particular activity are induced
by preceding activities, while that particular activity in turn, together with its preceding
activities, induces pupils reasons for being involved in subsequent activities."” Thus their
process of science learning is, at any stage, provided with a local point, which is to
locally involve them in the development of the process with respect to content. Another
essential ingredient of a problem-posing approach is that their process is provided, at
appropriate stages, with a global point, e.g. by making them see a connection with
existing interests, or by bringing them in such a position that they themselves come to
pose a main problem that they intend to work on. A global point is to induce a (more or
less precise) outlook on the direction that their process of science learning will take, and
thus to increase their involvement in the further development of the process with respect

9. Notethat thus, other than in traditional settings (cf section 5.3.1), experimentation does play afunctional role
in the development of pupils' learning process with respect to content.
10. Ten Voorde (1977) speaksin this respect of 'being prepared by' and ‘preparing for.'
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to content.

It is perhaps worth noting that it is not the point of a problem-posing approach that
everything should come out of the pupils themselves. If, for instance, pupils themselves
have framed some problem they intend to work on, the teacher might well offer some
elements of its solution. The point then rather is (1) that the teacher can explicitly offer
these elements as possible elements of a solution to their problem, (2) that the pupils,
given that they intend to solve the problem, will be willing to investigate whether these
elements do contain clues for a solution, and (3) that they will be able to do so, given that
they have a clear understanding of the problem since they themselves have formulated it.
More generally, the point of a problem-posing approach is to enable pupils to themselves
perceive their process of learning science as an internally coherent one with a certain
direction, which in important respects is being driven by their own questions and over
which they have some control.

5.4.2 Planning pupils’ science learning as a dynamical process of rational
accommodation

In planning a problem-posing approach to teaching some scientific topic, one not only
needs to think about which new scientific terms will have to be introduced to pupils,
which experiments they will have to perform in order to learn which new knowledge, etc.
Irreducibly related to that, one also needs to think about the interests, aims, desires,
intentions, etc, that one will have to link up with, change or induce. A detailed planning
of how, for the topic at hand, a given order of tasks and teacher interventions, in relation
to pupils' reactions to those tasks and interventions, is expected to lead to which changes
of meaning, additions of belief, changes of intention, etc, | call a didactical structure of
that topic. It contains, for example, statements of the following kinds: which experiments
pupils will think of, given what they believe and what they want to achieve; which con-
clusions and questions they will formulate as a result of their experimentation; what point
those questions will give to the next task, etc. Note that if we are to account for such
statements, we will have to make such assumptions as the following: when thinking of
experiments pupils will think of ones that, given what they believe, can reasonably be
expected to lead to a desired result (e.g., an answer to a question they themselves have
posed); they will base their hypotheses in a sound way on the relevant evidence; they do
not accept contradictions in their system of beliefs and, if such threaten to occur, intend
to resolve the matter (e.g., by withdrawing an over-generalization), etc. What such
assumptions come down to, is that we can view pupils as rational agents, who share with
us alargely correct view of the world and basic standards of rationality.

When pupils are viewed as rational agents, the development of their learning process
with respect to content can be planned as a dynamical process of rationa
accommodation, in which pupils intentionally act to keep their system of thoughts as
coherent as possible by adjusting it as rationally as possible as new thoughts are thrust on
them. The outcome of an experiment they have performed for reasons that made good
sense to them, for example, will cause them to add to their stock of beliefs. Rational
accommodation of that belief may lead to new questions that pupils want to find an
answer to, to the formation of an intention to focus their attention on some aspect of an
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event, to their seeing the point of classifying eventsin a particular way, etc.

Let me make some additional comments. Note, first of al, that it is only when the evalu-
ative attitudes and changes therein are explicitly taken into account in pupils science
learning, that it makes sense to try to give a dynamical account of the development of
their learning process with respect to content. This observation corresponds to, and is
inspired by, Davidson's observation that the evaluative attitudes do aso play a
fundamental role in interpretation (cf chapter 4 and appendix 1).

A second comment is that, as argued in chapter 4, the policies that are required in a
process of rational accommodation derive from understanding someone else, and making
oneself understood by others, as arationa agent. These policies, which in chapter 4 have
been taken together under the heading 'principle of charity,' are therefore most naturally
called for in an interaction with others. For this reason | think pupils should be alotted an
active role in their learning process and, in particular, be challenged to work and discuss
with each other. An additional reason, already mentioned in section 5.3.2, is that pupils
generally like group work and having an active role, and thus will be more involved in
the process when they are working in groups and are given the opportunity to take an
activerole.

A final comment is that a didactical structure of some scientific topic (as a planning of
pupils' science learning in the form of a dynamical process of rational accommodation)
should not be confused with a rational reconstruction of the topic of the kind mentioned
towards the beginning of section 5.3.1. The point of the former is to plan pupils process
of learning the topic in such a way that al aong the pupils themselves know what they
are doing and why, and that by building on what they already know are given ample
chance to further extend what they aready know, driven by what they themselves are
doing, by their reasons for doing it, and by the conclusions they reach and problems they
encounter as a result of doing it. The point of the latter is to reconstruct the topic in
hindsight, not by describing the actual route along which it has been mastered but, having
already mastered it, by conveniently building it up from first principles. As such, it may
have a place in a problem-posing approach, but only towards the end of the learning
process, as a kind of summarizing activity.

5.4.3 An outlook
What | have written above on a problem-posing approach and on didactical structures is
rather programmatic (and intended as such). What it suggests, and what | take as an
important task of science educational research, isto devise, empirically test, improve, etc,
concrete didactical structures, with as eventual aim an empirically based didactical
structure of science (Lijnse, 1995), which | think of as constituting science educational
theory. In the remaining chapters | will take a few steps in this direction. In chapter 6 |
will mention some possibilities for outlining a didactical structure at a global level. In
chapter 7 | discuss some aspects of devising a didactical structure. In chapters 8 and 9 |
present and evaluate a concrete didactical structure, namely of the topic of radioactivity.
In chapter 11 | present some (preliminary, fragmentary and immature) suggestions for
future steps.

Let me close by making a few remarks on two aspects that | have neglected up to now:
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the role of the teacher and the role of teaching materials in a problem-posing approach.
Although their roles are different than in traditional settings, in a problem-posing
approach too both the teacher and teaching materials play an important role, namely in
guiding and structuring the process of rational accommodation that pupils establish and
give shape. Whereas in a traditional setting the teaching materials usually consist in a
textbook, whose main line is a story in which the authors present, explain and illustrate
the theory, and which the pupils are supposed to follow (cf section 5.3.1), in a problem-
posing approach the teaching materials consists in a collection of tasks, whose purpose is
to help pupils in writing their own story (cf section 8.2). In chapter 10 there is more on
the role of the teacher. Let me here just note that, whereas in a traditional setting the
teacher's role often comes down to explaining from above (cf section 5.3.1), in a
problem-posing approach the teacher's role is rather one of, what may be called, guiding
from below.

10 The teacher's role

10.1 Introduction

In the preceding | have repeatedly pointed at (the importance of) the role of the teacher.
In chapter 8 | have noted that the teacher's role in working with a didactical structure as
the one outlined there is different from the teacher's role in more traditional approaches.
For example, giving pupils more control over, and thus more responsibility for, their
progress with respect to content implies a shift in the teacher's control and responsibility:
a shift towards procedural control and responsibility for managing the process. In section
7.4.3 | have noted that it also involves a shift from wanting to make pupils say and do
particular things (with the associated danger of 'hearing and seeing much more' in what
the pupils say and do), towards the teacher's being more prepared to find out what the
pupils actually do say, believe, want, etc and to (re)determine his or her goals on the basis
of what they actually say, believe, want, etc. In section 7.3 | have noted that even if adi-
dactical structure as such can be judged as 'good enough,” which is the maximum
attainable, it till needs the creativity of a good teacher for it to lead to successful educa
tion.

In section 7.3 | have also noted that at least the evaluation of a didactical structure
should take place in cooperation with the teacher that has worked with it. In section 9.2.1
| have mentioned that | cooperated quite closely and intensively with one teacher. He not
only worked with the second version of the didactical structure outlined in chapter 8, but
had also worked with the first version, and was involved in the construction and evalu-
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ation of both versions. By this cooperation it was tried to secure as well as possible that
the teacher had made himself so familiar with the essence of the didactical structure and
hisrolein it that he would not deviate essentially from it.

In this chapter | somewhat elaborate the above themes. But | now first briefly report on
some experiences during the first year of my research, which have made me redlize that a
cooperation with a teacher should be very carefully set up and that it should be set up
with ateacher that has good managing qualities.

In the first year of my research | observed two series of lessons in middle ability classes
that used the unit Radiation, you cannot evade it... (Knoester & Lancel, 1988; cf section
3.3 for some findings of the observations). One of these series was taught by a teacher
that possibly was to further participate in my research, and the main am of my
observation of the series of lessons taught by her was to find out whether there was a
basis for further cooperation. Before the series of lessons | told her my at that time till
very vague ideas about the aim and nature of my research: | wanted the pupils to
meaningfully learn about the topic of radioactivity, and for that purpose one should
somehow start from pupils existing knowledge; | later was going to write a series of
lessons on the topic myself, and to get some ideas for that | would like her to try out some
additional activities while teaching the unit Radiation, you cannot evade it.... The teacher
then indicated that she was somewhat sceptical about my aim. Her scepticism did not so
much consist in a denial that pupils have ideas of their own, but rather in her experience
that the gap between their own ideas and those of physics was rather large and hard to
bridge. In fact, she indicated that in her worst moments she sometimes sighed that all that
can be achieved is that pupils learn to solve standard exercises for examinations.
Nevertheless, she said that she herself constantly tried to bridge the gap and so she was
quite prepared to participate and to try my proposals. In fact, she already saw the unit
Radiation, you cannot evade it..., of which she was one of the authors, as making a
serious attempt to bridge the gap."

During the series of lessons her scepticism was not noticeable at al (at least not by me).
She was enthusiastic, put quite a lot of time in it, tried to carry out my proposals for
additional activities as well as possible, and regularly indicated to enjoy it al. | too was
satisfied about the series of lessons in the sense that | was confirmed in my suspicion that
the structure of the unit | was going to write myself had to be quite different from the
structure of the unit Radiation, you cannot evade it.... Moreover, from how the tried out
additional activities worked out | got some ideas about activities that might be useful for
the unit | myself was going to write.”” There was aso a source of trouble, however,
relating to the teacher's order-keeping abilities. The situation in her classroom could most
of the time best be described as a 'non-aggressive disorder' (cf Créton & Wubbels, 1984).
She did not show much leadership, and quite often the lessons were poorly structured.
She generally tolerated quite some disorder, and the pupils very often were not task-

1. Because the unit is based on micro-level explanations (cf section 3.2), | myself could not seeit that way.
2. Some of the tried out additional activities are indeed precursors of activities that figure in the first and/or
second version of the didactical structure.
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oriented. Although she was quite concerned about the class and willing to explain things
over and over to pupils who had not been listening, the whole situation was usually so un-
structured that only the pupils in her direct neighbourhood were attentive, while the
others would do other things such as talk with each other or make some homework. They
were not provocative, however, i.e., their other activities were not directed against her,
and she usually ignored them while talking loudly to the pupils near her. Her few efforts
to also involve the other pupils were usually delivered without emphasis and mostly had
little or just a short-term effect. Though most of the pupils seemed to like her and she
certainly liked most of the pupils and took a great deal of interest in them, the interaction
between her and the pupils very often resulted in a non-productive equilibrium in which
all of them sort of seemed to go their own way. The teacher's limitations especially came
forward during the additional activities, most of which were of the 'class discussion'-type.
For even though the teacher really attempted to involve al pupils, she mostly did not
succeed. The result was that the discussion was also hard to follow for the few pupils that
were attentive, because of the many times that it was interrupted by the teacher's (vain)
attempts to call the other pupils to order. The teacher was well aware of al this, and
although she herself also did not find her teaching style particularly good, she also main-
tained that, at least for the time being, it reflected her best way of surviving in the class-
room. So if there was to be a further cooperation with this teacher, it would have to be
accompanied by an in-service training in managing order problems.

However, and at the time quite unexpectedly for me, the teacher herself decided that
there was not going to be a further cooperation. The results of the test that followed the
series of lessons had reawoken her old scepticism. The test consisted for about two-third
of rather standard tasks (about half-life, the different penetrating power of the different
kinds of radiation, the number of protons neutrons and electrons that a given isotope
consists of, etc, i.e., exercises of the type that could come up in the examination), and for
about one-third of tasks that demanded some insight (in e.g. the point of distinguishing
between contamination and irradiation). It turned out that generally the pupils answered
the standard tasks sufficiently well, though not overwhelmingly so, but the insight-tasks
rather poorly. | did not make much of those test results, or at any rate | found them quite
understandable. For, as | have aready noted, the additional activities, which explicitly
aimed at insight, went past most pupils. Furthermore, the additional activities were not
backed up by worksheets and also did not fit nicely into the unit Radiation, you cannot
evade it.... For me, al this meant that adding just a few activities was not sufficient.
Although some of them might be useful, they had to integrated in a structure that was
quite different from the structure of the unit Radiation, you cannot evade it..., and had to
backed up by written material that would serve as a hold for pupils. In short, | would have
to write my own series of lessens and that was precisely what | was going to do. For the
teacher, however, the results of the tests confirmed her earlier scepticism. Below | give
some fragments of her verbal explanation of her decision to quit.

If I look at the enormous amount of time | have spent on it and that the part that does

later come up for examination, that already that part is not really right, and that this [the

part relating to insight, KK] apparently also has not got across, then | say... well, thisis

wrong, thisis awaste of my time, period.
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These pupils [middle ability pupils, KK] have been taught tricks and memory aids from
primary school on, otherwise they do not make it through that school. And then you
cannot in six weeks all at once aim at insight... and forget that there is something like an
examination waiting for them that they will have to do. So | think that in this context it
isindeed unfeasible [to aim at insight, KK].
| have followed your road all along, and if | now look at what it has yielded then |
think... well, if | had done it my way it would have taken me, a, less time and the test
would have been made better. [...] Not the second part [the insight-tasks, KK], the
multiple choice [the standard tasks, KK]. Then | would have shifted the emphasis. And
then | think, simply from the point of view of my pupils, that is what they have to know.
And then | will do my best to also bring in those other things, but already beforehand |
accept that that will largely be a wasted effort. | told you so at the beginning: you can
try it, but | don't think that it will work. And then I am working on it and then | am
really enthusiastic and then... and | did terribly enjoy doing it, | would like to aways
work like this, but... well, | just notice that it has had little or no effect up to now.
| think we have done all that we could have done in this context [she later specifies this
to: with these pupils, in these times, with this previous education; KK]. | would not
know what else you should have done.

Whereas for me the whole thing still had to begin, for the teacher it was all over; whereas

| thought the time was ripe to lay my own road, she thought she had already followed my

road al along, and with little or no effect.

In order to find a new teacher some heads of physics were approached with the question
whether they knew a good and experienced teacher that might be willing to participate in
an educational experiment. In this process the teacher that | worked with for the rest of
my research came forward. In section 10.2, this teacher is characterized. In order to
carefully prepare a productive working relation, the teacher and | took quite some time to
get acquainted. In section 10.3, | report on this preparatory period. In section 10.4, | go
into some aspects of our cooperation during the (re)construction of the didactical
structure. In section 10.5, finally, | try to go beyond this one teacher and more generally
address the question what it means for a teacher to work with a didactical structure that is
‘good enough.'

10.2 Characterization of the teacher

The teacher | worked with was born in 1945. He graduated from a college of education in
1967, but only taught for about two months at a primary school. By means of some
refresher courses he in 1969 acquired a qualification to teach physics and chemistry at the
LBO and MAVO types of education and at the first three years of the HAVO and VWO
types of education (cf section 9.2.1). From 1969 to 1984 he taught physics and chemistry
at a school which consisted only of a MAVO-stream. In 1984 this school merged with
another school to form a school for MAVO, HAVO and VWO. It is at this school that up
to this day he has taught physics and chemistry at the levels he is qualified for. It is thus
also the school a which he has worked with the various versions of the didactical
structure. The above may suffice to illustrate that he is a very experienced teacher.
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The head of physics that recommended him also assured us that he is a good teacher, i.e.,
a teacher of whom pupils say that he is a good teacher. | also got this impression by
observing some of his lessons in the preparatory period (cf section 10.3). There was a
pleasant and productive working atmosphere in his lessons, there were hardly any order
problems and if some cropped up the teacher usually managed to immediately and
effectively deal with them. | would have characterized him as 'strict, but nice' or 'nice,
but strict.' In order to somewhat further substantiate these claims, the so called
Questionnaire on Teacher Interaction (QTI) was administered to the teacher and several
of his classes. The QTI, which was developed in the early eighties by Créton & Wubbels
(1984), is an instrument to characterize the affective climate of the learning environment,
as perceived by the participants (pupils and teacher). If we roughly discern two aspects of
teacher behaviour, a methodological one that relates to content presentation and
instructional methods and an interpersonal one that has to do with the teacher's
interpersonal actions that create and maintain a positive classroom atmosphere, the QTI
can be said to capture the latter aspect of teacher behaviour. By discerning these two
aspects | do not mean to deny, of course, that they are interconnected. Wubbels & Levy
(1993b) note in this respect that "[i]f the quality of the classroom environment does not
meet certain basic conditions the methodological aspect loses its significance.” In fact,
concerning the teacher whose lessons | observed during the first year of my research |
have made a similar remark (cf section 10.1).

The/QTI leads to a characterization of interpersonal teacher behaviour in terms of eight
diff¥ent tynes of interpersonal behaviour, which can be represented in a two-dimensional
plane (cf figure
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Figure 10.1 The model for interpersonal teacher behaviour. (Figure 2.2 in Wubbels & Levy,
1993a.)

The two dimensions of the plane have been labelled 'proximity’ and ‘'influence.’ The
'proximity-dimension’ indicates the teacher's degree of cooperation with or closeness to
pupils, on a scale between Opposition (O) and Cooperation (C). The ‘influence-
dimension' indicates the extent to which the teacher directs or controls the interaction
with pupils, on a scale between Submission (S) and Dominance (D). In figure 10.1 the
eight different types of behaviour are represented by the eight sectors DC, CD, etc,
"according to their position in the coordinate system (much like the directions on a com-
pass). For example, the two sectors DC and CD are both characterized by Dominance and
Cooperation. In the DC sector, however, the Dominance aspect prevails over the
Cooperation aspect" (Wubbels, Créton, Levy & Hooymayers, 1993). In figure 10.1, each
of the eight sectorsis also characterized in words, both briefly (DC by ‘leadership,’ CD by
'helping friendly," etc) and somewhat more elaborately in terms of characteristic teacher
behaviour.

The questionnaire itself, the QTI, of which there is a Dutch and an American version,
"is divided into eight scales which conform to the eight sectors of the model. In the Dutch
version each sector scale consists of about ten items (seventy-seven in total) which are
answered on a five-point Likert scale. The American version has sixty-four items and a
similar response scale" (ibid). For a discussion of the reliability and validity of the QTI, |
refer to Brekelmans et al (1990).

D
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Figure 10.2 Average teachers perceptions of ideal teacher behaviour and average students
perceptions of best and worst teachers in the United States. (Figure 3.7 in Wubbels &
Levy, 1993a)

"Each completed questionnaire yields a set of eight scale scores which are then combined
into a profile ... Scale scores equal the sum of all item scores and are reported in a range
between zero and one. A scale score of 'one' indicates that al behaviours in a scale are
always (or very much) displayed. A 'zero' is the opposite: the absence of scale
behaviours. The profile represents the teacher's communication style as perceived by the
teacher or his or her students. It is usually depicted in a graph with scale scores
represented by shading in each sector" (Wubbels, Créton, Levy & Hooymayers, 1993).
Figure 10.2 contains three examples of such graphically represented profiles. They derive
from three different types of data. "Students in The Netherlands, the United States and
Australia were asked to rate their best teachers on the QTI. Also, teachers in the three
countries provided self-perceptions about their ideal behaviour. Finally, a smaler group
of Dutch students completed the QTI for a teacher they thought of as their worst. Figure
[10.2] shows the average scores for these three groups in the United States. The results
are similar for the other countries’ (Levy et al, 1993). Figure 10.3 may be ancther profile
of interest. It "shows the average of 463 students' perceptions for a random sample of 118
Dutch teachers." (ibid). So in a sense it represents the communication style of the mean
Dutch teacher, as perceived by students.
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Figure 10.3 Average students' perceptions of random sample of Dutch teachers. (Figure 3.2 in
Wubbels & Levy, 1993a)

By using a variety of clustering procedures and similarity measures, Brekelmans (1989)
has established a reliable and stable typology of eight types of communication style, such
that each profile out of a large number of profiles of Dutch, American and Australian
teachers belongs to one of these eight types. By combining QTI data with descriptive data
of classroom atmosphere, Brekelmans has also given a description of each of the eight
communication styles in terms of teacher/student behaviours and learning environment
characteristics. Brekelmans et al (1993) contains, for each of the eight communication
styles, both the mean profile corresponding to it and its description in terms of learning
environment characteristics.

| hope the above gives sufficient information on the QTI. As | have aready noted, the
QTI has also been administered to the teacher and to several of his classes that worked
with aversion of the didactical structure.

Figure 10.4 The teacher's perception of ideal teacher behaviour (a); the teacher's perception of his
interpersonal behaviour in one of his classes (b); that class perception of the teacher's
interpersonal behaviour (c).

The profile in figure 10.4a is the result of the teacher's completion of the QTI in terms of
hisideal behaviour; figure 10.4b is the resulting profile of the teacher's completion of the
QTI for his behaviour in one particular class (in fact, one of the classes in which the first
version of the didactical structure was tried); figure 10.4c represents the teacher's
communication style as perceived by the pupils in that particular class (it corresponds to
the class means of their completion of the QTI). The profiles corresponding to the
teacher's perception and the pupils perception of the teacher's communication style in
other classes are similar to figures 10.4b and 10.4c respectively. In fact, in terms of
Brekelmans' typology al those profiles are of the type that she has labelled 'Authorita-
tive.' In Brekelmans et al (1993) it is characterized as follows.
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The Authoritative atmosphere is well-structured, pleasant and task-oriented. Rules and
procedures are clear and students dont need reminders. They are attentive, and
generally produce better work than their peers in the Directive [another category in the
typology, KK] teacher's classes. The Authoritative teacher is enthusiastic and open to
students' needs. He or she takes a personal interest in them, and this comes through in
the lessons. While his or her favourite method is the lecture, the Authoritative teacher
frequently uses other techniques. The lessons are well planned and logically structured.
He or sheis considered to be a good teacher by students.
The teacher's ideal communication style (i.e. the one that corresponds to the profile of
figure 10.4a) is of the type that Brekelmans has labelled 'Tolerant and Authoritative.™ In
Brekelmans et al (1993) it is characterized as follows.
Tolerant/Authoritative teachers maintain a structure which supports student responsibil-
ity and freedom. They use a variety of methods, to which students respond well. They
frequently organize their lessons around small group work. While the class environment
resembles Type 2 [the above 'Authoritative’ type, KK], the Tolerant/Authoritative
teacher develops closer relationships with students. They enjoy the class and are highly
involved in most lessons. Both students and teacher can occasionally be seen laughing,
and there is very little need to enforce the rules. The teacher ignores minor disruptions,
choosing instead to concentrate on the lesson. Students work to reach their own and the
teacher's instructional goals with little or no complaints.

Hereby | hope to have sufficiently characterized the interpersonal aspect of the teacher's
classroom behaviour. Let me close this section by noting that the quality of the classroom
environment that he manages to create is such that the methodological aspect, on which
my research mainly focuses, could indeed be given full consideration. In devising the
didactical structure we have been in the luxurious position that whatever technique or
instructional method we proposed (be it group work, class discussion, experimental work,
or complex combinations of these), we could always count on the teacher's ability to
satisfactorily handle them.

10.3 A preparatory period

Before the teacher and | decided to cooperate on an educational experiment, we had an
exploratory talk in which | told something about my ideas concerning the experiment and
the teacher about his attitude towards it. | told him that | wanted pupils to meaningfully
learn about the topic of radioactivity, that recent research had shown that this aim was
very often not reached (not just for the topic of radioactivity, but for amost any topic),
and that part of this failure might be due to the fact that most approaches do not start
from where pupils are. It amost seems as though for pupils the scientific knowledge they
'learn’ is something alien that only has application in the science classroom. | aso told

3. | want to thank Rob Houwen for the analyses of the QTI data: for producing the profiles like those in figure
10.4, and for determining the type of communication style to which each of them belongs.
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him about the cause of our having this exploratory talk: another teacher's decision to quit,
and why that other teacher had decided so (cf section 10.1). Of course, | would like to
prevent a repetition of that situation. In order to do so | told him | had first of al planned
a quite extensive period to carefully prepare a productive working relation. So taking an
active part in this preparatory period would be one thing | expected him to do, if he
decided to cooperate. Other things would be that he helped in writing new teaching
materials (in the first instance in a commenting role), worked with these new materials
(while the relevant lessons were being videotaped), etc. What he would get in return were
two non-teaching periods and a piece of in-service training that, hopefully, was going to
be useful for him.

Of course | also wanted to know how he felt about the aim of my research, however
vague it was. In particular | wanted to know, in the context of preventing a repetition of
the situation with the previous teacher, whether or not he shared her sceptica attitude.
The teacher said to recognize that knowledge does not always function, in the sense that
pupils cannot apply it. He told that he thinks that is a problem: it frustrates. So he
suspected that he somehow worked on that problem, athough it was not a conscious
element of his teaching practice. At any rate, from what | had told him he said to have
gathered that participating in my research would give him the opportunity to explicitly
think and learn about an attempt to tackle that problem, and he certainly did not aready
beforehand consider such an attempt to be a lost cause. In fact, he said to see no reason
why insight would be impossible for middle ability pupils. Finally, the teacher said to
hope that by participating in my research he could learn something that might also be of
use for other topics than the topic of radioactivity. From this | gathered that at least he
had a non-negative attitude towards (the aim of) my research.

On the basis of this exploratory talk the teacher and | decided to cooperate. In this section
| report on the first stage of our cooperation: the preparatory period. In section 10.3.1, |
sketch the aims, procedure and outline of this preparatory period; in section 10.3.2, |
sketch the way it developed and mention some of its main outcomes.

10.3.1 Aims, procedure and outline

The main aim of the preparatory period was to prepare a productive future working
relation with respect to writing, trying, etc new teaching materials. In a process in which
he came to familiarize himself with (the aim of) my research and | came to familiarize
myself with his way of teaching we would have to develop a common way of talking
about teaching and learning in general, and about teaching and learning the topic of
radioactivity in particular.

The preparatory period took place during the fall of 1989. In that period | visited about
one lesson per week, mostly in one of the classesin which later in the school year the first
version of the didactical structure was going to be tried. Furthermore, the teacher and |
had eleven meetings of about two hours each. The teacher's preparation of a meeting
consisted in his doing some homework (of about two hours per meeting). Mostly the
homework tasks were given by me, e.g.: study the similarities and dissimilarities between
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two units on the topic of radioactivity; study some transcripts of interviews with pupils
about molecules or radioactivity and relate these to your own teaching about those topics;
study some transcripts of fragments of lessons on the atomic model (what are pupils
difficulties and do you recognize these difficulties from your own experience?); study a
description of pupils existing knowledge about radioactivity (along the lines of section
2.5 of this thesis) and comment on it. Occasionaly the teacher also set his own home-
work task, e.g.: carry out a small scale questionnaire study in one class at his school and
analyze the results. My preparation usually took me about one working day. It consisted
of things like: selecting useful homework tasks for the teacher; anticipating his reactions
to it and thinking of ways to build on that in order to clarify some of my ideas about
teaching and learning (the topic of radioactivity); studying the conversation we had
during a previous meeting (the meetings were recorded on audiotape), and making a
reflective report of it in order to identify themes that deserved a further treatment in later
meetings; thinking of ways to integrate what | had noticed during visits of lessons in our
meetings.

Some of the themes that came up during the meetings were: the aim of the preparatory
period and an outline of it; the tendency to base units on the topic of radioactivity on
particle models (cf section 3.2); the way such 'models' are often understood by pupils and
its consequences for their learning about radioactivity (cf section 3.3); parallels between
the teacher's and my learning process during the meetings on the one hand, and pupils
learning on the other; the teacher's role with respect to content: holding back versus
steering; the knowledge that seems to be required for an adequate understanding of (the
possible dangers of) daily life situations having to do with radioactivity; the usefulness of
the meetings.

The teacher's homework for the final meeting of the preparatory period was to write a
review of it: on what he had learned from it, on whether through it he felt prepared for a
further cooperation, etc. In the final meeting we discussed his review. The totality of my
reflective reports of each meeting can be seen as my review of the preparatory period.
Section 10.3.2 is based on it.

10.3.2Development and outcomes

At the beginning of the preparatory period | had some ideas about themes that | wanted to
bring up for discussion (cf the previous section), but | did not realy have much ideas
about how to structure each of the meetings, about a suitable order in the themes | wanted
to bring up for discussion, about useful homework tasks for the teacher, etc. In fact, the
latter ideas gradually developed during the meetings and also as a result of my making
reflective reports of each of the meetings. Below | sketch and exemplify these
developments, the use of my regular visits to lessons given by the teacher, and some of
the main things the teacher and | have learned from the meetings.

The structure that the meetings gradually assumed
After awhile the structure of the meetings between the teacher and me was based on our
awareness that we approached educational matters differently and with different
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experiences, and took the form of trying to make explicit each other's approach and
experiences while discussing concrete material (transcripts of lessons and interviews with
pupils, results of questionnaires, textbooks, things that happened in alesson | visited, etc).
Below | exemplify how an analysis of the earlier meetings gave rise to this structure and
how this structure was made explicit.

The first meeting was a brief one and concerned the procedural aspects of future meetings
(how often, how long, how much preparation, etc). The second meeting was the first one
in which we discussed issues. The theme | wanted to bring up then was the obviousness
of the tendency to base a unit on the topic of radioactivity on particle models. In order to
first of al make clear this tendency, | selected two such units (the unit in the textbook the
teacher normally used and the unit Radiation, you cannot evade it...), which, although
they are quite different with respect to e.g. content presentation, essentially have the same
structure. So the homework task | gave to the teacher was to study those two units and
capture the main lines of the way each of them is build up. | expected that thus he would
also find that the two units are essentially the same and, in particular, both begin with the
presentation of a nuclear ‘model.' (This would then allow me to ask whether it is obvious
to begin in that way.) More or less for the sake of completeness | added to the homework
assignment the question what the differences between the units are. It turned out that the
teacher had indeed noticed the similarity in structure, which he framed as 'what atoms
are; what radiation is, how radiation emerges, what the effects of radiation are," but that
he was most struck by the differences between the two units. He found the unit Radiation,
you cannot evade it... much more pupil-friendly, especialy for middle ability pupils:
better geared to them and more surveyable for them. For it consists of relatively short and
easily readable pieces of information, each of which is followed by some questions that
directly refer to it, it contains regular and short summaries, etc. The other unit, in
contrast, contains many long stretches of text with too high alevel of difficulty, which, as
was the teacher's experience, a middle ability pupil simply cannot get through.

Our different approach can in this case be characterized as our laying a different
emphasis. Although | noticed the difference in content presentation (and had, in fact,
selected the two units because of this difference), | emphasized the similarity with respect
to structure. And although the teacher noticed this similarity, he emphasized the
difference in content presentation. The teacher's emphasis can be said to reflect his
practical and pragmatic approach, with an immediate link to his everyday teaching
experience. One of the first things he asked me when discussing the two units was. what
do you have in mind, something like this unit or something like that one? My own
emphasis can be said to reflect my more theoretical approach, which is also related to
existing teaching practice but more in the sense of looking at it from some distance and
bringing it up for discussion -in this case, the obviousness of the existing tendency to base
aunit on the topic of radioactivity on particle models.

What enabled the teacher to also bring in his points was the part of the homework
assignment that asked for dissimilarities between the two units. | have already mentioned
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that at the time | more or less accidentally included that question in the homework
assignment, or had at any rate not included it in order to alow the teacher to bring
forward his points. If only for the reason that in a period of getting acquainted the teacher
should aso be given the opportunity to bring forward his own points, for future meetings
| very consciously tried to devise such homework tasks, that the teacher, with his more
pragmatic approach, and I, with my more theoretical approach, could each bring forward
our own points, thus make explicit each other's approach and experiences, and thus also
learn from each other. Indeed, it was not just out of politeness that the teacher was given
the opportunity to bring forward his own points, and the fact that in the meetings |
naturally had to take the initiative did not imply that only the teacher was supposed to
learn something. | also learned from the teacher. The teacher's comparison of the two
units, for instance, made me realize that in the later writing of new teaching materias |
would have to seriously deviate from my normal writing style. Instead | would have to
write relatively short and simply constructed sentences that would have to be organized in
a whole that is easily surveyable for middle ability pupils. At least in that respect, so |
learned from the teacher, | should take the unit Radiation, you cannot evade it... as an
example.

In later meetings | also tried to make this structure of our meetings explicit: by
illustrating it at examples like the one above; by explicitly telling one another what each
learned from the other and how that relates to the other's approach; by drawing parallels
between our learning from each other and pupils' learning from their teacher (or teacher's
learning from his or her pupils). In the fifth meeting, in which among other things we
looked back on the previous meetings, the teacher also recognized the structure that the
meetings had assumed:
| do also sense it like that. That we are feeling out, catching up from each other. | hear
new things, you learn new things. Obviously you take the initiative. Well, that's how |
seeit: you are... I'm here for you. | think you have to take the initiative. | think | get al
room. If | dwell on something, then there simply is time for that, then we simply keep
on talking about that subject. I... up to now... | actually think it's getting easier and
easier for me. The first time | thought: Jesus, it looks like an examination or it looks
like... | have the feeling that I'm being interrogated about what | do and do not know.
And now | don't have that at al. We're simply feeling out: how do we think about some
things?
Later on the teacher told me that hisinitial feeling also derived from his not feeling very
safe at the time. He, the dumb teacher, had to go to a place where he did not really
belong: The University.

Of course the teacher and | gradually grew closer to each other. When in later meetings
we e.g. discussed some transcripts of lessons, the teacher would bring forward points that
| also found relevant, and for very much the same reasons. The main difference between
us then was that | usually brought forward more similar such points, which the teacher,
after | brought them forward, mostly aso recognized as similar. At first this difference in
guantity gave the teacher the impression that he had not done his homework well enough
and, in fact, made him feel sort of guilty. Of course, | then told him that there was no

233



A Problem-Posing Approach

need for such impressions and feelings. On the contrary, the fact that he focused on very
much the same points as | did was evidence for the fact that our approaches converged
with respect to some themes. The difference between us then no longer was a matter of
different approaches, but rather of different amounts of time spent on homework
assignments.

Shifts in theme: from content to didactics
There usually also was a shift in theme in each meeting, which at first again occurred
rather accidentally but, after | had noticed it in earlier meetings, was planned more
consciously in later meetings. | would characterize the shift as one from content to
didactics. Let me again try to illustrate this at the meeting in which the two units were
compared. The question concerning the similarity between the two units can be said to
deal with content, in the sense that its answer is that with respect to content the two units
are essentially the same. On the basis of that answer, which as already noted the teacher
had also given, our discussion gradually developed in a didactical direction in the sense
that the structure of the content presentation was related to teaching and learning. To my
guestion why the units begin with atomic models, the teacher's initial response was as
follows.
This book simply assumes that... | later have to tell about those isotopes with which
something special isup, so | first haveto tell what isotopes are. [...] In order to teach the
concept 'isotope’ they first have to know something about atomic models, otherwise you
can't explain it. But you think it can be done differently?
The teacher's argument is of course valid within the existing structure of the units. But it
was this structure that | wanted to bring up for discussion. | tried to do so by noting that
beginning with atomic models is like beginning on the most advanced level. Is it not
possible to aready say something about radioactive phenomena without using particles,
without immediately going deeply into the theory behind them? This at least made the
teacher understand that | wanted something that differed from the existing structure.
You don't want to begin with... straight to the smallest particle and everything is
connected to those smallest particles. You want to begin with... what does happen, how
could that be, search... arouse interest... and first spend some time on that before we go
more deeply into it, right?
| then tried to link up with his 'to arouse interest' in the sense of 'to induce a need for a
deeper explanation,’ an explanation at any rate of something they already know at a phe-
nomenological level. The teacher put thisin his own words as follows:
Would they be more inquisitive, that really is... more eager to learn about the particle
model if they are going to hear about it later? First, what is it and what do we notice of
it and effects, slowly settling in, and only then the explanations.
This 'to make pupils eager to learn about something," which fitted into my developing
ideas about a problem-posing approach, is a didactical theme that often recurred in our
subsequent meetings.

Another more didactical theme that the teacher had picked up from this meeting is the

following: is one thing really needed as a preparation for something else? This turned out
when several meetings later he came back on his earlier statement that "in order to teach
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the concept ‘'isotope’ they first have to know something about atomic models, otherwise
you cannot explain it," and concluded that it is possible to talk about isotopes without
first having to talk about atomic models, which was in fact his first step in loosening
himself from the existing structure. His reasoning was that all that is really needed to
understand the concept of isotopes is the idea of dightly different things. He used the
example of a bag of a hundred white marbles, of which on closer observation it turns out
that one has a little crack and one a little black spot. By calling the three possibilities
(perfect white marble, marble with little crack, marble with little black spot) three
isotopes of white marbles, pupils could thus get the idea of what an isotope is without
having to know anything about atomic models. He went on by noting that also in a subse-
guent treatment of atomic isotopes, there really would be no need to talk about protons,
electrons or differing numbers of neutrons. All that needs to be said is that some atomic
isotopes are different in the sense that something special can happen to them. | then
elaborated on the theme the teacher brought forward, for | believed that he was very close
to noticing that it is possible to talk about 'the something specia that can happen to them'
in other terms than changes in microscopic structure. | tried to do so by admitting his
conclusion that it is possible to talk about isotopes without having to talk about atomic
models, and by going one step further: is it aso possible to talk about radioactivity
without having to talk about isotopes? The teacher thus came to the insight that it is
possible by simply calling something radioactive if a Geiger counter starts ticking in its
vicinity. | could then also inform the teacher that | had this possibility in mind as a means
to start up the series of lessons we were going to devise.

The didactical theme brought up here by the teacher also came back in later meetings.
When later on we e.g. discussed the general constraints on the series of lessons we were
going to devise, it returned in the following form: an activity should be meaningfully
prepared by preceding ones and meaningfully prepare following ones.

When thinking about a suitable order in the themes | wanted to bring up for discussion, |
also tried to make use of the idea 'making someone eager to learn about something.’ That
is, | tried to arouse the teacher's interest in a new theme on the basis of previous themes.
In some cases | succeeded in this. The teacher for example understood why on the basis
of the meeting in which the two units were discussed, | gave him the homework
assignment to study some interviews in which pupils were prompted to give particle
explanations.

You want to get rid of that particle model in your new planning. [...] We teach them

that al right, those particles and how all of that... but can they themselves handle that

too? For, of course, if you find out, they cannot handle that at all and haven't formed

any idea at al of.., then you will be on strong ground in saying we have to try it in a

different way.
When shifting to a didactical theme | often used such concrete examples from our own
meetings as a means to bring it up for discussion. If possible | would, for the same
purpose, aso use concrete examples from the lessons | visited.

Apart from shifts from content to didactics within one meeting, in retrospect | notice a
similar shift in the course of the meetings as well. In later meetings we more often and
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more directly discussed didactical themes, e.g.: pupils enter the classroom as empty
vessels versus pupils have a background and this background influences their
participation; explaining versus challenging pupils to find things out by themselves (as a
form of making them eager to learn about something); asking pupils questions versus
making pupils ask questions (as aform of making them eager to learn about something).

In discussing such themes, the teacher was of course especiadly interested in the
consequences for his own role in the classroom. In fact, our discussion about his role was
one an ongoing one. It continued during the following construction, try-out,
reconstruction, etc of the didactical structure (cf section 10.4). In the preparatory period
we often talked about the teacher's role in relation to yet another didactical theme:
holding back versus steering. We tried to sort of take stock of the various ways in which
these terms might be given content, if possible by using concrete examples. Steering or
helping pupils, for instance, need not only consist in explaining. Pupils might e.g. also be
helped in their learning process by making them arrive a some problem that they
themselves come to see as worthwhile to work on. 'Holding back,' on the other hand, is
not meant as 'withdrawing' or 'laisser faire.' It might e.g. be given content in the form of
'getting into the skin of the pupils and ‘'trying to learn along with the pupils.’ Since the
preparatory period was also meant as a preparation for the coming construction of a series
of lessons, in the later meetings we more and more began to talk about that as well (as
part of our shift towards more didactical themes). In that context it was concluded that a
substantial steering role should also emanate from the design of the series of lessons. In
the construction of the series of lessons, we would have to think out such tasks and such
an order in tasks that we have a reason to expect that by working on them pupils are
steered in the direction of some goa (e.g.: their recognition of some problem). 'Holding
back' might in that context be given content as sort of opposite to 'seeking confirmation
of our expectations' or 'pursuing our goals at al cost.'" Whereas the latter two attitudes do
not prepare the ground for a meaningful evaluation, holding back in the sense of trying to
learn along with the pupils may bring to the fore both the need for adjustments
concerning (the order in) tasks, expectations and/or goals, and suggestions for plausible
such adjustments (cf section 7.4.3).

Use of visits to lessons

One aim of the preparatory period was to familiarize myself with the teacher's classroom
behaviour, i.e., in the terminology of section 10.2, both with his methodological and his
interpersonal teaching style. In this respect my regular visits to his lessons were of course
useful. They were also of use for our meetings, however, as | now try to illustrate. Let me
first of al repeat that in our meetings we mainly focused on the methodological aspect.
The interpersonal aspect of classroom behaviour, and in particular the teacher's interper-
sonal teaching style hardly came up in our talks. In the first place | did (and do) not feel
competent to discuss the latter aspect. Secondly, it seemed to me that in his case there
was hardly any reason to discuss it (cf section 10.2). So concerning this aspect | limited
myself to occasional remarks how well | thought he managed to create and maintain a
pleasant and productive working atmosphere.
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Especially during our first meetings, | tried to bring forward some features of his
methodological teaching style that | had picked up from visiting his lessons. He e.g.
hardly ever gave a direct answer to pupils questions, but instead tried to challenge them
to themselves find the answer, if necessary by giving some casual clues: 'l don't know,
but might it be that..." He would then some time later come back to see how they were
doing and, if necessary, help them yet another bit further. Out of examples such as these,
and the teacher's comments on them, eventually grew didactical themes such as:
explaining versus challenging pupils to find things out by themselves, asking pupils
guestions versus making pupils ask questions; holding back versus steering.

In the above | have already repeatedly mentioned this aspect of the use of my visits of
lessons, i.e., to have available concrete examples that both of us witnessed. Those
examples could then e.g. be used to make explicit each other's approach, to start a
discussion about further or similar experiences, to bring up or illustrate other didactical
themes, etc.

Another aspect of the use of my visits of lessons derives from the different approaches of
the teacher and me. One of my aims of our discussion of some interviews in which it was
tried to make pupils give particle explanations, for instance, was to explore why pupils
failed to do so, and this aim reflects my more theoretical emphasis. The teacher's more
practical and pragmatic approach, with an immediate link to his everyday teaching
practice, is e.g. reflected by the fact that following our discussion he wanted to find out
about his pupils' ability to give particle explanations. Moreover, and in this sense my
visits, and particularly the ones at the beginning of the preparatory period, provided a
stimulus for him to try things out in my presence, so that we could later talk about it.
Later on, however, he no longer needed my actual presence in order to try things out. It
was then rather his own enthusiasm that made him do it. Of course, he would then till
report about his experiences in a subsequent meeting.

Some learning outcomes
In his review of the meetings, the teacher indicated what he had learned from them:
WEell, one of the things that have most struck me is that much more than before |
wonder whether my way of teaching, treating the subject matter, observing and
evauating pupils... is done in the right way. Less than before | rely the old routine in
which, as | have come to redlize, | was somewhat getting stuck. So you could now
describe it as greasing the whole thing in order to counter the getting stuck.
Also during the meetings themselves he had already made similar remarks, e.g.:
...you are confronted with what you are really doing the whole day, and self-evidently
S0.
S0 you see, not just here | am wondering... but also during my lessons | am... it already
ison my mind. Well, why am | doing this? | do not wonder whether | am doing it right,
really, but could | do it differently, does it make sense that | tell it to them, what do they
really pick up from it, what will they do with it?
So the teacher has experienced the meetings as useful, as refreshers of his teaching
practice in general. This may also be illustrated by the enthusiasm with which he tried
things out that were discussed in meetings.
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More in particular, the teacher has also experienced the meetings as useful. Concerning
the themes relating to content, for instance, he indicated to have become sensitive to the
problems that pupils have with particles and to the question whether a treatment of the
topic of radioactivity should be based on particle models. He in fact admitted to have
been shocked by the poor understanding that pupils have of particle models. And his
pupils too, as he found out when in one of his classes he challenged the pupils to explain
why a roadway expands on a hot day and they came up with answers such as: the
molecules expand, the air between the molecules expands, or the intermolecular spaces
between the molecules expand. Here is one more example of the influence that in this
respect the meetings have had on his teaching practice:

Today, for instance. [...] Someone drops the word 'molecule." Another one immediately

says. the smallest particle of a substance with all its properties. Never ever would | have

reacted to that. That is correct. Today we have talked about it for a quarter of an hour.

Have talked about it for a quarter of an hour! Would it really be like that? [...] | don't

know whether those pupils have gained anything from it. But at any rate it is the result

of these meetings.
Concerning the didactical themes, the teacher wrote in his review that especialy our
recurring discussions about 'holding back and steering' had been very instructive. He also
indicated to have gathered from the totality of our meetings that | am a proponent of
"letting pupils themselves experience, describe and tentatively process, instead of the
traditional model of learning, digesting and testing." In this respect too the teacher noted
that the meetings have had their influence on his teaching practice, e.g.:

...| more often try to get into the skin of the pupils...

It has already yielded fruit (still to be seen whether it is ripe) in my daily teaching

practice. Holding back, listening to pupils, adjusting a little later. A changed attitude

with regards to pupils making notes of observations. Less direct 'explaining.’

The main thing | learned from the meetings was to further specify and illustrate what the
consequences for the teacher's role are of my ideas about how pupils could meaningfully
learn about the topic of radioactivity. For up to then those ideas mainly concerned pupils
learning process, e.g.: whether for pupils one thing (e.g. particle models) redly is a
meaningful preparation for another thing (radioactive phenomena). Of course | had some
ideas about the teacher's role in pupils learning process, but it was the teacher, with his
pragmatic demand for immediate applicability to his practice, who continuously chal-
lenged me to do further develop those ideas and aso contributed to that further
development. For me too, our discussions about 'holding back and steering,’ and
particularly about how the notions 'holding back' and 'steering' could be given further
content in relation to my developing ideas about a problem-posing approach, were most
instructive.

Another thing | learned from the way the meetings themselves proceeded, was how
useful it is to regularly and explicitly build in reflective activities. For it had been
beneficial for our meetings that each of us regularly thought about, and that we then
explicitly talked about, questions such as: what have we done, what have we achieved
and where does that leave us? So it would also be useful, and moreover in line with a
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problem-posing approach, to build in such activities in the series of lessons we were
going to devise.

Some of the minor, but still important, things | learned also relates to the construction
of the series of lessons. The textbook that pupils are to work with should be carefully
edited, and easily surveyable and readable. It should be clear to them that quite some
time and effort has been put in it, in order to increase their willingness to seriously work
with it. The latter point may be compared to a remark that the teacher made in his review,
namely that it was also due to my careful preparation of the meetings that he was
challenged to invest quite some time in the homework assignments.

I conclude that our preparatory period had met most of its aims. | had come to familiarize
myself with his way of teaching. He had become sensitive to the problems with the
existing structure to treat the topic of radioactivity, and had gathered some ideas about an
aternative structure. We had developed a common way of talking about teaching and
learning that promised to be useful for a productive future working relation with respect
to writing, trying, etc new teaching materials. Particularly the theme 'holding back versus
steering' seemed to be useful for both of us. For the teacher because it directly concerned
his role; for me to further think through what, in terms of holding back and steering, the
consequences for thisrole are in a problem-posing approach. | felt prepared for our future
cooperation, and so did the teacher: "I'm one hundred per cent behind the experiment. |
have confidenceinit."

What had not become clear, as the teacher remarked in his review, is "what precisely
the lines are along which and why your research takes place." | guess | myself also did
not know that at the time.

10.4 Cooperation during the (re)construction and try-out of the
didactical structure

Following the preparatory period, the teacher participated in my research for a period of
two and a half years. In this period he worked with both versions of the didactical
structure and was a so involved in the construction and evaluation of them. In this section
| describe some aspects of our cooperation in this period, and in particular how in this
period our discussion about his own role in the classroom continued, with the eventua
aim that he made himself so familiar with the essence of (especialy the second version
of) the didactical structure and hisrole in it that he would not deviate essentially from it.

10.4.1Construction and try-out of the first version

For the construction of the first version of the didactical structure there was about three
months available. In these three months | had to put flesh to my till vague ideas about
another way to structure the treatment of the topic of radioactivity (e.g.: not begin with
particles but rather end with them), by thinking of suitable tasks and a suitable order in
the tasks. Choices had to be made (sometimes rather ad hoc) in order to meet some con-
straints: the total series should take about 10 lessons (of 50 minutes), applications of
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radioactivity should be treated, the examination syllabus had to be covered, etc.
Furthermore, a textbook for pupils had to be written, edited and laid out in such a way
that for them it would be challenging to work with, and easily readable and surveyable.
At the end of the three months there was indeed a pupils' textbook but, as it had been
produced under heavy time-pressure, | was not quite satisfied about it. | did have the
feeling, however, that it was worth being tried in the sense that from the try-out we could
learn alot about possible improvements.

In those three months the teacher was one of the people who commented on my
intermediate products, and what occupied him most was to see how the vague ideas about
an alternative structure that we had talked about during the preparatory period gradually
assumed a more definite and concrete form. There simply was no time left to discuss his
role in relation to the material that was being written any further than whether he thought
it feasible to do the activities in the time that was planned for them. Moreover, the
teacher guide that was also being written, was more ajustification of the new structure of
the treatment of the topic of radioactivity than a practical guide. So also concerning the
teacher's role | had the idea that a lot could be learned from the try-out. It was in the
evaluation of the first version of the didactical structure that the main work had to be
done, with respect to both the structure itself and the teacher'srolein it.

The first version of the didactical structure was tried in two classes. The procedure of the
class observations had been much the same as later in the try-out of the second version (cf
section 9.2.1). In one of the classes the lessons were recorded on audiotape, in the other
on videotape; on the basis of the experiences in the class in which a particular lesson was
given first, some changes were sometimes made concerning the matching lesson in the
other class, etc. But whereas the procedure of the observations was similar, the first
impressions from the observations differed markedly. For, in line with the above
mentioned expectations, the first impressions | gathered during the try-out of the first
version the didactical structure were that it certainly was not yet 'good enough.' That is,
too often the things the pupils did and said were too far out of line with what they were
expected to say and do. Moreover, whereas in some cases rather cosmetic changes might
suffice to improve matters (e.g. by avoiding unspecific terms in the formulations of the
tasks, cf section 7.4.1), in others more structural improvements seemed necessary. In
order that pupils perceive the coherence in successive tasks (cf section 7.4.2) or come to
appreciate some problem in the right way (cf section 7.4.3), for instance, it seemed
necessary to not just superficially change some tasks but also to change their function and
aim, and the way in which they are to be put in a coherent structure.

After the try-out of the first version the teacher was asked to write down his first
impressions. The following may give an idea of what they were.
The last weeks before the start of the series of lessons were marked by alot of pressure,
concerning the normal work at school as well as the preparation of the start. [...] In
addition to this the materia still had not got its definite form and a remark of [one of
the other people who commented on the material] about the amount of subject matter
and the in his opinion too optimistic planning had made me doubt about the possibilities
of the material. After in the end the material had got its definite and carefully edited
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form my concerns were somewhat taken away again.

Once the lessons had begun | was glad to have the opportunity to aways teach the
lesson once again in the other class in order to then deal with problems that had been
found in the first lesson. Because of that it turned out that after four lessons | myself got
the feeling that the planning was feasible and my decreasing tension for the lessons of
course made that the further lessons proceeded less tensely.

10.4.2Evaluation of the first version and construction of the second version
The above may already indicate that at the beginning of the evaluation the teacher and |
had a different attitude, which may again be characterized as the difference between a
theoretical and a pragmatic attitude. For me the real work still had to begin, and | was
sure that the evaluation would lead to suggestions for structural changes, for substantial
changes in the didactical structure itself. For the teacher, however, things had worked out
well, and by this he meant things like: we made it in time, the pupils learned something
and they were involved.

In the first stages of the evaluation this difference was not properly taken into account,
however. We had weekly sessions, for which we prepared by studying one lesson. The
teacher studied the videotape of that lesson, i.e., the lesson in one of the classes. | studied
the videotape too (together with Hans Créton and Wout Moerman), and also the
audiotape of that lesson (i.e., the lesson in the other class) and pupils notes. During the
session we then exchanged our findings. At least, that was the plan. It turned out,
however, that there was hardly any exchange, but rather a one-way transmission from me
to the teacher, in which | pointed at humerous cases in which what the pupils did and said
was (far) out of line with what we had expected, at cases in which the teacher's role could
have been better, at possible suggestions for improvements in the didactical structure
itself and the teacher's role in it. | was far from content about this one-way traffic. The
teacher, on the other hand, felt sort of guilty for not having enough critical remarks. So
the sessions were increasingly dissatisfying for both of us.

In order to escape this situation, we spend a session on the sessions themselves. Below
are some fragments of what the teacher then brought forward, which aso illustrate our
different attitudes.
I've looked quite differently at [the lessong]. | think: | have my material, | give my
lessons, well, | think that my pupils have learned something of it, right. Y ou've looked
quite differently at it, because your starting point was. well, we'll see whether the pupils
have learned something of it. Well, | don't look that way at lessons, | don't look months
back. | think: well, the lessons are over, we have made it in time, so | was satisfied,
right. So | thought that the lessons went well. If you're looking at it through such a
magnifying-glass, well, then indeed you're going to say, and | really do admit that now
too: what we had expected did not quite come out and it might have been done differ-
ently.
[During the try-out] | myself didn't have the idea that we were going to discuss it that
well, that accurate, that we'd go that deeply into it.
So | realy am content about the sessions, about the way we're working on it, but it is
different from what | had imagined. Much more about small things, of which you say:
here, see that, now? [...] | found it for instance nice... a nice example, that that second
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lesson | had watched, that | had hardly made any notes really and that | tell you those

and that you then come with [..] no less than thirty remarks, well, five pages full. And if

| read them over, then | think: and it is like that too. Well, and that you pull them out

much more easily than | do. | obviously take notice of quite different things: whether

the children are participating, or that they... | don't take notice of whether they... And |

do think along with you whether it can be done differently, but | do not pick it out

myself.
We concluded that it had been a kind of strange experience for the teacher to look
through a magnifying-glass at the small things of something that was well over and that
on the whole he was quite satisfied about. On the other hand, now that he got used to the
idea he also appreciated that by looking this way it became clear that what we had
expected did not always come out and that things might have been done differently. In
fact, the teacher also indicated that through the evaluations he had become aware that
during the try-out he had not grasped the point of some activities, which accordingly he
had not carried out very well, and had also become aware of other cases in which hisrole
had not been adequate. Furthermore, the teacher indicated that the many small things
added up to suggestions for quite structural changes, which he appreciated as improve-
ments: "It is awhole different approach, it is quite a different approach. | do think so. The
new design appealsto me."

So the main source of the problem seemed to us that, although he did think along with me
and appreciated the points | brought forward, the teacher himself did not pick out the
things that | did and did not himself come up with suggestions for structural changes. It
was not so much problematic that | picked out more things and that | came up with the
suggestions for improvements. After all, | had given the didactical structure a lot more
thought than the teacher had. Moreover, it was precisely in this period that things began
to fall in place for me, that | began to arrive at the global outline for a didactical structure
as outlined in chapter 6. So it was quite naturally that | took the lead concerning the
structural aspects. What was problematic, however, was that in the sessions up to then
this inequality had not been properly taken into account. For the teacher had the same
general assignment that | had: study alesson and comment on it.

As a solution to the problem we suggested that each of us would study the lessons with
a special assignment. | would especially focus on the structural aspects, e.g.: whether the
things pupils do and say is in line with what they were expected to say and do; whether
by changes in formulation, aim, function, order, etc pupils might come to perceive the
coherence in successive tasks or come to appreciate some problem in the right way, etc.
The teacher, on the other hand, would especially focus on, what we called, the procedural
aspects, e.g.. whether the way in which an activity was carried out has contributed to
reaching the aim of the activity; whether by changes in instructional technique or teacher
participation (more) pupils might come to (better) appreciate some problem in the right
way, etc. Of course the structural and procedura aspects hang closely together. So the
teacher had to keep on thinking along with me with respect to the structural aspects,
though he was no longer expected to make substantial contributions concerning them.
And of course | had to discuss the procedural aspects with him, and in particular their
relation to the structural aspects.
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It turned out that by the above division of tasks the problem was indeed solved. Firstly, it
made more clear that both concerning the structural and the procedural aspects the series
of lessons needed to be considerably improved, and also which were the structural and
which the procedural improvements. Secondly, the teacher's new task was directly related
to what most concerned him: his own role, and he was willing, and able, to work on his
new task. Thirdly, the new task was a good preparation for his task during the writing
stage of the second version of the didactical structure, namely to write his own guide. His
new task, finally, enabled us to continue our discussion about his own role in the class-
room, which in the preparatory period we had aready begun, and this time more
concretely in close relation to the didactical structure.

So the teacher began to study the tapes again, this time especialy focusing on the
procedural aspects. In the terms of our theme 'holding back versus steering,' he noticed
that there were many cases in which his participation had been far too steering. There
were cases in which he virtually took over an experiment that pupils were performing, put
words in their mouths, heard and saw much more in what pupils said and did than what
they actually intended to say and do (cf section 7.4.3), was too focused on pulling out the
desired answer (asin: "l've already heard the right answer"), he tended to address himself
to especially the 'better' pupils, etc.

Obviously we did not discuss such cases in a blame-context, but acknowledged that a
lot of them derived from the fact that the whole thing had been new and stressing for the
teacher. He had been nervous, especialy during the first lessons (cf his review of the try-
out). He had felt the responsibility to make it happen as expected, and therefore was very
much focused on the desired answers, apt to hear and see more than there was to see and
hear, etc. He also had hisinitial doubts about the possibilities of the material, whether the
pupils are indeed able to find things out for themselves or in the time planned for it, and
therefore he had sometimes tried to speed things up by putting the words in pupils
mouths, taking over experiments, addressing himself especially to the better pupils, etc.
Furthermore, sometimes our expectations had simply been too high, so that on the spot
the teacher had to deal with unexpected situations. | also think that keeping atight control
with respect to content was an ingredient of hisway of keeping order.

In our discussions | rather tried to make the teacher take two steps. First, to gain
confidence both in the material and in the pupils. That is, the tasks, certainly when the
suggestions for structural improvements are taken into account, are such that the pupils
are indeed able to take control over their progress with respect to content, that also
without a tight control of him in that respect they are willing and able to themselves think
of experiments, carry those out, draw conclusions, formulate questions, etc. So with
respect to content the steering part of the process should be initiated by the material and
further driven by the pupils as they work with the material. The second step relates to the
procedural aspects:. to find ways to so guide the process that, on the one hand, all pupils
are involved, make contributions, listen to each other, etc while, on the other, the process
still proceeds orderly and structured.
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In the first step we discussed cases in which, as the teacher himself had already noticed,
his participation had been far too steering, and compared those to cases in which he had
appropriately held back. Sometimes it was even possible to make this comparison with
respect to the way that one particular activity was carried out in the two classes. This was
the case, for instance, concerning the task whether or not the cleaners of an X-ray depart-
ment need lead aprons.” In the one class pupils were divided over the matter. The teacher
subsequently gave both sides the opportunity to convince each other, an activity that he
ingeniously managed by imposing the rules that the two sides have to take turns in
bringing forward a point, that someone who wants to bring forward a point for his or her
side has to stand up and that only someone who is standing up is alowed to speak, and
that pupils are allowed to switch sides each time one side has made a point. Since neither
of the sides turned out to be able to make a convincing case, the pupils were then asked to
think of an experiment that could be done with the material present in the classroom and
that might decide the issue. The pupils proposed to put the X-ray machine on for a while
and then measure whether its walls had become radioactive. The final conclusion, on
which everybody agreed, was that lead aprons are not necessary. In the other class,
however, things went rather differently. There all of the pupils initially agreed that lead
aprons are needed. This unexpected result (he had expected that, as in the other class, the
pupils would be divided over the matter) so unnerved the teacher, that he completely took
over from then. He forgot to let the pupils think of an experiment that would prove them
right. Instead he called a pupil forward, told him to put the X-ray machine on for awhile,
to then measure the walls with a Geiger counter, and concluded that lead aprons are not
necessary. This conclusion lead to quite some protests from the pupils, probably because
they did not have the faintest idea why the experiment had been carried out. They
certainly had not decided for themselves that it is an experiment by means of which it can
be decided whether or not lead aprons are needed. Consequently, the experiment played
no role in their further reasoning. What had become clear to the pupils, however, is that
the teacher had launched an offensive at their communally held opinion that lead aprons
are not needed, and they began to passionately defend that opinion, e.g.: dust particles or
the air in the X-ray department have been irradiated and therefore are radioactive. The
experiment also played no role in the teacher's further reasoning. Instead he tried to
explain why e.g. dust particles cannot have become radioactive, pretty soon got stuck in
the explanation when he noticed that in it he would have to use the not yet settled
concepts of irradiation and contamination, and ultimately saw no other possibility than to
force the matter: as you will learn in the next chapter, irradiated dust particles are not
radioactive. At that stage it had of course become clear to the pupils that the teacher very
much wanted them to say that lead aprons are not necessary. So in the end they decided
to meet the teacher, at least part of the way: okay, the cleaners do not need lead aprons,
but they do need something else. So here we had a case where the teacher's very steering
role had rather been detrimental to pupils learning process. If the teacher had given the
pupils the opportunity to themselves steer their learning process (by letting them, as the
pupils in the other class, think of an appropriate experiment), then they would have been

4. Inthe second version of the didactical structure this task returned (cf section 8.4.2), but, due to some structural
changes, at adifferent place.
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confronted with experimental facts that, for good reasons, they themselves had brought
forward. The further discussion could then have been based on facts (on what is seen and
heard) instead of vague speculations and not yet justified conclusions, and would then not
have proceeded in an undesirable attack-and-defence context.

In the second step, the teacher thought of ways to so structure the classroom process that
as much pupils as possible are given ample chance to take control over their progress
with respect to content: in which cases group work is most appropriate and how it could
best be organized; in which cases a class discussion is most appropriate and how it could
best be initiated, guided, rounded off, etc. It was of course clear to the teacher that giving
the pupils control over their learning process does not imply his withdrawal, especially
not if the process is still to proceed orderly and structured. On the contrary, it requires
him to draw on a whole repertory of management techniques. So the teacher studied
which such techniques he had aready spontaneously used (in the above | have given an
example), how they had worked out, where else they could be applied, and he explicitly
thought of other techniques. Asit was part of hisway of keeping order, for instance, to be
very much present and in particular to be speaking quite a lot, we thought of a way to
combine this with not taking over with respect to content, e.g.: when pupils were carrying
out an experiment he could physically withdraw, but verbally be very present as a kind of
commentator.

As my evaluation of the first version, via ever more concrete suggestions for structural
improvements, gradually transformed into the construction of the second version, so the
teacher's second step gradually transformed into writing his own guide for the second
version, i.e., into a detailed specification of the instructional techniques and hisrolein the
activities that were planned in the second version. This guide was indeed very much
geared to the teacher himself, and contained al sorts of reminders that especially
concerned him, e.g.: do not yet go into it; aim at mutual agreement; do not take over!; try
to involve especialy the 'lesser' pupils in the discussion; do not run ahead of things; take
stock of all suggestions and solutions. Writing his guide was at the same time the teach-
er's preparation for the try-out of the second version.

10.4.3Try-out and evaluation of the second version
At the start of the try-out of the second version of the didactical structure, both the
teacher and | had quite some confidence in it, i.e., we both expected that it would come
out as 'good enough.' Both of us also expected that the teacher had made himself so
familiar with the essence and details of it and had so well prepared his role in it, that he
could carry it out as intended. In chapter 9 | have aready tried to show that both
expectations came true, although some structural as well as procedural modifications
were still necessary (see e.g. section 9.4.1). | also refer to chapter 9 for a description of
the cooperation between the teacher and me during the try-out and evaluation of the
second version.

After the evaluation, the teacher has written a draft teacher guide that is no longer
meant to be especially geared to him. It can be characterized as a shortened and more
easily readable merger of (parts of) chapters 8 and 9 of this thesis, i.e., a justification of
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the main tasks, augmented by pupils reactions to them and some practical clues for

teachers. Out of this draft teacher guide | now quote some fragments of the closing

section in which the teacher himself gives a general evaluation of the material.
Once | described the material as 'the engine,' the 'fuel' for which is represented by
pupils contributions. Now that I've worked for several years with this material, I've
discovered that this metaphor is not that badly chosen at all. The pupils indeed keep the
engine going by their contributions, their enthusiasm, their ideas and especially also by
their questions. And even to the extent that the engine always got that well run in that
almost as a matter of course it made its way through the topic of radioactivity. [...]
Apart from that all, | in fairness have to tell that teaching in this way, with 'holding
back' and 'listening,' does require quite an effort. After these lessons | generaly was
more tired than after lessons taught in my old way. The question then presents itself
whether that additional effort balances the achieved result. | do give this question a
cautious 'yes,' though. The design of the materia (its structure, emphases and basic
assumptions) has more appeal to me than the traditional treatment of the topic of
radioactivity. Furthermore it is my experience that practically throughout the series of
lessons the pupils enthusiastically continue to take part. In evaluations of the unit the
pupils themselves too indicate that they have experienced 'learning from each other' and
'having come to solutions oneself' as positive [cf section 9.6, KK]. [...]
I have confidence in the strategy described in this guide. You too will have to get
confidenceinit. All | can say isthat in my series of lessons on the basis of this material
[...], the necessary fuel for the engine has always been sufficiently supplied by the
pupils. To put it differently: I've never been afraid that we would come to run dry; we've
never even driven on the reserve tank.

10.5 Some general remarks on the role of a teacher

In this section | try to go beyond the educational experiment that this thesis reports on,
i.e.,, beyond this particular teacher that has worked with this particular material in this
particular research. In doing so | also go beyond a firm ground of experiences to base my
opinions on and, to some extent, beyond my competence. So this section is of a
speculative nature and should accordingly be read as a representation of some of my
persona ideas. Let me begin with going beyond this particular topic. This is what the
teacher has to say about it (in his draft teacher guide).

My most important finding, though, is that you will not be able to work with this

material if you haven't at least come to believe in its basic assumptions, e.g., confidence

in the importance of 'postponing questions' and 'holding back' of you as teacher. Are

these basic assumptions and strategy also applicable to other topics from the physics

curriculum? | do think so: postponing questions will be going to function as something

normal for the pupils. Especially if more often they notice that the answers are found

(and often by themselves) as a matter of course. [...] Thinking of experiments oneself

and drawing conclusions from those is, according to me, also of use for more topics.

Does all this mean that in your physics classes you will tomorrow be able to begin with

'holding back,' postponing questions, letting pupils themselves think of experiments,

carry those out and note down conclusions? The answer to this question is a very

distinct: no! Material that makes possible such an approach for other topics simply isn't
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available. But if such material isto come, and it isn't up to me to take care of that, | will
surely useit.

Like the teacher, | believe that the basic assumptions and strategy are applicable to other
topics as well. In fact, in chapter 6 | have already quite generally presented a global
outline of a didactical structure. | also think that the teacher will be able to work with
material that, for some other topic, makes possible a similar approach, i.e., with a 'good
enough' didactical structure of some other topic. | aso think that it would not take him
that much preparation time as his learning to work with the didactical structure of the
topic of radioactivity has taken him. After all, he does already believe in the basic
assumptions and strategy, so his preparation would simply be a matter of finding out how
the basic assumptions have been detailed and how the strategy could be detailed for the
case at hand. In al this, he would of course draw on his experience with (working with)
the didactical structure of the topic of radioactivity. | also think that the teacher himself
would not be able to construct, for some other topic, material that makes a similar
approach possible. This, of course, is no disgrace. | myself, for instance, think that | am
able to construct didactical structures for other topics, and that those (re)constructions
will much quicker converge to 'good enough' didactical structures than has been the case
for the topic of radioactivity, but | do not think of myself as good enough a teacher to be
able to work with such didactical structures without any further training. But, as | have
already noted, all thisis speculation.

Let me speculate a bit further and ask whether other teachers than the one who
participated in my research are able to work with the 'good enough' didactical structure of
the topic of radioactivity (or some other ‘good enough' didactical structure), and what it
takes to make them able to do so. One thing that it takes, as the teacher who participated
has repeatedly emphasized, is confidence in its basic assumptions and strategy on the one
hand, and in the pupils on the other. In order that other teachers gain such confidence, |
do not think it is necessary that they go through the whole process that the teacher who
participated has gone through (and that has been the main topic of this chapter). Neither
do | think that it will be necessary that they study the theoretical background, i.e.,
something like chapter 4 of this thesis. What | think might be useful is that they actually
have lessons that are based on the 'good enough' didactical structure at hand and that they
watch videos of (fragments of) lessons in an actual classroom. As a pupil and an observer
they will thus, as it were in play, get acquainted with why and how the didactical struc-
ture is as it is. What they will have to gain confidence from, | guess, is that they see it
working, that they also are impressed by the fact that "[t]he pupils indeed keep the engine
going by their contributions, their enthusiasm, their ideas and especially also by their
questions.” | do not know whether this kind of in-service training will work. We have not
(yet) got any experience with it. The teacher and | have run a couple of workshops at a
teacher conference, however, in which we, be it in a time span of just one and a half
hours, tried to do the sort of things just mentioned. And the fact that most teachers
present at our workshops were quite enthusiastic about it, is an argument in favour of
attempting an in-service training along the sketched lines.

However, having gained confidence in its basic assumptions and strategy is one thing,
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being able to work with a'good enough' didactical structure quite another. It requires, for
instance, that one can rather flexibly draw on a quite extensive repertory of management
techniques. In the terms of Brekelmans (cf section 10.2), | would without any
reservations advise only teachers with an ‘authoritative' or ‘tolerant and authoritative'
communication style to work with a 'good enough' didactical structure. They seem to be
the best teachers anyhow, no matter what instructional methods they use. Whether, and
how, someone (e.g. a student teacher) can acquire the sort of desired management
techniques or communication style is beyond my competence. | do think, however, that
such an acquisition will involve the abandonment of some of the common ways in which
(student) teachers (learn to) structure lessons, often as a means to keep order. This was
once more brought to my attention by Marjolein Vollebregt, a PhD-student who,
concerning her first attempts to write a didactical structure (for the introduction of
particles, see e.g. 1994), had written in the diary she keeps: "I still don't succeed in
writing a scenario that starts from the pupils. Too strongly | hold on to the activities and
aims with respect to content in order to maintain with those the common control of the
teacher."™® In a verbal explanation she said that as a student teacher she had learned to
structure her lessons as follows: set your goals, i.e., what pupils should be able to do at
the end of the lesson; think of activities that are needed to achieve that; think of ways to
control that the activities are indeed carried out as desired. So she had learned to think
about the appropriateness of activities from the point of view of the teacher's aims and
not from the point of view of pupils motives. And she had learned to keep a tight control
with respect to content, especially as a means to keep order, i.e., as ameans to survivein
the classroom. Now, of course, | also want student teachers to survive, but | wonder
whether for that purpose it is necessary that they learn to structure their lessons and to
keep order as indicated above. Are there no other ways that are still within the reach of
student teachers? It seems to me that such questions concerning the interconnection
between the methodological and the interpersonal aspects of teacher behaviour deserve a
thorough investigation.

10 Theteacher'srole

10.1 Introduction

In the preceding | have repeatedly pointed at (the importance of) the role of the teacher.
In chapter 8 | have noted that the teacher's role in working with a didactical structure as
the one outlined there is different from the teacher's role in more traditional approaches.
For example, giving pupils more control over, and thus more responsibility for, their

5. Quoted with approval.
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progress with respect to content implies a shift in the teacher's control and responsibility:
a shift towards procedural control and responsibility for managing the process. In section
7.4.3 | have noted that it also involves a shift from wanting to make pupils say and do
particular things (with the associated danger of 'hearing and seeing much more' in what
the pupils say and do), towards the teacher's being more prepared to find out what the
pupils actually do say, believe, want, etc and to (re)determine his or her goals on the basis
of what they actually say, believe, want, etc. In section 7.3 | have noted that even if adi-
dactical structure as such can be judged as 'good enough,’ which is the maximum
attainable, it still needs the creativity of a good teacher for it to lead to successful educa
tion.

In section 7.3 | have also noted that at least the evaluation of a didactical structure
should take place in cooperation with the teacher that has worked with it. In section 9.2.1
| have mentioned that | cooperated quite closely and intensively with one teacher. He not
only worked with the second version of the didactical structure outlined in chapter 8, but
had also worked with the first version, and was involved in the construction and evalu-
ation of both versions. By this cooperation it was tried to secure as well as possible that
the teacher had made himself so familiar with the essence of the didactical structure and
hisrolein it that he would not deviate essentially fromit.

In this chapter | somewhat elaborate the above themes. But | now first briefly report on
some experiences during the first year of my research, which have made me redlize that a
cooperation with a teacher should be very carefully set up and that it should be set up
with ateacher that has good managing qualities.

In the first year of my research | observed two series of lessons in middle ability classes
that used the unit Radiation, you cannot evade it... (Knoester & Lancel, 1988; cf section
3.3 for some findings of the observations). One of these series was taught by a teacher
that possibly was to further participate in my research, and the main am of my
observation of the series of lessons taught by her was to find out whether there was a
basis for further cooperation. Before the series of lessons | told her my at that time till
very vague ideas about the aim and nature of my research: | wanted the pupils to
meaningfully learn about the topic of radioactivity, and for that purpose one should
somehow start from pupils existing knowledge; | later was going to write a series of
lessons on the topic myself, and to get some ideas for that | would like her to try out some
additional activities while teaching the unit Radiation, you cannot evade it.... The teacher
then indicated that she was somewhat sceptical about my aim. Her scepticism did not so
much consist in a denial that pupils have ideas of their own, but rather in her experience
that the gap between their own ideas and those of physics was rather large and hard to
bridge. In fact, she indicated that in her worst moments she sometimes sighed that all that
can be achieved is that pupils learn to solve standard exercises for examinations.
Nevertheless, she said that she herself constantly tried to bridge the gap and so she was
quite prepared to participate and to try my proposals. In fact, she already saw the unit
Radiation, you cannot evade it..., of which she was one of the authors, as making a
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serious attempt to bridge the gap.™

During the series of lessons her scepticism was not noticeable at al (at least not by me).
She was enthusiastic, put quite a lot of time in it, tried to carry out my proposals for
additional activities as well as possible, and regularly indicated to enjoy it al. | too was
satisfied about the series of lessons in the sense that | was confirmed in my suspicion that
the structure of the unit | was going to write myself had to be quite different from the
structure of the unit Radiation, you cannot evade it.... Moreover, from how the tried out
additional activities worked out | got some ideas about activities that might be useful for
the unit | myself was going to write.”” There was aso a source of trouble, however,
relating to the teacher's order-keeping abilities. The situation in her classroom could most
of the time best be described as a 'non-aggressive disorder' (cf Créton & Wubbels, 1984).
She did not show much leadership, and quite often the lessons were poorly structured.
She generally tolerated quite some disorder, and the pupils very often were not task-
oriented. Although she was quite concerned about the class and willing to explain things
over and over to pupils who had not been listening, the whole situation was usually so un-
structured that only the pupils in her direct neighbourhood were attentive, while the
others would do other things such as talk with each other or make some homework. They
were not provocative, however, i.e., their other activities were not directed against her,
and she usually ignored them while talking loudly to the pupils near her. Her few efforts
to aso involve the other pupils were usually delivered without emphasis and mostly had
little or just a short-term effect. Though most of the pupils seemed to like her and she
certainly liked most of the pupils and took a great deal of interest in them, the interaction
between her and the pupils very often resulted in a non-productive equilibrium in which
all of them sort of seemed to go their own way. The teacher's limitations especially came
forward during the additional activities, most of which were of the 'class discussion'-type.
For even though the teacher really attempted to involve al pupils, she mostly did not
succeed. The result was that the discussion was also hard to follow for the few pupils that
were attentive, because of the many times that it was interrupted by the teacher's (vain)
attempts to call the other pupils to order. The teacher was well aware of al this, and
although she herself also did not find her teaching style particularly good, she also main-
tained that, at least for the time being, it reflected her best way of surviving in the class-
room. So if there was to be a further cooperation with this teacher, it would have to be
accompanied by an in-service training in managing order problems.

However, and at the time quite unexpectedly for me, the teacher herself decided that
there was not going to be a further cooperation. The results of the test that followed the
series of lessons had reawoken her old scepticism. The test consisted for about two-third
of rather standard tasks (about half-life, the different penetrating power of the different
kinds of radiation, the number of protons neutrons and electrons that a given isotope
consists of, etc, i.e., exercises of the type that could come up in the examination), and for

1. Because the unit is based on micro-level explanations (cf section 3.2), | myself could not seeit that way.
2. Some of the tried out additional activities are indeed precursors of activities that figure in the first and/or
second version of the didactical structure.
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about one-third of tasks that demanded some insight (in e.g. the point of distinguishing
between contamination and irradiation). It turned out that generally the pupils answered
the standard tasks sufficiently well, though not overwhelmingly so, but the insight-tasks
rather poorly. | did not make much of those test results, or at any rate | found them quite
understandable. For, as | have already noted, the additional activities, which explicitly
aimed at insight, went past most pupils. Furthermore, the additional activities were not
backed up by worksheets and also did not fit nicely into the unit Radiation, you cannot
evade it.... For me, all this meant that adding just a few activities was not sufficient.
Although some of them might be useful, they had to integrated in a structure that was
quite different from the structure of the unit Radiation, you cannot evade it..., and had to
backed up by written material that would serve as a hold for pupils. In short, | would have
to write my own series of lessens and that was precisely what | was going to do. For the
teacher, however, the results of the tests confirmed her earlier scepticism. Below | give
some fragments of her verbal explanation of her decision to quit.

If I look at the enormous amount of time | have spent on it and that the part that does

later come up for examination, that already that part is not really right, and that this [the

part relating to insight, KK] apparently also has not got across, then | say... well, thisis

wrong, thisis awaste of my time, period.

These pupils [middle ability pupils, KK] have been taught tricks and memory aids from

primary school on, otherwise they do not make it through that school. And then you

cannot in six weeks all at once aim at insight... and forget that there is something like an

examination waiting for them that they will have to do. So | think that in this context it

isindeed unfeasible [to aim at insight, KK].

| have followed your road all along, and if | now look at what it has yielded then |

think... well, if | had done it my way it would have taken me, a, less time and the test

would have been made better. [...] Not the second part [the insight-tasks, KK], the

multiple choice [the standard tasks, KK]. Then | would have shifted the emphasis. And

then | think, simply from the point of view of my pupils, that is what they have to know.

And then | will do my best to also bring in those other things, but already beforehand |

accept that that will largely be a wasted effort. | told you so at the beginning: you can

try it, but | don't think that it will work. And then | am working on it and then | am

really enthusiastic and then... and | did terribly enjoy doing it, | would like to aways

work like this, but... well, | just notice that it has had little or no effect up to now.

I think we have done all that we could have done in this context [she later specifies this

to: with these pupils, in these times, with this previous education; KK]. | would not

know what else you should have done.
Whereas for me the whole thing still had to begin, for the teacher it was all over; whereas
| thought the time was ripe to lay my own road, she thought she had aready followed my
road al along, and with little or no effect.

In order to find a new teacher some heads of physics were approached with the question
whether they knew a good and experienced teacher that might be willing to participate in
an educational experiment. In this process the teacher that | worked with for the rest of
my research came forward. In section 10.2, this teacher is characterized. In order to
carefully prepare a productive working relation, the teacher and | took quite some time to
get acquainted. In section 10.3, | report on this preparatory period. In section 10.4, | go
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into some aspects of our cooperation during the (re)construction of the didactical
structure. In section 10.5, finally, | try to go beyond this one teacher and more generally
address the question what it means for a teacher to work with a didactical structure that is
‘good enough.'

10.2 Characterization of the teacher

The teacher | worked with was born in 1945. He graduated from a college of education in
1967, but only taught for about two months at a primary school. By means of some
refresher courses he in 1969 acquired a qualification to teach physics and chemistry at the
LBO and MAVO types of education and at the first three years of the HAVO and VWO
types of education (cf section 9.2.1). From 1969 to 1984 he taught physics and chemistry
at a school which consisted only of a MAVO-stream. In 1984 this school merged with
another school to form a school for MAVO, HAVO and VWO. It is at this school that up
to this day he has taught physics and chemistry at the levels he is qualified for. It is thus
also the school a which he has worked with the various versions of the didactical
structure. The above may suffice to illustrate that he is a very experienced teacher.

The head of physics that recommended him also assured us that he is a good teacher, i.e.,
a teacher of whom pupils say that he is a good teacher. | also got this impression by
observing some of his lessons in the preparatory period (cf section 10.3). There was a
pleasant and productive working atmosphere in his lessons, there were hardly any order
problems and if some cropped up the teacher usually managed to immediately and
effectively deal with them. | would have characterized him as 'strict, but nice' or 'nice,
but strict.' In order to somewhat further substantiate these claims, the so called
Questionnaire on Teacher Interaction (QTI) was administered to the teacher and several
of his classes. The QTI, which was developed in the early eighties by Créton & Wubbels
(1984), is an instrument to characterize the affective climate of the learning environment,
as perceived by the participants (pupils and teacher). If we roughly discern two aspects of
teacher behaviour, a methodological one that relates to content presentation and
instructional methods and an interpersonal one that has to do with the teacher's
interpersonal actions that create and maintain a positive classroom atmosphere, the QTI
can be said to capture the latter aspect of teacher behaviour. By discerning these two
aspects | do not mean to deny, of course, that they are interconnected. Wubbels & Levy
(1993b) note in this respect that "[i]f the quality of the classroom environment does not
meet certain basic conditions the methodological aspect loses its significance.” In fact,
concerning the teacher whose lessons | observed during the first year of my research |
have made a similar remark (cf section 10.1).

The/QTI leads to a characterization of interpersonal teacher behaviour in terms of eight
diff¥ent tyrmes of interpersonal behaviour, which can be represented in a two-dimensional
plane (cf figure
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Figure 10.1 The model for interpersonal teacher behaviour. (Figure 2.2 in Wubbels & Levy,
1993a.)

The two dimensions of the plane have been labelled 'proximity’ and ‘'influence.’ The
'proximity-dimension’ indicates the teacher's degree of cooperation with or closeness to
pupils, on a scale between Opposition (O) and Cooperation (C). The ‘influence-
dimension' indicates the extent to which the teacher directs or controls the interaction
with pupils, on a scale between Submission (S) and Dominance (D). In figure 10.1 the
eight different types of behaviour are represented by the eight sectors DC, CD, etc,
"according to their position in the coordinate system (much like the directions on a com-
pass). For example, the two sectors DC and CD are both characterized by Dominance and
Cooperation. In the DC sector, however, the Dominance aspect prevails over the
Cooperation aspect" (Wubbels, Créton, Levy & Hooymayers, 1993). In figure 10.1, each
of the eight sectorsis also characterized in words, both briefly (DC by ‘leadership,’ CD by
'helping friendly," etc) and somewhat more elaborately in terms of characteristic teacher
behaviour.

The questionnaire itself, the QTI, of which there is a Dutch and an American version,
"is divided into eight scales which conform to the eight sectors of the model. In the Dutch
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version each sector scale consists of about ten items (seventy-seven in total) which are
answered on a five-point Likert scale. The American version has sixty-four items and a
similar response scal€" (ibid). For a discussion of the reliability and validity of the QTI, |
refer to Brekelmans et al (1990).

D

Figure 10.2 Average teachers perceptions of ideal teacher behaviour and average students
perceptions of best and worst teachers in the United States. (Figure 3.7 in Wubbels &
Levy, 1993a)

"Each completed questionnaire yields a set of eight scale scores which are then combined
into a profile ... Scale scores equal the sum of all item scores and are reported in a range
between zero and one. A scale score of 'one' indicates that al behaviours in a scale are
always (or very much) displayed. A 'zero' is the opposite: the absence of scale
behaviours. The profile represents the teacher's communication style as perceived by the
teacher or his or her students. It is usually depicted in a graph with scale scores
represented by shading in each sector" (Wubbels, Créton, Levy & Hooymayers, 1993).
Figure 10.2 contains three examples of such graphically represented profiles. They derive
from three different types of data. "Students in The Netherlands, the United States and
Australia were asked to rate their best teachers on the QTI. Also, teachers in the three
countries provided self-perceptions about their ideal behaviour. Finally, a smaler group
of Dutch students completed the QTI for a teacher they thought of as their worst. Figure
[10.2] shows the average scores for these three groups in the United States. The results
are similar for the other countries’ (Levy et al, 1993). Figure 10.3 may be ancther profile
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of interest. It "shows the average of 463 students' perceptions for a random sample of 118
Dutch teachers." (ibid). So in a sense it represents the communication style of the mean
Dutch teacher, as perceived by students.

Figure 10.3 Average students' perceptions of random sample of Dutch teachers. (Figure 3.2 in
Wubbels & Levy, 1993a)

By using a variety of clustering procedures and similarity measures, Brekelmans (1989)
has established a reliable and stable typology of eight types of communication style, such
that each profile out of a large number of profiles of Dutch, American and Australian
teachers belongs to one of these eight types. By combining QTI data with descriptive data
of classroom atmosphere, Brekelmans has also given a description of each of the eight
communication styles in terms of teacher/student behaviours and learning environment
characteristics. Brekelmans et al (1993) contains, for each of the eight communication
styles, both the mean profile corresponding to it and its description in terms of learning
environment characteristics.

I hope the above gives sufficient information on the QTI. As | have aready noted, the

QTI has also been administered to the teacher and to several of his classes that worked
with aversion of the didactical structure.
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Figure 10.4 The teacher's perception of ideal teacher behaviour (a); the teacher's perception of his
interpersonal behaviour in one of his classes (b); that class perception of the teacher's
interpersonal behaviour (c).

The profile in figure 10.4a is the result of the teacher's completion of the QTI in terms of
hisideal behaviour; figure 10.4b is the resulting profile of the teacher's completion of the
QTI for his behaviour in one particular class (in fact, one of the classes in which the first
version of the didactical structure was tried); figure 10.4c represents the teacher's
communication style as perceived by the pupils in that particular class (it corresponds to
the class means of their completion of the QTI). The profiles corresponding to the
teacher's perception and the pupils perception of the teacher's communication style in
other classes are similar to figures 10.4b and 10.4c respectively. In fact, in terms of
Brekelmans' typology all those profiles are of the type that she has labelled 'Authorita-
tive.' In Brekelmans et al (1993) it is characterized as follows.

The Authoritative atmosphere is well-structured, pleasant and task-oriented. Rules and

procedures are clear and students don't need reminders. They are attentive, and

generally produce better work than their peers in the Directive [another category in the

typology, KK] teacher's classes. The Authoritative teacher is enthusiastic and open to

students' needs. He or she takes a personal interest in them, and this comes through in

the lessons. While his or her favourite method is the lecture, the Authoritative teacher

frequently uses other techniques. The lessons are well planned and logically structured.

He or sheis considered to be a good teacher by students.
The teacher's ideal communication style (i.e. the one that corresponds to the profile of
figure 10.4a) is of the type that Brekelmans has labelled 'Tolerant and Authoritative.™ In
Brekelmans et al (1993) it is characterized as follows.

Tolerant/Authoritative teachers maintain a structure which supports student responsibil-

ity and freedom. They use a variety of methods, to which students respond well. They

freguently organize their lessons around small group work. While the class environment

resembles Type 2 [the above 'Authoritative’ type, KK], the Tolerant/Authoritative

teacher develops closer relationships with students. They enjoy the class and are highly

involved in most lessons. Both students and teacher can occasionally be seen laughing,

and there is very little need to enforce the rules. The teacher ignores minor disruptions,

choosing instead to concentrate on the lesson. Students work to reach their own and the

teacher's instructional goals with little or no complaints.

Hereby | hope to have sufficiently characterized the interpersonal aspect of the teacher's
classroom behaviour. Let me close this section by noting that the quality of the classroom
environment that he manages to create is such that the methodological aspect, on which
my research mainly focuses, could indeed be given full consideration. In devising the

3. | want to thank Rob Houwen for the analyses of the QTI data: for producing the profiles like those in figure
10.4, and for determining the type of communication style to which each of them belongs.
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didactical structure we have been in the luxurious position that whatever technique or
instructional method we proposed (be it group work, class discussion, experimental work,
or complex combinations of these), we could always count on the teacher's ability to
satisfactorily handle them.

10.3 A preparatory period

Before the teacher and | decided to cooperate on an educational experiment, we had an
exploratory talk in which | told something about my ideas concerning the experiment and
the teacher about his attitude towards it. | told him that | wanted pupils to meaningfully
learn about the topic of radioactivity, that recent research had shown that this aim was
very often not reached (not just for the topic of radioactivity, but for amost any topic),
and that part of this failure might be due to the fact that most approaches do not start
from where pupils are. It amost seems as though for pupils the scientific knowledge they
'learn’ is something alien that only has application in the science classroom. | aso told
him about the cause of our having this exploratory talk: another teacher's decision to quit,
and why that other teacher had decided so (cf section 10.1). Of course, | would like to
prevent a repetition of that situation. In order to do so | told him | had first of al planned
a quite extensive period to carefully prepare a productive working relation. So taking an
active part in this preparatory period would be one thing | expected him to do, if he
decided to cooperate. Other things would be that he helped in writing new teaching
materials (in the first instance in a commenting role), worked with these new materials
(while the relevant lessons were being videotaped), etc. What he would get in return were
two non-teaching periods and a piece of in-service training that, hopefully, was going to
be useful for him.

Of course | also wanted to know how he felt about the aim of my research, however
vague it was. In particular | wanted to know, in the context of preventing a repetition of
the situation with the previous teacher, whether or not he shared her sceptica attitude.
The teacher said to recognize that knowledge does not always function, in the sense that
pupils cannot apply it. He told that he thinks that is a problem: it frustrates. So he
suspected that he somehow worked on that problem, athough it was not a conscious
element of his teaching practice. At any rate, from what | had told him he said to have
gathered that participating in my research would give him the opportunity to explicitly
think and learn about an attempt to tackle that problem, and he certainly did not aready
beforehand consider such an attempt to be a lost cause. In fact, he said to see no reason
why insight would be impossible for middie ability pupils. Finally, the teacher said to
hope that by participating in my research he could learn something that might also be of
use for other topics than the topic of radioactivity. From this | gathered that at least he
had a non-negative attitude towards (the aim of) my research.

On the basis of this exploratory talk the teacher and | decided to cooperate. In this section
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| report on the first stage of our cooperation: the preparatory period. In section 10.3.1, |
sketch the aims, procedure and outline of this preparatory period; in section 10.3.2, |
sketch the way it developed and mention some of its main outcomes.

10.3.1 Aims, procedure and outline

The main aim of the preparatory period was to prepare a productive future working
relation with respect to writing, trying, etc new teaching materials. In a process in which
he came to familiarize himself with (the aim of) my research and | came to familiarize
myself with his way of teaching we would have to develop a common way of talking
about teaching and learning in general, and about teaching and learning the topic of
radioactivity in particular.

The preparatory period took place during the fall of 1989. In that period | visited about
one lesson per week, mostly in one of the classesin which later in the school year the first
version of the didactical structure was going to be tried. Furthermore, the teacher and |
had eleven meetings of about two hours each. The teacher's preparation of a meeting
consisted in his doing some homework (of about two hours per meeting). Mostly the
homework tasks were given by me, e.g.: study the similarities and dissimilarities between
two units on the topic of radioactivity; study some transcripts of interviews with pupils
about molecules or radioactivity and relate these to your own teaching about those topics;
study some transcripts of fragments of lessons on the atomic model (what are pupils
difficulties and do you recognize these difficulties from your own experience?); study a
description of pupils existing knowledge about radioactivity (along the lines of section
2.5 of this thesis) and comment on it. Occasionaly the teacher also set his own home-
work task, e.g.: carry out a small scale questionnaire study in one class at his school and
analyze the results. My preparation usually took me about one working day. It consisted
of things like: selecting useful homework tasks for the teacher; anticipating his reactions
to it and thinking of ways to build on that in order to clarify some of my ideas about
teaching and learning (the topic of radioactivity); studying the conversation we had
during a previous meeting (the meetings were recorded on audiotape), and making a
reflective report of it in order to identify themes that deserved a further treatment in later
meetings; thinking of ways to integrate what | had noticed during visits of lessons in our
meetings.

Some of the themes that came up during the meetings were: the aim of the preparatory
period and an outline of it; the tendency to base units on the topic of radioactivity on
particle models (cf section 3.2); the way such 'models' are often understood by pupils and
its consequences for their learning about radioactivity (cf section 3.3); parallels between
the teacher's and my learning process during the meetings on the one hand, and pupils
learning on the other; the teacher's role with respect to content: holding back versus
steering; the knowledge that seems to be required for an adequate understanding of (the
possible dangers of) daily life situations having to do with radioactivity; the usefulness of
the meetings.

The teacher's homework for the final meeting of the preparatory period was to write a
review of it: on what he had learned from it, on whether through it he felt prepared for a
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further cooperation, etc. In the final meeting we discussed his review. The totality of my
reflective reports of each meeting can be seen as my review of the preparatory period.
Section 10.3.2 is based onit.

10.3.2Development and outcomes

At the beginning of the preparatory period | had some ideas about themes that | wanted to
bring up for discussion (cf the previous section), but | did not realy have much ideas
about how to structure each of the meetings, about a suitable order in the themes | wanted
to bring up for discussion, about useful homework tasks for the teacher, etc. In fact, the
latter ideas gradually developed during the meetings and also as a result of my making
reflective reports of each of the meetings. Below | sketch and exemplify these
developments, the use of my regular visits to lessons given by the teacher, and some of
the main things the teacher and | have learned from the meetings.

The structure that the meetings gradually assumed

After awhile the structure of the meetings between the teacher and me was based on our
awareness that we approached educationa matters differently and with different
experiences, and took the form of trying to make explicit each other's approach and
experiences while discussing concrete material (transcripts of lessons and interviews with
pupils, results of questionnaires, textbooks, things that happened in alesson | visited, etc).
Below | exemplify how an analysis of the earlier meetings gave rise to this structure and
how this structure was made explicit.

The first meeting was a brief one and concerned the procedural aspects of future meetings
(how often, how long, how much preparation, etc). The second meeting was the first one
in which we discussed issues. The theme | wanted to bring up then was the obviousness
of the tendency to base a unit on the topic of radioactivity on particle models. In order to
first of al make clear this tendency, | selected two such units (the unit in the textbook the
teacher normally used and the unit Radiation, you cannot evade it...), which, although
they are quite different with respect to e.g. content presentation, essentially have the same
structure. So the homework task | gave to the teacher was to study those two units and
capture the main lines of the way each of them is build up. | expected that thus he would
also find that the two units are essentially the same and, in particular, both begin with the
presentation of a nuclear 'model.’ (This would then allow me to ask whether it is obvious
to begin in that way.) More or less for the sake of completeness | added to the homework
assignment the question what the differences between the units are. It turned out that the
teacher had indeed noticed the similarity in structure, which he framed as 'what atoms
are; what radiation is;, how radiation emerges, what the effects of radiation are," but that
he was most struck by the differences between the two units. He found the unit Radiation,
you cannot evade it... much more pupil-friendly, especially for middle ability pupils:
better geared to them and more surveyable for them. For it consists of relatively short and
easily readable pieces of information, each of which is followed by some questions that
directly refer to it, it contains regular and short summaries, etc. The other unit, in
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contrast, contains many long stretches of text with too high alevel of difficulty, which, as
was the teacher's experience, a middle ability pupil simply cannot get through.

Our different approach can in this case be characterized as our laying a different
emphasis. Although | noticed the difference in content presentation (and had, in fact,
selected the two units because of this difference), | emphasized the similarity with respect
to structure. And although the teacher noticed this similarity, he emphasized the
difference in content presentation. The teacher's emphasis can be said to reflect his
practical and pragmatic approach, with an immediate link to his everyday teaching
experience. One of the first things he asked me when discussing the two units was. what
do you have in mind, something like this unit or something like that one? My own
emphasis can be said to reflect my more theoretical approach, which is also related to
existing teaching practice but more in the sense of looking at it from some distance and
bringing it up for discussion -in this case, the obviousness of the existing tendency to base
aunit on the topic of radioactivity on particle models.

What enabled the teacher to also bring in his points was the part of the homework
assignment that asked for dissimilarities between the two units. | have already mentioned
that at the time | more or less accidentally included that question in the homework
assignment, or had at any rate not included it in order to alow the teacher to bring
forward his points. If only for the reason that in a period of getting acquainted the teacher
should aso be given the opportunity to bring forward his own points, for future meetings
| very consciously tried to devise such homework tasks, that the teacher, with his more
pragmatic approach, and I, with my more theoretical approach, could each bring forward
our own points, thus make explicit each other's approach and experiences, and thus also
learn from each other. Indeed, it was not just out of politeness that the teacher was given
the opportunity to bring forward his own points, and the fact that in the meetings |
naturally had to take the initiative did not imply that only the teacher was supposed to
learn something. | also learned from the teacher. The teacher's comparison of the two
units, for instance, made me realize that in the later writing of new teaching materias |
would have to seriously deviate from my normal writing style. Instead | would have to
write relatively short and simply constructed sentences that would have to be organized in
a whole that is easily surveyable for middle ability pupils. At least in that respect, so |
learned from the teacher, | should take the unit Radiation, you cannot evade it... as an
example.

In later meetings | also tried to make this structure of our meetings explicit: by
illustrating it at examples like the one above; by explicitly telling one another what each
learned from the other and how that relates to the other's approach; by drawing parallels
between our learning from each other and pupils' learning from their teacher (or teacher's
learning from his or her pupils). In the fifth meeting, in which among other things we
looked back on the previous meetings, the teacher also recognized the structure that the
meetings had assumed:

| do also sense it like that. That we are feeling out, catching up from each other. | hear

new things, you learn new things. Obviously you take the initiative. Well, that's how |
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seeit: you are... I'm here for you. | think you have to take the initiative. | think | get al
room. If | dwell on something, then there simply is time for that, then we simply keep
on talking about that subject. I... up to now... | actually think it's getting easier and
easier for me. The first time | thought: Jesus, it looks like an examination or it looks
like... | have the feeling that I'm being interrogated about what | do and do not know.
And now | don't have that at al. We're simply feeling out: how do we think about some
things?
Later on the teacher told me that hisinitial feeling also derived from his not feeling very
safe at the time. He, the dumb teacher, had to go to a place where he did not really
belong: The University.

Of course the teacher and | gradually grew closer to each other. When in later meetings
we e.g. discussed some transcripts of lessons, the teacher would bring forward points that
| also found relevant, and for very much the same reasons. The main difference between
us then was that | usually brought forward more similar such points, which the teacher,
after | brought them forward, mostly aso recognized as similar. At first this difference in
guantity gave the teacher the impression that he had not done his homework well enough
and, in fact, made him feel sort of guilty. Of course, | then told him that there was no
need for such impressions and feelings. On the contrary, the fact that he focused on very
much the same points as | did was evidence for the fact that our approaches converged
with respect to some themes. The difference between us then no longer was a matter of
different approaches, but rather of different amounts of time spent on homework
assignments.

Shiftsin theme: from content to didactics
There usually also was a shift in theme in each meeting, which at first again occurred
rather accidentally but, after | had noticed it in earlier meetings, was planned more
consciously in later meetings. | would characterize the shift as one from content to
didactics. Let me again try to illustrate this at the meeting in which the two units were
compared. The question concerning the similarity between the two units can be said to
deal with content, in the sense that its answer is that with respect to content the two units
are essentially the same. On the basis of that answer, which as already noted the teacher
had also given, our discussion gradually developed in a didactical direction in the sense
that the structure of the content presentation was related to teaching and learning. To my
question why the units begin with atomic models, the teacher's initial response was as
follows.

This book simply assumes that... | later have to tell about those isotopes with which

something special isup, so | first have to tell what isotopes are. [...] In order to teach the

concept 'isotope’ they first have to know something about atomic models, otherwise you

can't explain it. But you think it can be done differently?
The teacher's argument is of course valid within the existing structure of the units. But it
was this structure that | wanted to bring up for discussion. | tried to do so by noting that
beginning with atomic models is like beginning on the most advanced level. Is it not
possible to aready say something about radioactive phenomena without using particles,
without immediately going deeply into the theory behind them? This at least made the
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teacher understand that | wanted something that differed from the existing structure.
You don't want to begin with... straight to the smallest particle and everything is
connected to those smallest particles. You want to begin with... what does happen, how
could that be, search... arouse interest... and first spend some time on that before we go
more deeply into it, right?
| then tried to link up with his 'to arouse interest' in the sense of 'to induce a need for a
deeper explanation,’ an explanation at any rate of something they already know at a phe-
nomenological level. The teacher put thisin his own words as follows:
Would they be more inquisitive, that really is... more eager to learn about the particle
model if they are going to hear about it later? First, what is it and what do we notice of
it and effects, slowly settling in, and only then the explanations.
This 'to make pupils eager to learn about something," which fitted into my developing
ideas about a problem-posing approach, is a didactical theme that often recurred in our
subsequent meetings.

Another more didactical theme that the teacher had picked up from this meeting is the
following: is one thing really needed as a preparation for something else? This turned out
when several meetings later he came back on his earlier statement that "in order to teach
the concept ‘'isotope’ they first have to know something about atomic models, otherwise
you cannot explain it," and concluded that it is possible to talk about isotopes without
first having to talk about atomic models, which was in fact his first step in loosening
himself from the existing structure. His reasoning was that all that is really needed to
understand the concept of isotopes is the idea of dightly different things. He used the
example of a bag of a hundred white marbles, of which on closer observation it turns out
that one has a little crack and one a little black spot. By calling the three possibilities
(perfect white marble, marble with little crack, marble with little black spot) three
isotopes of white marbles, pupils could thus get the idea of what an isotope is without
having to know anything about atomic models. He went on by noting that also in a subse-
guent treatment of atomic isotopes, there really would be no need to talk about protons,
electrons or differing numbers of neutrons. All that needs to be said is that some atomic
isotopes are different in the sense that something special can happen to them. | then
elaborated on the theme the teacher brought forward, for | believed that he was very close
to noticing that it is possible to talk about 'the something special that can happen to them'
in other terms than changes in microscopic structure. | tried to do so by admitting his
conclusion that it is possible to talk about isotopes without having to talk about atomic
models, and by going one step further: is it aso possible to talk about radioactivity
without having to talk about isotopes? The teacher thus came to the insight that it is
possible by simply calling something radioactive if a Geiger counter starts ticking in its
vicinity. | could then also inform the teacher that | had this possibility in mind as a means
to start up the series of lessons we were going to devise.

The didactical theme brought up here by the teacher also came back in later meetings.
When later on we e.g. discussed the general constraints on the series of lessons we were
going to devise, it returned in the following form: an activity should be meaningfully
prepared by preceding ones and meaningfully prepare following ones.
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When thinking about a suitable order in the themes | wanted to bring up for discussion, |
also tried to make use of the idea 'making someone eager to learn about something.’ That
is, | tried to arouse the teacher's interest in a new theme on the basis of previous themes.
In some cases | succeeded in this. The teacher for example understood why on the basis
of the meeting in which the two units were discussed, | gave him the homework
assignment to study some interviews in which pupils were prompted to give particle
explanations.

You want to get rid of that particle model in your new planning. [...] We teach them

that al right, those particles and how all of that... but can they themselves handle that

too? For, of course, if you find out, they cannot handle that at all and haven't formed

any idea at all of.., then you will be on strong ground in saying we have to try it in a

different way.
When shifting to a didactical theme | often used such concrete examples from our own
meetings as a means to bring it up for discussion. If possible | would, for the same
purpose, aso use concrete examples from the lessons | visited.

Apart from shifts from content to didactics within one meeting, in retrospect | notice a
similar shift in the course of the meetings as well. In later meetings we more often and
more directly discussed didactical themes, e.g.: pupils enter the classroom as empty
vessels versus pupils have a background and this background influences their
participation; explaining versus challenging pupils to find things out by themselves (as a
form of making them eager to learn about something); asking pupils questions versus
making pupils ask questions (as aform of making them eager to learn about something).
In discussing such themes, the teacher was of course especiadly interested in the
consequences for his own role in the classroom. In fact, our discussion about his role was
one an ongoing one. It continued during the following construction, try-out,
reconstruction, etc of the didactical structure (cf section 10.4). In the preparatory period
we often talked about the teacher's role in relation to yet another didactical theme:
holding back versus steering. We tried to sort of take stock of the various ways in which
these terms might be given content, if possible by using concrete examples. Steering or
helping pupils, for instance, need not only consist in explaining. Pupils might e.g. also be
helped in their learning process by making them arrive a some problem that they
themselves come to see as worthwhile to work on. 'Holding back,' on the other hand, is
not meant as 'withdrawing' or 'laisser faire.' It might e.g. be given content in the form of
'getting into the skin of the pupils and 'trying to learn along with the pupils.' Since the
preparatory period was also meant as a preparation for the coming construction of a series
of lessons, in the later meetings we more and more began to talk about that as well (as
part of our shift towards more didactical themes). In that context it was concluded that a
substantial steering role should also emanate from the design of the series of lessons. In
the construction of the series of lessons, we would have to think out such tasks and such
an order in tasks that we have a reason to expect that by working on them pupils are
steered in the direction of some goa (e.g.: their recognition of some problem). 'Holding
back' might in that context be given content as sort of opposite to 'seeking confirmation
of our expectations' or 'pursuing our goals at al cost.'" Whereas the latter two attitudes do
not prepare the ground for a meaningful evaluation, holding back in the sense of trying to
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learn along with the pupils may bring to the fore both the need for adjustments
concerning (the order in) tasks, expectations and/or goals, and suggestions for plausible
such adjustments (cf section 7.4.3).

Use of visits to lessons

One aim of the preparatory period was to familiarize myself with the teacher's classroom
behaviour, i.e., in the terminology of section 10.2, both with his methodological and his
interpersonal teaching style. In this respect my regular visits to his lessons were of course
useful. They were also of use for our meetings, however, as | now try to illustrate. Let me
first of al repeat that in our meetings we mainly focused on the methodological aspect.
The interpersona aspect of classroom behaviour, and in particular the teacher's interper-
sonal teaching style hardly came up in our talks. In the first place | did (and do) not feel
competent to discuss the latter aspect. Secondly, it seemed to me that in his case there
was hardly any reason to discuss it (cf section 10.2). So concerning this aspect | limited
myself to occasional remarks how well | thought he managed to create and maintain a
pleasant and productive working atmosphere.

Especially during our first meetings, | tried to bring forward some features of his
methodological teaching style that | had picked up from visiting his lessons. He e.g.
hardly ever gave a direct answer to pupils questions, but instead tried to challenge them
to themselves find the answer, if necessary by giving some casual clues: 'l don't know,
but might it be that..." He would then some time later come back to see how they were
doing and, if necessary, help them yet another bit further. Out of examples such as these,
and the teacher's comments on them, eventually grew didactical themes such as:
explaining versus challenging pupils to find things out by themselves, asking pupils
guestions versus making pupils ask questions; holding back versus steering.

In the above | have already repeatedly mentioned this aspect of the use of my visits of
lessons, i.e., to have available concrete examples that both of us witnessed. Those
examples could then e.g. be used to make explicit each other's approach, to start a
discussion about further or similar experiences, to bring up or illustrate other didactical
themes, etc.

Another aspect of the use of my visits of lessons derives from the different approaches of
the teacher and me. One of my aims of our discussion of some interviews in which it was
tried to make pupils give particle explanations, for instance, was to explore why pupils
failed to do so, and this aim reflects my more theoretical emphasis. The teacher's more
practical and pragmatic approach, with an immediate link to his everyday teaching
practice, is e.g. reflected by the fact that following our discussion he wanted to find out
about his pupils' ability to give particle explanations. Moreover, and in this sense my
visits, and particularly the ones at the beginning of the preparatory period, provided a
stimulus for him to try things out in my presence, so that we could later talk about it.
Later on, however, he no longer needed my actual presence in order to try things out. It
was then rather his own enthusiasm that made him do it. Of course, he would then till
report about his experiences in a subsequent meeting.
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Some learning outcomes
In hisreview of the meetings, the teacher indicated what he had learned from them:
WEell, one of the things that have most struck me is that much more than before |
wonder whether my way of teaching, treating the subject matter, observing and
evauating pupils... is done in the right way. Less than before | rely the old routine in
which, as | have come to redize, | was somewhat getting stuck. So you could now
describe it as greasing the whole thing in order to counter the getting stuck.
Also during the meetings themselves he had already made similar remarks, e.g.:
...you are confronted with what you are really doing the whole day, and self-evidently
S0.
S0 you see, not just here | am wondering... but also during my lessons | am... it already
ison my mind. Well, why am | doing this? | do not wonder whether | am doing it right,
really, but could | do it differently, does it make sense that | tell it to them, what do they
really pick up from it, what will they do with it?
So the teacher has experienced the meetings as useful, as refreshers of his teaching
practice in general. This may also be illustrated by the enthusiasm with which he tried
things out that were discussed in meetings.

More in particular, the teacher has also experienced the meetings as useful. Concerning
the themes relating to content, for instance, he indicated to have become sensitive to the
problems that pupils have with particles and to the question whether a treatment of the
topic of radioactivity should be based on particle models. He in fact admitted to have
been shocked by the poor understanding that pupils have of particle models. And his
pupils too, as he found out when in one of his classes he challenged the pupils to explain
why a roadway expands on a hot day and they came up with answers such as. the
molecules expand, the air between the molecules expands, or the intermolecular spaces
between the molecules expand. Here is one more example of the influence that in this
respect the meetings have had on his teaching practice:

Today, for instance. [...] Someone drops the word 'molecule." Another one immediately

says. the smallest particle of a substance with all its properties. Never ever would | have

reacted to that. That is correct. Today we have talked about it for a quarter of an hour.

Have talked about it for a quarter of an hour! Would it really be like that? [...] | don't

know whether those pupils have gained anything from it. But at any rate it is the result

of these meetings.
Concerning the didactical themes, the teacher wrote in his review that especialy our
recurring discussions about 'holding back and steering' had been very instructive. He also
indicated to have gathered from the totality of our meetings that | am a proponent of
"letting pupils themselves experience, describe and tentatively process, instead of the
traditional model of learning, digesting and testing." In this respect too the teacher noted
that the meetings have had their influence on his teaching practice, e.g.:

...| more often try to get into the skin of the pupils...

It has already yielded fruit (still to be seen whether it is ripe) in my daily teaching

practice. Holding back, listening to pupils, adjusting a little later. A changed attitude

with regards to pupils making notes of observations. Less direct 'explaining.’
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The main thing | learned from the meetings was to further specify and illustrate what the
consequences for the teacher's role are of my ideas about how pupils could meaningfully
learn about the topic of radioactivity. For up to then those ideas mainly concerned pupils
learning process, e.g.: whether for pupils one thing (e.g. particle models) redly is a
meaningful preparation for another thing (radioactive phenomena). Of course | had some
ideas about the teacher's role in pupils learning process, but it was the teacher, with his
pragmatic demand for immediate applicability to his practice, who continuously chal-
lenged me to do further develop those ideas and aso contributed to that further
development. For me too, our discussions about 'holding back and steering,’ and
particularly about how the notions 'holding back' and 'steering' could be given further
content in relation to my developing ideas about a problem-posing approach, were most
instructive.

Another thing | learned from the way the meetings themselves proceeded, was how
useful it is to regularly and explicitly build in reflective activities. For it had been
beneficial for our meetings that each of us regularly thought about, and that we then
explicitly talked about, questions such as: what have we done, what have we achieved
and where does that leave us? So it would also be useful, and moreover in line with a
problem-posing approach, to build in such activities in the series of lessons we were
going to devise.

Some of the minor, but still important, things | learned also relates to the construction
of the series of lessons. The textbook that pupils are to work with should be carefully
edited, and easily surveyable and readable. It should be clear to them that quite some
time and effort has been put in it, in order to increase their willingness to seriously work
with it. The latter point may be compared to a remark that the teacher made in his review,
namely that it was also due to my careful preparation of the meetings that he was
challenged to invest quite some time in the homework assignments.

I conclude that our preparatory period had met most of its aims. | had come to familiarize
myself with his way of teaching. He had become sensitive to the problems with the
existing structure to treat the topic of radioactivity, and had gathered some ideas about an
aternative structure. We had developed a common way of talking about teaching and
learning that promised to be useful for a productive future working relation with respect
to writing, trying, etc new teaching materials. Particularly the theme 'holding back versus
steering' seemed to be useful for both of us. For the teacher because it directly concerned
his role; for me to further think through what, in terms of holding back and steering, the
consequences for thisrole are in a problem-posing approach. | felt prepared for our future
cooperation, and so did the teacher: "I'm one hundred per cent behind the experiment. |
have confidenceinit."

What had not become clear, as the teacher remarked in his review, is "what precisely
the lines are along which and why your research takes place." | guess | myself also did
not know that at the time.

10.4 Cooperation during the (re)construction and try-out of the
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didactical structure

Following the preparatory period, the teacher participated in my research for a period of
two and a half years. In this period he worked with both versions of the didactical
structure and was a'so involved in the construction and evaluation of them. In this section
| describe some aspects of our cooperation in this period, and in particular how in this
period our discussion about his own role in the classroom continued, with the eventua
aim that he made himself so familiar with the essence of (especialy the second version
of) the didactical structure and hisrolein it that he would not deviate essentially from it.

10.4.1Construction and try-out of the first version

For the construction of the first version of the didactical structure there was about three
months available. In these three months | had to put flesh to my till vague ideas about
another way to structure the treatment of the topic of radioactivity (e.g.: not begin with
particles but rather end with them), by thinking of suitable tasks and a suitable order in
the tasks. Choices had to be made (sometimes rather ad hoc) in order to meet some con-
straints: the total series should take about 10 lessons (of 50 minutes), applications of
radioactivity should be treated, the examination syllabus had to be covered, etc.
Furthermore, a textbook for pupils had to be written, edited and laid out in such a way
that for them it would be challenging to work with, and easily readable and surveyable.
At the end of the three months there was indeed a pupils' textbook but, as it had been
produced under heavy time-pressure, | was not quite satisfied about it. | did have the
feeling, however, that it was worth being tried in the sense that from the try-out we could
learn alot about possible improvements.

In those three months the teacher was one of the people who commented on my
intermediate products, and what occupied him most was to see how the vague ideas about
an alternative structure that we had talked about during the preparatory period gradually
assumed a more definite and concrete form. There simply was no time left to discuss his
role in relation to the material that was being written any further than whether he thought
it feasible to do the activities in the time that was planned for them. Moreover, the
teacher guide that was also being written, was more ajustification of the new structure of
the treatment of the topic of radioactivity than a practical guide. So also concerning the
teacher's role | had the idea that a lot could be learned from the try-out. It was in the
evaluation of the first version of the didactical structure that the main work had to be
done, with respect to both the structure itself and the teacher'srolein it.

The first version of the didactical structure was tried in two classes. The procedure of the
class observations had been much the same as later in the try-out of the second version (cf
section 9.2.1). In one of the classes the lessons were recorded on audiotape, in the other
on videotape; on the basis of the experiences in the class in which a particular lesson was
given first, some changes were sometimes made concerning the matching lesson in the
other class, etc. But whereas the procedure of the observations was similar, the first
impressions from the observations differed markedly. For, in line with the above
mentioned expectations, the first impressions | gathered during the try-out of the first
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version the didactical structure were that it certainly was not yet 'good enough.' That is,
too often the things the pupils did and said were too far out of line with what they were
expected to say and do. Moreover, whereas in some cases rather cosmetic changes might
suffice to improve matters (e.g. by avoiding unspecific terms in the formulations of the
tasks, cf section 7.4.1), in others more structural improvements seemed necessary. In
order that pupils perceive the coherence in successive tasks (cf section 7.4.2) or come to
appreciate some problem in the right way (cf section 7.4.3), for instance, it seemed
necessary to not just superficially change some tasks but also to change their function and
aim, and the way in which they are to be put in a coherent structure.

After the try-out of the first version the teacher was asked to write down his first

impressions. The following may give an idea of what they were.
The last weeks before the start of the series of lessons were marked by alot of pressure,
concerning the normal work at school as well as the preparation of the start. [...] In
addition to this the materia still had not got its definite form and a remark of [one of
the other people who commented on the material] about the amount of subject matter
and the in his opinion too optimistic planning had made me doubt about the possibilities
of the material. After in the end the material had got its definite and carefully edited
form my concerns were somewhat taken away again.
Once the lessons had begun | was glad to have the opportunity to always teach the
lesson once again in the other class in order to then deal with problems that had been
found in the first lesson. Because of that it turned out that after four lessons | myself got
the feeling that the planning was feasible and my decreasing tension for the lessons of
course made that the further lessons proceeded less tensely.

10.4.2Evaluation of the first version and construction of the second version
The above may already indicate that at the beginning of the evaluation the teacher and |
had a different attitude, which may again be characterized as the difference between a
theoretical and a pragmatic attitude. For me the real work still had to begin, and | was
sure that the evaluation would lead to suggestions for structural changes, for substantial
changes in the didactical structure itself. For the teacher, however, things had worked out
well, and by this he meant things like: we made it in time, the pupils learned something
and they were involved.

In the first stages of the evaluation this difference was not properly taken into account,
however. We had weekly sessions, for which we prepared by studying one lesson. The
teacher studied the videotape of that lesson, i.e., the lesson in one of the classes. | studied
the videotape too (together with Hans Créton and Wout Moerman), and also the
audiotape of that lesson (i.e., the lesson in the other class) and pupils notes. During the
session we then exchanged our findings. At least, that was the plan. It turned out,
however, that there was hardly any exchange, but rather a one-way transmission from me
to the teacher, in which | pointed at humerous cases in which what the pupils did and said
was (far) out of line with what we had expected, at cases in which the teacher's role could
have been better, at possible suggestions for improvements in the didactical structure
itself and the teacher's role in it. | was far from content about this one-way traffic. The
teacher, on the other hand, felt sort of guilty for not having enough critical remarks. So
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the sessions were increasingly dissatisfying for both of us.

In order to escape this situation, we spend a session on the sessions themselves. Below
are some fragments of what the teacher then brought forward, which also illustrate our
different attitudes.

I've looked quite differently at [the lessong]. | think: | have my material, | give my

lessons, well, | think that my pupils have learned something of it, right. Y ou've looked

quite differently at it, because your starting point was. well, we'll see whether the pupils

have learned something of it. Well, | don't look that way at lessons, | don't look months

back. | think: well, the lessons are over, we have made it in time, so | was satisfied,

right. So | thought that the lessons went well. If you're looking at it through such a

magnifying-glass, well, then indeed you're going to say, and | really do admit that now

too: what we had expected did not quite come out and it might have been done differ-

ently.

[During the try-out] | myself didn't have the idea that we were going to discuss it that

well, that accurate, that we'd go that deeply into it.

So | realy am content about the sessions, about the way we're working on it, but it is

different from what | had imagined. Much more about small things, of which you say:

here, see that, now? [...] | found it for instance nice... a nice example, that that second

lesson | had watched, that | had hardly made any notes really and that | tell you those

and that you then come with [..] no less than thirty remarks, well, five pages full. And if

| read them over, then | think: and it is like that too. Well, and that you pull them out

much more easily than | do. | obviously take notice of quite different things: whether

the children are participating, or that they... | don't take notice of whether they... And |

do think along with you whether it can be done differently, but | do not pick it out

myself.
We concluded that it had been a kind of strange experience for the teacher to look
through a magnifying-glass at the small things of something that was well over and that
on the whole he was quite satisfied about. On the other hand, now that he got used to the
idea he also appreciated that by looking this way it became clear that what we had
expected did not always come out and that things might have been done differently. In
fact, the teacher also indicated that through the evaluations he had become aware that
during the try-out he had not grasped the point of some activities, which accordingly he
had not carried out very well, and had also become aware of other cases in which hisrole
had not been adequate. Furthermore, the teacher indicated that the many small things
added up to suggestions for quite structural changes, which he appreciated as improve-
ments:. "It is awhole different approach, it is quite a different approach. | do think so. The
new design appealsto me."

So the main source of the problem seemed to us that, although he did think along with me
and appreciated the points | brought forward, the teacher himself did not pick out the
things that | did and did not himself come up with suggestions for structural changes. It
was not so much problematic that | picked out more things and that | came up with the
suggestions for improvements. After al, | had given the didactical structure a lot more
thought than the teacher had. Moreover, it was precisely in this period that things began
to fall in place for me, that | began to arrive at the global outline for a didactical structure
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as outlined in chapter 6. So it was quite naturally that | took the lead concerning the
structural aspects. What was problematic, however, was that in the sessions up to then
this inequality had not been properly taken into account. For the teacher had the same
general assignment that | had: study alesson and comment on it.

As a solution to the problem we suggested that each of us would study the lessons with
a special assignment. | would especially focus on the structural aspects, e.g.: whether the
things pupils do and say is in line with what they were expected to say and do; whether
by changes in formulation, aim, function, order, etc pupils might come to perceive the
coherence in successive tasks or come to appreciate some problem in the right way, etc.
The teacher, on the other hand, would especially focus on, what we called, the procedural
aspects, e.g.. whether the way in which an activity was carried out has contributed to
reaching the aim of the activity; whether by changes in instructional technique or teacher
participation (more) pupils might come to (better) appreciate some problem in the right
way, etc. Of course the structural and procedura aspects hang closely together. So the
teacher had to keep on thinking along with me with respect to the structural aspects,
though he was no longer expected to make substantial contributions concerning them.
And of course | had to discuss the procedural aspects with him, and in particular their
relation to the structural aspects.

It turned out that by the above division of tasks the problem was indeed solved. Firstly, it
made more clear that both concerning the structural and the procedural aspects the series
of lessons needed to be considerably improved, and also which were the structural and
which the procedural improvements. Secondly, the teacher's new task was directly related
to what most concerned him: his own role, and he was willing, and able, to work on his
new task. Thirdly, the new task was a good preparation for his task during the writing
stage of the second version of the didactical structure, namely to write his own guide. His
new task, finally, enabled us to continue our discussion about his own role in the class-
room, which in the preparatory period we had already begun, and this time more
concretely in close relation to the didactical structure.

So the teacher began to study the tapes again, this time especialy focusing on the
procedural aspects. In the terms of our theme 'holding back versus steering,' he noticed
that there were many cases in which his participation had been far too steering. There
were cases in which he virtually took over an experiment that pupils were performing, put
words in their mouths, heard and saw much more in what pupils said and did than what
they actually intended to say and do (cf section 7.4.3), was too focused on pulling out the
desired answer (asin: "l've already heard the right answer"), he tended to address himself
to especialy the 'better' pupils, etc.

Obviously we did not discuss such cases in a blame-context, but acknowledged that a
lot of them derived from the fact that the whole thing had been new and stressing for the
teacher. He had been nervous, especialy during the first lessons (cf his review of the try-
out). He had felt the responsibility to make it happen as expected, and therefore was very
much focused on the desired answers, apt to hear and see more than there was to see and
hear, etc. He also had hisinitial doubts about the possibilities of the material, whether the
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pupils are indeed able to find things out for themselves or in the time planned for it, and
therefore he had sometimes tried to speed things up by putting the words in pupils
mouths, taking over experiments, addressing himself especially to the better pupils, etc.
Furthermore, sometimes our expectations had simply been too high, so that on the spot
the teacher had to deal with unexpected situations. | also think that keeping atight control
with respect to content was an ingredient of hisway of keeping order.

In our discussions | rather tried to make the teacher take two steps. First, to gain
confidence both in the material and in the pupils. That is, the tasks, certainly when the
suggestions for structural improvements are taken into account, are such that the pupils
are indeed able to take control over their progress with respect to content, that also
without a tight control of him in that respect they are willing and able to themselves think
of experiments, carry those out, draw conclusions, formulate questions, etc. So with
respect to content the steering part of the process should be initiated by the material and
further driven by the pupils as they work with the material. The second step relates to the
procedural aspects:. to find ways to so guide the process that, on the one hand, all pupils
are involved, make contributions, listen to each other, etc while, on the other, the process
still proceeds orderly and structured.

In the first step we discussed cases in which, as the teacher himself had already noticed,
his participation had been far too steering, and compared those to cases in which he had
appropriately held back. Sometimes it was even possible to make this comparison with
respect to the way that one particular activity was carried out in the two classes. This was
the case, for instance, concerning the task whether or not the cleaners of an X-ray depart-
ment need lead aprons.” In the one class pupils were divided over the matter. The teacher
subsequently gave both sides the opportunity to convince each other, an activity that he
ingeniously managed by imposing the rules that the two sides have to take turns in
bringing forward a point, that someone who wants to bring forward a point for his or her
side has to stand up and that only someone who is standing up is alowed to speak, and
that pupils are allowed to switch sides each time one side has made a point. Since neither
of the sides turned out to be able to make a convincing case, the pupils were then asked to
think of an experiment that could be done with the material present in the classroom and
that might decide the issue. The pupils proposed to put the X-ray machine on for a while
and then measure whether its walls had become radioactive. The final conclusion, on
which everybody agreed, was that lead aprons are not necessary. In the other class,
however, things went rather differently. There all of the pupils initially agreed that lead
aprons are needed. This unexpected result (he had expected that, as in the other class, the
pupils would be divided over the matter) so unnerved the teacher, that he completely took
over from then. He forgot to let the pupils think of an experiment that would prove them
right. Instead he called a pupil forward, told him to put the X-ray machine on for awhile,
to then measure the walls with a Geiger counter, and concluded that lead aprons are not
necessary. This conclusion lead to quite some protests from the pupils, probably because
they did not have the faintest idea why the experiment had been carried out. They

4. In the second version of the didactical structure this task returned (cf section 8.4.2), but, due to some structural
changes, at adifferent place.
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certainly had not decided for themselves that it is an experiment by means of which it can
be decided whether or not lead aprons are needed. Consequently, the experiment played
no role in their further reasoning. What had become clear to the pupils, however, is that
the teacher had launched an offensive at their communally held opinion that lead aprons
are not needed, and they began to passionately defend that opinion, e.g.: dust particles or
the air in the X-ray department have been irradiated and therefore are radioactive. The
experiment also played no role in the teacher's further reasoning. Instead he tried to
explain why e.g. dust particles cannot have become radioactive, pretty soon got stuck in
the explanation when he noticed that in it he would have to use the not yet settled
concepts of irradiation and contamination, and ultimately saw no other possibility than to
force the matter: as you will learn in the next chapter, irradiated dust particles are not
radioactive. At that stage it had of course become clear to the pupils that the teacher very
much wanted them to say that lead aprons are not necessary. So in the end they decided
to meet the teacher, at least part of the way: okay, the cleaners do not need lead aprons,
but they do need something else. So here we had a case where the teacher's very steering
role had rather been detrimental to pupils learning process. If the teacher had given the
pupils the opportunity to themselves steer their learning process (by letting them, as the
pupils in the other class, think of an appropriate experiment), then they would have been
confronted with experimental facts that, for good reasons, they themselves had brought
forward. The further discussion could then have been based on facts (on what is seen and
heard) instead of vague speculations and not yet justified conclusions, and would then not
have proceeded in an undesirable attack-and-defence context.

In the second step, the teacher thought of ways to so structure the classroom process that
as much pupils as possible are given ample chance to take control over their progress
with respect to content: in which cases group work is most appropriate and how it could
best be organized; in which cases a class discussion is most appropriate and how it could
best be initiated, guided, rounded off, etc. It was of course clear to the teacher that giving
the pupils control over their learning process does not imply his withdrawal, especially
not if the process is still to proceed orderly and structured. On the contrary, it requires
him to draw on a whole repertory of management techniques. So the teacher studied
which such techniques he had aready spontaneously used (in the above | have given an
example), how they had worked out, where else they could be applied, and he explicitly
thought of other techniques. Asit was part of hisway of keeping order, for instance, to be
very much present and in particular to be speaking quite a lot, we thought of a way to
combine this with not taking over with respect to content, e.g.: when pupils were carrying
out an experiment he could physically withdraw, but verbally be very present as a kind of
commentator.

As my evaluation of the first version, via ever more concrete suggestions for structural
improvements, gradually transformed into the construction of the second version, so the
teacher's second step gradually transformed into writing his own guide for the second
version, i.e., into a detailed specification of the instructional techniques and hisrolein the
activities that were planned in the second version. This guide was indeed very much
geared to the teacher himself, and contained al sorts of reminders that especially
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concerned him, e.g.: do not yet go into it; aim at mutual agreement; do not take over!; try
to involve especially the 'lesser' pupils in the discussion; do not run ahead of things; take
stock of all suggestions and solutions. Writing his guide was at the same time the teach-
er's preparation for the try-out of the second version.

10.4.3Try-out and evaluation of the second version

At the start of the try-out of the second version of the didactical structure, both the
teacher and | had quite some confidence in it, i.e., we both expected that it would come
out as 'good enough.' Both of us also expected that the teacher had made himself so
familiar with the essence and details of it and had so well prepared his role in it, that he
could carry it out as intended. In chapter 9 | have aready tried to show that both
expectations came true, although some structural as well as procedural modifications
were still necessary (see e.g. section 9.4.1). | also refer to chapter 9 for a description of
the cooperation between the teacher and me during the try-out and evaluation of the
second version.

After the evaluation, the teacher has written a draft teacher guide that is no longer
meant to be especially geared to him. It can be characterized as a shortened and more
easily readable merger of (parts of) chapters 8 and 9 of this thesis, i.e., a justification of
the main tasks, augmented by pupils reactions to them and some practical clues for
teachers. Out of this draft teacher guide | now quote some fragments of the closing
section in which the teacher himself gives a general evaluation of the material.

Once | described the material as 'the engine,' the 'fuel' for which is represented by
pupils' contributions. Now that I've worked for several years with this material, I've
discovered that this metaphor is not that badly chosen at all. The pupils indeed keep the
engine going by their contributions, their enthusiasm, their ideas and especially also by
their questions. And even to the extent that the engine always got that well run in that
almost as a matter of course it made its way through the topic of radioactivity. [...]

Apart from that all, | in fairness have to tell that teaching in this way, with 'holding
back' and 'listening,’ does require quite an effort. After these lessons | generaly was
more tired than after lessons taught in my old way. The question then presents itself
whether that additional effort balances the achieved result. | do give this question a
cautious 'yes,' though. The design of the materia (its structure, emphases and basic
assumptions) has more appea to me than the traditional treatment of the topic of
radioactivity. Furthermore it is my experience that practically throughout the series of
lessons the pupils enthusiastically continue to take part. In evaluations of the unit the
pupils themselves too indicate that they have experienced 'learning from each other' and
'having come to solutions oneself' as positive [cf section 9.6, KK]. [...]

I have confidence in the strategy described in this guide. You too will have to get
confidenceinit. All | can say isthat in my series of lessons on the basis of this material
[...], the necessary fuel for the engine has always been sufficiently supplied by the
pupils. To put it differently: I've never been afraid that we would come to run dry; we've
never even driven on the reserve tank.

10.5 Some general remarks on the role of a teacher
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In this section | try to go beyond the educational experiment that this thesis reports on,
i.e.,, beyond this particular teacher that has worked with this particular material in this
particular research. In doing so | also go beyond a firm ground of experiences to base my
opinions on and, to some extent, beyond my competence. So this section is of a
speculative nature and should accordingly be read as a representation of some of my
persona ideas. Let me begin with going beyond this particular topic. This is what the
teacher has to say about it (in his draft teacher guide).
My most important finding, though, is that you will not be able to work with this
material if you haven't at least come to believe in its basic assumptions, e.g., confidence
in the importance of 'postponing questions' and 'holding back' of you as teacher. Are
these basic assumptions and strategy also applicable to other topics from the physics
curriculum? | do think so: postponing questions will be going to function as something
normal for the pupils. Especially if more often they notice that the answers are found
(and often by themselves) as a matter of course. [...] Thinking of experiments oneself
and drawing conclusions from those is, according to me, also of use for more topics.
Does all this mean that in your physics classes you will tomorrow be able to begin with
'holding back,' postponing questions, letting pupils themselves think of experiments,
carry those out and note down conclusions? The answer to this question is a very
distinct: no! Material that makes possible such an approach for other topics simply isn't
available. But if such material isto come, and it isn't up to me to take care of that, | will
surely useit.
Like the teacher, | believe that the basic assumptions and strategy are applicable to other
topics as well. In fact, in chapter 6 | have aready quite generally presented a global
outline of a didactical structure. | also think that the teacher will be able to work with
material that, for some other topic, makes possible a similar approach, i.e., with a 'good
enough' didactical structure of some other topic. | aso think that it would not take him
that much preparation time as his learning to work with the didactical structure of the
topic of radioactivity has taken him. After all, he does already believe in the basic
assumptions and strategy, so his preparation would simply be a matter of finding out how
the basic assumptions have been detailed and how the strategy could be detailed for the
case at hand. In al this, he would of course draw on his experience with (working with)
the didactical structure of the topic of radioactivity. | also think that the teacher himself
would not be able to construct, for some other topic, material that makes a similar
approach possible. This, of course, is no disgrace. | myself, for instance, think that | am
able to construct didactical structures for other topics, and that those (re)constructions
will much quicker converge to 'good enough' didactical structures than has been the case
for the topic of radioactivity, but | do not think of myself as good enough a teacher to be
able to work with such didactical structures without any further training. But, as | have
already noted, all thisis speculation.

Let me speculate a bit further and ask whether other teachers than the one who
participated in my research are able to work with the 'good enough' didactical structure of
the topic of radioactivity (or some other ‘good enough' didactical structure), and what it
takes to make them able to do so. One thing that it takes, as the teacher who participated
has repeatedly emphasized, is confidence in its basic assumptions and strategy on the one
hand, and in the pupils on the other. In order that other teachers gain such confidence, |
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do not think it is necessary that they go through the whole process that the teacher who
participated has gone through (and that has been the main topic of this chapter). Neither
do | think that it will be necessary that they study the theoretical background, i.e.,
something like chapter 4 of this thesis. What | think might be useful is that they actually
have lessons that are based on the 'good enough' didactical structure at hand and that they
watch videos of (fragments of) lessons in an actual classroom. As a pupil and an observer
they will thus, as it were in play, get acquainted with why and how the didactical struc-
ture is as it is. What they will have to gain confidence from, | guess, is that they see it
working, that they also are impressed by the fact that "[t]he pupils indeed keep the engine
going by their contributions, their enthusiasm, their ideas and especially aso by their
questions.” | do not know whether this kind of in-service training will work. We have not
(yet) got any experience with it. The teacher and | have run a couple of workshops at a
teacher conference, however, in which we, be it in a time span of just one and a half
hours, tried to do the sort of things just mentioned. And the fact that most teachers
present at our workshops were quite enthusiastic about it, is an argument in favour of
attempting an in-service training aong the sketched lines.

However, having gained confidence in its basic assumptions and strategy is one thing,
being able to work with a'good enough' didactical structure quite another. It requires, for
instance, that one can rather flexibly draw on a quite extensive repertory of management
techniques. In the terms of Brekelmans (cf section 10.2), | would without any
reservations advise only teachers with an ‘authoritative' or ‘tolerant and authoritative'
communication style to work with a 'good enough' didactical structure. They seem to be
the best teachers anyhow, no matter what instructional methods they use. Whether, and
how, someone (e.g. a student teacher) can acquire the sort of desired management
techniques or communication style is beyond my competence. | do think, however, that
such an acquisition will involve the abandonment of some of the common ways in which
(student) teachers (learn to) structure lessons, often as a means to keep order. This was
once more brought to my attention by Marjolein Vollebregt, a PhD-student who,
concerning her first attempts to write a didactical structure (for the introduction of
particles, see e.g. 1994), had written in the diary she keeps: "I still don't succeed in
writing a scenario that starts from the pupils. Too strongly | hold on to the activities and
aims with respect to content in order to maintain with those the common control of the
teacher."™ In a verbal explanation she said that as a student teacher she had learned to
structure her lessons as follows: set your goals, i.e., what pupils should be able to do at
the end of the lesson; think of activities that are needed to achieve that; think of ways to
control that the activities are indeed carried out as desired. So she had learned to think
about the appropriateness of activities from the point of view of the teacher's aims and
not from the point of view of pupils motives. And she had learned to keep a tight control
with respect to content, especially as a means to keep order, i.e., as ameans to survivein
the classroom. Now, of course, | also want student teachers to survive, but | wonder
whether for that purpose it is necessary that they learn to structure their lessons and to

5. Quoted with approval.
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keep order as indicated above. Are there no other ways that are still within the reach of
student teachers? It seems to me that such questions concerning the interconnection

between the methodological and the interpersonal aspects of teacher behaviour deserve a
thorough investigation.
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6 A didactical structure in global outline

6.1 Introduction

In section 5.4 | have advocated, as an attempt to improve science educational practice at
a content-specific level, a problem-posing approach to science education, i.e., an
approach whose emphasis is on bringing pupils in such a position that they themselves
come to see the point of extending their existing conceptual resources, experiential base
and belief system (with accompanying changes of meaning) in a certain direction. | have
also pointed at two essential ingredients of a problem-posing approach. The first is that
pupils® process of science learning is, at any stage, provided with a local point, in the
sense that their reasons for being involved in a particular activity are induced by
preceding activities, while that particular activity in turn, together with its preceding
activities, induces pupils' reasons for being involved in subsequent activities. The
second ingredient is that their process of science learning is, at appropriate stages,
provided with a global point, which is to induce a (more or less precise) outlook on the
direction that the further process will take.

Accordingly, it is an essential ingredient of planning a problem-posing approach to
teaching some scientific topic, i.e., of devising a didactical structure of the topic (cf
section 5.4.2), that one will have to think of appropriate local and global points, and of
appropriate ways to induce those. Since such local and global points (and ways to induce
them) are content-dependent, they will vary from topic to topic. Nevertheless | think
that, as far as the global points and the ways to induce them are concerned, didactical
structures of various scientific topics will have something in common, namely kinds of
global point, and a succession of those that is more or less natural in the sense that they
build upon each other: while pupils proceed on their process in the direction suggested
by one kind of global point, the next kind of global point is likely to be induced.

In section 6.2 | illustrate these kinds of global point, the more or less natural
succession of those, and the articulation of a didactical structure in some main
substructures that this succession gives rise to, at the case of the topic of radioactivity.
In doing so | hope to at least suggest that the ideas presented in section 6.2 have some
wider applicability than just this particular case and, more generally, are of heuristic
value in outlining a didactical structure at a global level. In section 6.3 | make some
further comments in this respect, by pointing at the work of van Hiele and ten Voorde,
which has inspired the ideas presented in section 6.2, and at the work of some others
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who, like me, have tried to apply their ideas in outlining a didactical structure at a
global level.

6.2  Outlining a didactical structure as a succession of global
points that build upon each other

6.2.1 Global motivation; practical problems; theoretical problems

The first kind of global point, which I call a global motivation, concerns the very
beginning of a didactical structure. It is to induce in pupils a sense of purpose for at least
beginning to study the topic at hand, and to provide them with a first sense of direction
concerning where their study will lead them to. In section 5.4.1 | have already
mentioned that a global motivation might be induced by matching the topic to existing
interests of pupils. Concerning the topic of radioactivity, one may think here of setting
the topic in the context of real life situations involving radioactivity (such as the Cherno-
byl accident and its consequences) and applications of radioactivity (e.g., in health
care), and of treating such issues as safety measures (cf section 6.2.2).

If the induced global motivation is not to be just an ornament, the knowledge that one
(as curriculum deviser) intends to make pupils arrive at next will actually have to lie in
the direction that the global motivation suggests. Accordingly, this knowledge must be
such that it is appropriate to predict and explain the occurrence or non-occurrence of
types of event that have some practical interest (e.g., the occurrence and, in particular,
the non-occurrence or prevention of someone's receiving radiation), in situations that
have some practical interest (e.g., real life situations and applications), and to an extent
that is quite sufficient for practical purposes. Let me call this practical knowledge.

That there is indeed something to learn for pupils in this direction, may be clear from
the inventory of their pre-instructional knowledge (cf sections 2.4 and 2.5). For
example, for them what happened to the spinach in the Netherlands after the Chernobyl
accident and what would happen to spinach if it were irradiated is essentially the same:
in both cases the spinach would come to contain radiation*, and in order to characterize
the spinach they would in both cases use either of the words *contaminated’ or ‘irradi-
ated." So it becomes an important aspect of pupils® arriving at practical knowledge that
they come to see the point of distinguishing between the processes of contamination and
irradiation, and come to appreciate that irradiation of an object does not make it emit
radiation, that a contaminated object does emit radiation, that a contamination-situation
demands other safety measures than an irradiation-situation, and so on.

So, on the one hand, the knowledge that lies nearest in the direction suggested by the
global motivation is of a practical nature and, on the other, there is something to learn
for pupils in this direction. The second kind of global point is to induce in pupils a more
precise outlook on this direction, by bringing them in such a position that they
themselves come to pose some practical problems. From the pupils® point of view, these
practical problems (which constitute the global point) must be clear problems, whose
solutions are expected to lead to an improved understanding of real life situations
involving radioactivity; from the curriculum deviser's point of view, the problems must
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be such that they offer the perspective that in the course of a further investigation pupils
will eventually arrive at the practical knowledge. In section 6.2.3 | will indicate what,
for the case of the topic of radioactivity, suitable practical problems might be and how
they might be induced.

The third kind of global point, finally, may naturally come forward or be induced in the
course of the investigation that follows pupils® posing of the practical problems. That is,
in the course of that investigation they are, on the one hand, expected to arrive at the
practical knowledge and to come to value that practical knowledge for practical
purposes, but on the other hand they may also come (or be made) to recognize problems
that not so much cast doubt on the practical use of the practical knowledge but rather
demand a deeper understanding or further clarification of it. Such, what may be called,
theoretical problems constitute the third kind of global point. They are to provide the
further process with an initial direction. In section 6.2.5 | will indicate what kinds of
theoretical problem can be expected to come forward in the case of the topic of
radioactivity.

The above succession of three kinds of global point (global motivation - practical
problems - theoretical problems), gives rise to the following rough articulation of a
didactical structure in main kinds of substructure: inducing a global motivation -
inducing practical problems - solving the practical problems - inducing theoretical
problems - solving the theoretical problems. Concerning the topic of radioactivity, |
will make on each of those some further comments in sections 6.2.2 to 6.2.6. | refer to
chapter 8 for more details.

6.2.2 Inducing a global motivation

When it comes to inducing, on the basis of existing interests, a global motivation, the
topic of radioactivity is a relatively easy one. For in general pupils do already have an
interest in the topic, probably because the various applications of radioactivity appeal,
both in a positive and negative sense, to such basic needs as feeling safe and maintaining
good health. This is not to say, of course, that there is an existing interest of pupils in
the particular content one intends to make them learn (e.g., the distinction between the
processes of contamination and irradiation).

In order to induce a strong enough global motivation it will therefore suffice to
include subject matter that appeals to the above mentioned needs relating to safety and
good health, such as safety measures and applications in health care, and to point this
out to pupils. Thus, on the one hand, they are provided with a global outlook on what is
to come and, on the other, get the idea that subject matter will be treated that interests
them.

Of course, the global motivation that is thus induced will only make pupils stand ready
to start up the process. If, after it has been induced, one continues with an elaborate
treatment of (sub)microscopic models, as in the unit Radiation, you cannot avoid it...
(cf chapter 3, in particular figure 3.1), it turns out that the global motivation is not
strong enough for pupils to also take an active interest in that treatment and may even
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work counter-productive during that treatment (cf section 3.3.1). So it is not enough to
induce a global motivation just to butter pupils up, one will also have to continue in the
direction that the induced global motivation suggests, i.e., towards practical knowledge.

6.2.3 Inducing practical problems

In this section | indicate what, for the case of the topic of radioactivity, suitable
practical problems may be, how those can be induced, and that appropriately inducing
those requires careful preparation and guidance.

A suitable practical problem

Consider items 1 to 5 below. Although | have made them up for the purpose of
illustration, let us think of them as notes that were (in that order) written or uttered by
pupils in a lesson series on radioactivity.

1. We have agreed to call something radioactive if a Geiger counter starts ticking
near it.

2. When a Geiger counter that we hold in our hands ticks, we stand in the radiation
that is emitted by a radioactive object or an X-ray machine that is switched on.

3. We were asked to make an apple radioactive. So we placed the apple next to a
radioactive stone for a while. After we had done so, we checked with a Geiger
counter whether the apple had become radioactive. It had not. Well, probably the
stone is not strong enough.

4. We then put the apple in an X-ray machine, which is really strong. But again,
after the apple was taken out of the X-ray machine, the Geiger counter did not
start ticking near the apple.

5. It seems like we cannot make something radioactive. But then, after the Chernobyl
accident we were not allowed to eat some fresh vegetables because they had
become radioactive. So, how can things be made radioactive?

I think that the general problem that the (fictitious) pupils arrive at in note 5, how things
can be made radioactive (in the sense agreed in note 1) and, implicitly also, how not, is
a suitable practical problem. Since the pupils understand the problem in accordance with
the agreement made in note 1, it will have a clear meaning to them, given that the
agreement involves a clear empirical criterion. Furthermore, although they have come
to recognize that they do not yet know the solution to the problem, it is also clear to
them that the problem does have a solution, given that it was one of the consequences of
the Chernobyl accident that things had become radioactive. So somehow it must be
possible to find that solution, while finding the solution will also lead to, e.g., an
improved understanding of the Chernobyl accident and its consequences.

From the curriculum deviser's point of view, moreover, the problem is such that it
offers the perspective that in the course of a further investigation pupils eventually
arrive at the practical knowledge. For the actions that the pupils have performed, as they
report in notes 3 and 4, and as a result of which the problem has come forward, are all
of the kind *making the apple stand in radiation," i.e., "irradiating the apple.* If pupils
also recognize this similarity in their performed actions, they will at least have taken
one step in the direction of seeing the point of distinguishing between the processes of
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contamination and irradiation: irradiation of an object does not make it radioactive (in
the agreed sense). Furthermore, since the practical problem itself has emerged in an
empirical context, pupils® arriving at the practical knowledge too can naturally be
supported by further experimentation.

The device used to induce the practical problem

Part of the device that the curriculum deviser has employed in order to make pupils
arrive at the practical problem (in note 5), is to simply give pupils a task (Make the
apple radioactive; cf note 3) that sounds like a special case of the practical problem. Let
me now try to show why the curriculum deviser could confidently plan this device, i.e.,
why it was reasonable to expect that the device would work. In particular, why it could
be expected that, if pupils stick to the agreement reported in note 1, they will, given the
task to make the apple radioactive, eventually come to appreciate that they do not know
how to produce an outcome of the kind that the task calls for (an object's becoming
radioactive, in the agreed sense).

A very direct way in which they may come to appreciate this is as follows: given the
agreement we have made before, we are now asked to make it the case that the Geiger
counter starts ticking near the apple; well, never before in our lives have we tried to
make it the case that a Geiger counter starts ticking near some object; so we really don"t
know how to make the apple radioactive. | think it is not likely, however, that the
practical problem will come forward almost immediately after pupils are given the task
to make the apple radioactive.

In fact, the task to make the apple radioactive may be rather unproblematic for pupils,
in the sense that they are pretty sure what to do: place the apple near a radioactive stone
for a while (cf note 3). If they were asked why they expect this proposal to lead to the
desired outcome (the apple’s being radioactive), they might have argued that thus the
apple comes to contain radiation (radiation*), part of which will subsequently be
released and measured by the Geiger counter. But if they then indeed measure with a
Geiger counter, i.e., if they stick to the agreement, in this case too the practical problem
will eventually come forward, perhaps along the lines of a process of rational
accommodation as (fragmentary) documented in notes 3 to 5, when again and again they
find themselves unable to produce the desired outcome.

The introduction of a scientific term

For the above device to work, pupils must already have arrived at a specific way of
using the term 'is radioactive," namely as applying to objects in the vicinity of which a
Geiger counter starts ticking (note 1). Let me call this the scientific use of the term. In
section 5.2.4 | have already argued that the educational task of making pupils arrive at a
specific way of using some term is in general a non-trivial one. From the curriculum
deviser's point of view, the term and the specific ways of using it must be useful in the
light of the further development (in this case, towards practical knowledge). On the
other hand it must be possible to so introduce the specific way of using the term that
pupils too, who do not know the details of the further development, see the point of thus
using it.
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In the above it may already have become clear that the scientific use of the term ‘is
radioactive" is indeed useful in the light of the further development. For example, it is
because they consistently stick to this scientific use, and thus check with a Geiger
counter whether their actions have made the apple radioactive, that they eventually
come to pose the practical problem. Furthermore, it is only because the scientific use of
the term involves a clear empirical criterion, that it makes sense to challenge pupils to
perform actions in the first place. This criterion, moreover, is also of use, e.g., in
checking whether someone or something is being irradiated (note 2). And in the even
further development of the process, the scientific notion of being radioactive can for
instance be turned into a more quantitative one by reference to the ticking rate of a
Geiger counter.

Whether in the case at hand the other part of the educational task can be met, depends
on whether it is possible to make pupils see the point of classifying objects according to
whether or not a Geiger counter starts ticking in their vicinity, and of agreeing to use the
term ‘is radioactive’ to thus classify them. 1 think this is indeed possible by
appropriately linking up with pupils® existing knowledge and use of the term ‘is
radioactive.” The basic idea is as follows.

From sections 2.4 and 2.5 it is clear that pupils’ existing use of the term is such that
they apply it to something that according to them emits or contains radiation* and by
means of which radiation* might in one way or another get inside other objects. Or, to
put it even more loosely, they apply the term to those objects that in one way or another
are or have been involved in situations that from hear-say they know have got to do with
radioactivity. Let me call this the ordinary use of the term.

Accordingly, if pupils are presented with some objects of which it is well-known that
they have or that they have not got to do with radioactivity, it is expected that they will
reach mutual agreement on whether or not those objects are radioactive (in the ordinary
sense). In this way, moreover, an environment is created in which it is natural to want to
reach agreement for a few other objects as well. If these objects are so chosen that
pupils are not sure whether they have got to do with radioactivity, or that some pupils
may have heard them brought up in connection with radioactivity and other pupils not,
there will then be doubt or disagreement about whether or not these objects are
radioactive (in the ordinary sense). Their want to reach mutual agreement concerning
these objects, combined with their expected failure to reach it, is then to induce in
pupils a need for a mutually verifiable criterion to determine whether or not something
is radioactive.

This need is expected to create a place in pupils’ conceptual apparatus for the term ‘is
radioactive" in its scientific use to occupy. Indeed, once the need has come forward, it is
not a strange idea to try to meet it by the use of a measuring device. It is in fact an idea
that pupils themselves may bring forward, given that it is part of most pupils® existing
knowledge that there are such devices (cf sections 2.4 and 2.5). In order to meet the
need, moreover, pupils are expected to be able to select an appropriate device out of a
collection of devices. For it is expected that it will be clear to them that they have to
select one that does what it is supposed to do: give the correct indication concerning the
objects that are known to be radioactive or known not to be radioactive (in the ordinary
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sense); settle the dispute concerning the other objects. So if the objects that are known
(not) to be radioactive in the ordinary sense are so chosen that most of them are also
(not) radioactive in the scientific sense, it can be expected, finally, that pupils will select
a Geiger counter as the appropriate device.

6.2.4  Solving the practical problems

In this section | indicate how, in a process that is given an initial point and direction by
the practical problem they have arrived at in the preceding, pupils may eventually arrive
at, come to value, and further extend the practical knowledge.

Recognizing similarities and differences

In the preceding pupils have come to frame the practical problem how things can be
made radioactive and how not. As is often the case in situations where one oneself has
framed a problem that has a clear meaning to oneself, also the pupils will already be on
the way to solving their problem once they have framed it. They are expected to have an
open eye and mind for possible contributions to its solution, for instance, and in the
process that has lead to their formulation of the problem they are implicitly also
provided with conceptual equipment that is appropriate to recognize possible solutions
as such. This is not to say, however, that it is straightforward for pupils how to go about
in order to find solutions to the problem. They will need some guidance.

A first step concerns the *how not" part of the problem. It consists in letting pupils
make explicit, consolidate and generalize some of the conclusions that have already
implicitly been established in the process that has led to the formulation of the problem,
namely by stimulating them to note similarities between the actions they have performed
and appropriately chosen irradiation-situations, and to frame these similarities in the
terms that are prepared in the preceding. In particular, it is expected that pupils will thus
arrive at the following generalization: an object does not become radioactive by
irradiation.

A second step concerns the *how" part of the problem, and uses a procedure similar to
the above one: stimulating pupils to note differences between the actions they have per-
formed and appropriately chosen contamination-situations. It is expected that pupils will
recognize the new element in these situations as a possible contribution to the solution of
the "how" part and, in the further process of elaborating that possibility, come to see the
point of paying special attention to processes in which something comes to contain
radioactive material. They will then also appreciate the point of having available a term
to refer to such processes: contamination, and come to formulate the following
generalization involving it: an object does become radioactive by contamination.

By challenging pupils, in the above steps, to play an active part in the establishment of
the generalizations, such that they know what the evidence for the generalizations is and
how the evidence is used to support those, it is also expected that they come to
appreciate that the generalizations can be projected to unobserved and counterfactual
cases. E.g.: when that X-ray was taken of me, | had not become radioactive; if | had
swallowed that radioactive stone, | would have become radioactive.
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Coming to value the practical knowledge

By arriving at the generalizations

- an object does not become radioactive by irradiation;

- an object does become radioactive by contamination;

pupils have in effect solved the practical problem. They will, e.g., appreciate why their
earlier attempts to make the apple radioactive were doomed to fail, and that the apple
could be made radioactive by making it contain radioactive material in one way or
another. The generalizations also form the core of the practical knowledge, and pupils
will already have appreciated their relevance for, e.g., an improved understanding of
the Chernobyl accident and its consequences. In order to explain why after the
Chernobyl accident some fresh vegetables had become radioactive, for instance, they
are expected to tell a more or less elaborate story about how (part of) the radioactive
material that the power plant contained before the accident could after the accident have
got in or on those fresh vegetables. Perhaps it is good to point here at the "specific way
of describing® part that, as argued in sections 4.4.2 and 5.2.2, always plays an important
role in explanations by means of generalizations. For the second generalization above
could not be invoked in order to explain why ‘'after the Chernobyl accident some fresh
vegetables had become radioactive," before the particular event of which one description
is 'the Chernobyl accident' was appropriately redescribed or further described, e.g.:
during which an explosion occurred, such that small bits of radioactive material were
released, which were transported by wind and rain and eventually precipitated on the
fresh vegetables.

Pupils can come to value the established generalizations even more by making them
appreciate the relevance of those for other matters relating to existing interests, e.g.:
safety measures. By appropriately taking into account the *specific way of describing"
part, moreover, they can at the same time get better at home in applying the generaliz-
ations. The idea, roughly, is to first let them think of appropriate safety measures in
situations that are explicitly described as cases of irradiation or contamination. What
they are left to do here, and what they are quite explicitly challenged to do, is apply the
relevant generalizations to the already appropriately described situations. Subsequently,
they can be asked to judge the use of given safety measures in situations that are not
explicitly described as cases of contamination or irradiation. Here it is up to pupils
themselves both to first analyze the situations in the appropriate terms and to then base
their judgement on that analysis by invoking the appropriate generalizations.

Possible extensions of the practical knowledge, induced by further practical problems

The practical knowledge that pupils have arrived at in the preceding might very well
serve as a coherent and worthwhile endpoint. It could also be further extended,
however, in order to arrive at an even better understanding of real-life situations and
applications. Take, for instance, the following applications: the use of a radioactive
tracer in a medical investigation; the use of radioactive sources, in the production of
sheets of metal and paper, as a means to control the thickness of the produced sheets. |
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think that such applications not only are new to pupils, but that they will also arouse
questions of the kind: it is somehow strange that radioactive substances are used here,
for what about ...? In the medical application, for instance, pupils are expected to find it
strange that a patient is purposely contaminated. They may, e.g., wonder whether the
patient will remain contaminated for the rest of his or her life. And concerning the
industrial applications, it is expected that pupils will not find the use of a radioactive
source in order to control the thickness of metal sheets very strange (for the metal will
partly stop the emitted radiation, and the thicker it is the more it will stop), but in
contrast will find it strange that the same procedure can be used to control the thickness
of paper: isn't it so that the radiation will go right through paper?

Such questions constitute another global point. Since the questions are of a practical
nature, in the sense that they have emerged in the context of applications and that pupils
expect their answers to lead to an improved understan ing of applications, this global
point is still of the second kind (cf section 6.2.1). It is to give the further process an
initial purpose and direction. From the curriculum deviser's point of view, the newly
induced practical problems are such that they offer the perspective that in the course of a
further investigation pupils may eventually arrive at, what may be called, a quantitative
extension of the practical knowledge. For in terms of quantitative notions such as those
of penetrating power of radiation, strength of radioactive sources, and half-life of a
radioactive substance, and by means of such quantitative regularities as the one that
describes the way in which the strength of a particular radioactive substance decreases,
the new practical problems can indeed be answered.

In the further process, such quantitative extensions to the practical knowledge too are, as
in the above, to be established by pupils, and to be evaluated by pupils in the light of
their usefulness for a better understanding of applications.

6.2.5 Theoretical problems, induced in the process of arriving at the
practical knowledge

In the preceding pupils have arrived at the practical knowledge, and have come to value
it for practical purposes, in a process that was initiated by a practical problem. Perhaps
they have also extended this practical knowledge in a quantitative direction, in a process
that was set in motion by questions of the same kind, i.e., questions that ask for an
improved understanding of situations that are of practical interest. In the course of
arriving at the practical knowledge (and its extension in quantitative direction),
however, pupils may also have come to pose questions of a different kind. Questions,
namely, that not so much ask for an improved understanding of situations that are of
practical interest, but rather for an improved understanding of the practical knowledge
itself and/or its extension in quantitative direction, and that therefore may be called
theoretical questions. Let me give some examples.

I think that without questioning the practical use of the generalization *an object does

become radioactive by contamination,” pupils can be expected to pose questions that are
triggered by the generalization itself. E.g.: when we make it the case, in one way or
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another, that an apple comes to contain radioactive material, a Geiger counter will start
ticking in its vicinity; in accordance with the agreement made earlier, we then call the
apple radioactive; but it is clear that the apple is then not, let's say, genuinely radioac-
tive; for the Geiger counter then simply measures the radiation that is emitted by the
radioactive material that the apple has come to contain; so we can understand why a
contaminated object emits radiation, but what is it about genuinely radioactive material
that explains why it emits radiation? This question implicitly also contains a suggestion
for a possible means to achieve an improved understanding, in that it calls for a
characterization of genuinely radioactive material in terms other than that of a Geiger
counter's starting to tick, and in terms of which it can be understood that genuinely
radioactive material emits radiation.”

The generalization "an object does not become radioactive by irradiation® too is likely
to trigger theoretical questions, e.g.: why is it that an object does not emit radiation
after it has been irradiated?; what, then, happens to the radiation when it enters an
object and, in particular, why is it that receiving radiation can have harmful effects?;
and what is radiation anyway? These questions contain the implicit suggestion that they
might be answered by characterizing radiation in terms that are appropriate to
understand its interaction with matter (in particular, living tissue).

A possible quantitative extension to the practical knowledge, finally, may induce
additional theoretical questions, e.g.: what is it about different radioactive substances
that explains why their half-lifes differ?; what is it about the radiation emitted by this
radioactive substance and the radiation emitted by that radioactive substance that
explains why the penetrating power of the one is higher than that of the other?; etc.

6.2.6 Solving the theoretical problems

| have already noted that practical knowledge might very well serve as a coherent and
worthwhile endpoint, and the same goes for practical knowledge that has been extended
in a quantitative direction. But perhaps it is also possible (see below for some doubts), to
try to go beyond such practical knowledge towards, what may be called, theoretical
knowledge. In that case, theoretical questions like the ones mentioned above are likely
candidates to give that further process a global point (of the third kind, cf section 6.2.1).
That is, together with the suggestions that are implicitly contained in them, they may
give a process towards theoretical knowledge an initial purpose and direction.

Following up the suggestion to characterize radiation in terms that are appropriate to
understand its interaction with matter, for instance, the following hypothesis might be
proposed to pupils: radiation is nothing but very fast moving particles. Pupils may
subsequently be challenged to evaluate an hypothesis like this one in the light of finding

1.1t may be said that what the question and its implicit suggestion amount to, is an elimination of causal concepts
(cf section 4.4.2), in particular of the, what in the above | have called, scientific concept of being
radioactive. For clearly, this concept is causal: it has been agreed to call an object radioactive if it causes a
Geiger counter to tick in its vicinity (cf note 1). That this concept eventually needs to be eliminated in order
to achieve an improved understanding, may become clear from the fact that the agreement, in turn, has been
reached on the ground that a Geiger counter is a device that is caused to react near objects that everybody
knows to be radioactive. That is, without an appeal to objects that everybody knows to be radioactive, the
agreement is circular.
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answers to some of their theoretical questions. For example, they may try to tackle the
question why it is that an object does not emit radiation after it has been irradiated, by
giving a micro-level account of what happens with the fast moving particles when they
enter an object (cf section 3.3.2). To the extent that they manage to do so, pupils may
come to appreciate the hypothesis as useful, and the more so the more questions it
enables them to tackle.

Along the above lines, pupils will get a flavour of how a shift to a different vocabulary
might enable a deeper understanding, and | expect that their theoretical questions ask for
not much more than just that. In particular, | think that those questions do not in any
way offer the perspective that along the above lines pupils might eventually be made to
arrive at a fairly detailed nuclear model. Or, to put it another way, | think that
radioactive phenomena as such, and the theoretical questions that can be asked about
them, provide too slender a basis in order to make plausible the introduction of full-
fledged nuclear models.

So | am very modest concerning the extent of what, in the case of the topic of
radioactivity, can be achieved in the direction of theoretical knowledge. | also think,
however, that in this case there is not really a need to aim at fairly developed theoretical
knowledge. That is, the topic could be satisfactorily rounded off once pupils know that
there is still much more to be said and explored concerning radioactive phenomena, and
have seen a glimpse of the direction of such a further exploration.

6.3 Conclusion

| think that the global outline of a didactical structure | have just now illustrated at the
case of the topic of radioactivity, might very well also be useful for other scientific
subjects and topics. In fact, my sources of inspiration, van Hiele (e.g., 1986) and ten
Voorde (e.g., 1990), have applied it to primary and secondary mathematics education
and to secondary chemistry education, respectively. De Miranda (1979, 1981) has used
it to devise graduate courses in economics. Lijnse (1990) was inspired by it in thinking
about a way to teach energy in secondary physics education. Kortland (1995) has used it
to outline secondary environmental education. In chapter 11, I try to further illustrate its
use in thinking about a didactical structure of the topic of heat and temperature, and
about what I consider to be the eventual aim of science educational research (cf section
5.4.3): a didactical structure of the whole of science.

Let me now summarize the global outline and, in the process, introduce van Hiele® and
ten Voorde's terminology of ground level, descriptive level and theoretical level, i.e.,
indicate how | will use these terms? (in the remaining chapters). | will use the term

2.1 am aware that | may not quite use these terms as van Hiele or ten VVoorde intended.
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‘descriptive level® for what in the above | have called *practical knowledge," i.e.,
specific ways of describing and a set of generalizations involving these ways of
describing, by means of which it is possible to explain and predict a range of events that
are of practical interest to an extent that is quite sufficient for practical purposes.

Pupils' process of arriving at a descriptive level is set in motion, i.e., provided with an
initial purpose and direction, by inducing a global motivation and practical problems. A
global motivation may be induced by introducing the subject matter in the context of
situations that are of practical interest and/or issues that are of personal or social
relevance, or by letting the pupils themselves formulate why it would be relevant to
learn more about the subject matter. The practical problems are to make pupils aware
that there is something to learn for them in a certain direction, and may concern a
surprising element in a familiar situation or some unclarities concerning situations that
are of practical interest or bear a close relation to such. The process of inducing
practical problems may involve, or even be triggered by, specific ways of describing
(e.g., a new use of an old term, such that also changes of meaning may be involved).
Especially in case the specific ways of describing play an important role in pupils’
arrival at, and formulation of, the practical problems, appropriate places for those will
first have to be created in pupils® conceptual apparatus, by productively making use of
their existing knowledge and uses of language.

When pupils have come to pose the practical problems, | will say that a ground level

for the descriptive level has emerged. A ground level, therefore, is not a worthwhile
endpoint. It is rather, from the pupils® point of view, an inventory of problems that need
to be solved at least before a worthwhile endpoint can possibly be reached. From the
curriculum deviser's point of view, it must contain enough germs that can reasonably be
expected to develop into the descriptive level for which it is a ground level.
In particular it must be reasonable to expect that pupils come to establish, and recognize
as solutions to the practical problems, the generalizations of the descriptive level, e.g.
by stimulating them to recognize similarities and differences among the situations in
which the practical problems have emerged and appropriately chosen new situations,
and to frame these similarities and differences in terms of the prepared ways of
describing. In this process the point of some additional specific ways of describing that
are part of the descriptive level may also come forward.

In order that pupils best come to appreciate how, when, and when not to use the
vocabulary and generalizations of the descriptive level, they are challenged to play an
active part in the establishment of those. Furthermore, in order to make them feel at
home in using those, special attention will have to be paid to the 'specific way of
describing® part that plays an unavoidable role in applying the generalizations to specific
cases. In order that pupils come to value the descriptive level, moreover, its relevance
for matters of practical interest will have to clearly come forward.

Although the descriptive level that has thus emerged forms a coherent endpoint, one
may choose to link up with further practical problems that may have come forward in
the process of arriving at the descriptive level or to induce further practical problems, in
order to initiate an extension of the descriptive level.
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In the course of arriving at the descriptive level, pupils may also have come to pose
theoretical problems, i.e., problems that demand a deeper understanding and further
clarification of the descriptive level itself. Pupils may wonder, for example, why the
established generalizations are as they are, or may have noticed points where the
available ways of describing stand in need of improvement. Such theoretical problems
and the descriptive level from which they derive may, from the curriculum deviser's
point of view, contain enough germs that can reasonably be expected to develop into,
what in the above I have called, theoretical knowledge, and for which I will from now
on use the term ‘theoretical level.” In that case, one may choose to link up with those
theoretical problems in order to initiate a process towards a theoretical level: a new
vocabulary and a new set of generalizations.

A first step may then be a switch to a way of describing in other terms than the ones
of the descriptive level. That is, a switch to a new way of describing that promises to
meet the need for improvement at the points where the terms of the descriptive level are
somehow insufficient, and that may involve the elimination of causal concepts. The
demand for better understanding and further clarification will then be met if pupils are
able to deduce, from appropriate new generalizations involving the new ways of
describing, something like the generalizations of the descriptive level. *Something like,"
because in the process of deducing the generalizations of the descriptive level pupils
may also become aware of those generalizations® crude, imprecise and far from excep-
tionless character.

These two merits of the switch, i.e., being able both to argue to something like the old
generalizations and to uncover some of their limitations, then provide good reason to
believe that by means of the new vocabulary and the new generalizations (i.e., the
theoretical level) it is possible to explain and predict more and with more precision. This
may then, in turn, lead to an intention of pupils to further explore that possibility, by
actually trying to make new predictions or to deliver more precise explanations. To the
extent that pupils manage to do so, they may come to further value the theoretical level.
Let me close with a few additional remarks. Firstly, whereas a single descriptive level
and the theoretical problems that are triggered by it may provide too slender a basis for
initiating a process towards a fairly developed theoretical level, several descriptive
levels together, along with the theoretical problems that are triggered by them, may
contain enough germs that can reasonably be expected to develop into a theoretical
level. Secondly, in the process of arriving at a theoretical level new theoretical problems
may come forward or be induced, which may initiate a renewed process towards a
vocabulary and a set of generalizations with the same two merits as mentioned above,
and with the same positive fall-out as mentioned above: to be able to explain and predict
more and with more precision. Pupils may thus also come to appreciate, finally, a basic
mainspring of fundamental science.
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7 Some aspects of devising a didactical structure

7.1 Introduction

In this chapter | pay attention to some aspects of the process of constructing and
reconstructing a didactical structure. In section 7.2 | point at one aspect: further
detailing the general outline presented in chapter 6. Another important aspect is, of
course, that of comparing a devised didactical structure, as a prediction of what was
expected to happen, to an interpretation of what actually does happen when it is tried. In
this way, the didactical structure goes empirical and thus becomes open for revisions. In
section 7.3 | discuss its status as an empirical theory. On a global level, the process of
constructing and reconstructing a didactical structure will follow the cyclical (or spiral)
procedure that is common in developmental research (see, e.g., Lijnse, 1995): devising,
trying out, revising in the light of the results of the try-out, retrying, etc. In my PhD-
study, two cycles (or spiral loops) of constructing and trying were completed in two
successive years. In section 7.4 | describe some of the revisions that were made in the
first loop, in the transition from the first version to the second version, and | try to
describe them in such a way that what | have to say may be of more general use. In
chapter 8 I will in more detail describe the second version. In chapters 9 and 10, finally,
there is some more on the ‘revising in the light of the results of a try-out’-part of the
procedure, concerning the second version and the teacher's role respectively.

7.2  Further detailing the global outline of a didactical structure in
a problem-posing manner

In chapter 6 I have illustrated a global outline of a didactical structure that supports a
problem-posing approach. A further step in constructing a didactical structure involves
detailing it in a problem-posing manner, such that for pupils every activity is given a
point by preceding activities and, together with these preceding activities, gives a point
to following activities. Or, to put it more realistically, my (re)construction of the
didactical structure was some sort of a mixture of two processes.

The first one started at the level of concrete activities. When | had an idea about a
concrete activity that | thought would somehow be useful without being able to say how
and where (or even whether) it would fit in the structure as a whole, | would in that
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process not bother about the how, where or whether. | would rather think about what
kind of activities might precede (or: prepare for) the particular activity | had in mind
and/or what kind of activities might follow it (or: be prepared by that particular activity
and the ones that precede it) -i.e., | tried to think of a string of activities around the
particular one | had in mind. If | succeeded in that, this string would usually give me a
good insight -and a more extended string would usually give a better insight- in the how,
where or whether it would fit in the structure as a whole.

The second process started rather from the global outline of the total structure and was
sort of the reverse of the first one. In the second process my ideas about the global
outline of the total structure would enable me to formulate constraints that the activities
in some part of the structure would have to satisfy. The range of suitable such activities
would thus be narrowed down, though not, of course, to the level of concrete activities
(or concrete strings of activities).

As already noted, most of the time the (re)construction of the didactical structure was
some sort of a mixture of these two processes: having an idea about what kind of string
of activities is needed in some part of the structure; having an idea about a concrete
activity that may be useful; trying to think of a string of activities around that particular
activity, while bearing in mind the constraints put on the string, etc. As more and more
strings were worked out, there arose the problem that one also faces when digging a
tunnel from opposite sides: things should neatly connect. This further constrained the
construction of strings and required modification of already devised strings, and gave
rise to a process of linking, matching, fitting and gluing together strings to a coherent
structure, while avoiding loose ends as much as possible. Of course there were also
practical constraints, among which the time-constraint was most pressing. Although |
had planned a 3 to 4 month period for the construction of the didactical structure (both
for the first version and, in the following year, for the revised version), in both cases
this was barely enough.

It will also be clear that consulting colleagues at appropriate stages was an integral
part of the total procedure. Their comments were especially valuable for helping me
overcome deadlocks, which usually turned out to be apparent.

7.3 A didactical structure as an empirical theory

In section 5.4.2 | have characterized a didactical structure of some topic as an account
of a planning of pupils® learning about that topic in terms of a dynamical process of
rational accommodation. It predicts the route that this process, guided, of course, by
teacher and teaching materials, is expected to follow. It does so by appealing to basic
standards of rationality that pupils share with us. The predictions a didactical structure
makes are thus to be understood like the teleological (or: reason-) explanations we give
of human thought and action. The latter render someone’s behaviour intelligible to us,
precisely because they describe her behaviour as being governed by the basic standards
of rationality she shares with us (cf section 4.2.1). They are, because of their appeal to
rationality, description and explanation (rationalization) in one. Likewise, it is in justify-
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ing the predictions that a didactical structure makes, that an appeal to pupils' rationality
comes in. For it will then be assumed that when devising experiments pupils will think
of ones that can reasonably be expected to give answers (to questions they preferably
posed themselves); that they will base their hypotheses in a sound way on the relevant
evidence and will collect appropriate new evidence in order to choose between various
hypotheses; that they will be able to find out how each of them uses his or her words
(that they will be able to set up the right sort of triangular relations, cf section 4.3); that
they will see the point of agreeing to use some terms in a particular way, etc.

By comparing the predictions of a didactical structure to what actually does happen in a
series of lessons, a didactical structure goes empirical. The point of this comparison is
not to empirically test whether pupils are rational or not. In fact, in order to make the
comparison, what actually does happen will first have to be interpreted in terms of what,
at various stages of the process, pupils believe, mean by what they say, intend to
achieve with what they do, etc. Again, such an interpretation requires a background of
rationality. To say that pupils have beliefs, desires, intentions, or that they perform
intentional actions, etc, is to say that they are rational.”

The point of the comparison is rather to improve the didactical structure. Suppose, for
instance, that what pupils actually do cannot be understood as an action of the kind that
would be reasonable to perform if they held the beliefs and desires that, according to the
didactical structure, they were assumed to hold. If, on the other hand, what they actually
do can be understood as an intentional action, as something that is reasonable to perform
in the light of other beliefs and desires, the comparison then thus calls in question
whether pupils actually hold the beliefs and desires they were, according to the
didactical structure, assumed to hold. One may then look further back and try to under-
stand why it is that pupils actually hold such and such beliefs and desires instead of the
ones they were supposed to hold. One may thus e.g. conclude that much more
preliminary work than supposed by the didactical structure has to be done before pupils
will actually hold the beliefs and desires in the light of which it is reasonable to perform
an action of the kind that, according to the didactical structure, they were supposed to
perform. So if it still is desirable in the light of the further development that pupils come
to perform an action of that kind, one may e.g. adjust the didactical structure by adding
some appropriate preliminary work.

As for any empirical theory, there are of course no strict rules that tell where (and
which) adjustments are to be made to the didactical structure. Moreover, because a
didactical structure is a complicated and highly interrelated complex, necessary changes
in one area of the didactical structure are likely to be accompanied by changes in several
other areas. So when researchers, preferably in close cooperation with teachers, in this
way study the outcomes of their efforts to bring about a problem-posing educational
process, they will, like pupils in their study of physical phenomena, have to engage in a

1. To say that pupils are rational is not to say that they never act irrationally. In fact, only rational creatures can,
once in a while, be irrational. Irrationality does not apply to the non-rational; it is a failure within the house of
reason.
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process of rational accommodation. If they are forced to adjust the didactical structure,
they must do so as rationally as possible and stand ready to tinker where tinkering does
the most good. | note in this respect that the more detailed a didactical structure is, the
more a comparison with what actually happens will direct one's attention at points
where it stands in need of improvement. Furthermore, by carefully trying to understand
what pupils actually do and say, they themselves may, as it were, suggest adjustments at
those points.

The aim of improving didactical structures is not the same as the aim of improving
empirical theories in the physical sciences. Theories of the latter kind aim at a vocabu-
lary containing concepts with precise conditions of application and at a closed system of
strict laws in which those concepts are related, such that (the probability of) the occur-
rence of events, as described in that vocabulary, can be predicted and explained with
(maximum) precision by the strict laws. The ultimate aim of at least basic, fundamental
physics is to explain all that happens according to this mode of explanation. So if
described in the appropriate (physical) terms, it may eventually be possible to thus
explain and predict with precision everything that happens in a classroom. A didactical
structure cannot aim at that, however. For a didactical structure essentially deals in
mental concepts such as belief, desire, meaning, intention, etc. And it is precisely
because those mental concepts only have application against a background of rationality
that they resist incorporation into the closed system of strict laws that a developing
physics aims at (cf section 4.4.2). A didactical structure does not predict or explain by
recourse to a system of strict laws, but by an appeal to rationality.

The aim of improving didactical structures thus cannot be to eventually arrive at "the
ultimate" didactical structure, one which is guaranteed to lead to the predicted result in
exactly the predicted way. There is also no need for such an ultimate didactical
structure, however. What matters is whether a didactical structure is *good enough® -
whether it serves as a valuable guideline for understanding and guiding what goes on in
actual classes. In each of these classes, however, the process will without doubt
meander in a somewhat different way around the main path predicted by the didactical
structure. So the aim is a didactical structure that is "good enough." Several revisions
will generally be needed before the didactical structure can be judged as *good enough’
and the first revisions will most likely lead to considerable improvements (as may
become clear from section 7.4). But no matter how many revisions have been made, no
education could ever be successful without the creativity of a rational teacher who
guides the process.”

7.4  Some mistakes and improvements

In this section | pay attention to some of the mistakes and improvements | made (i.e., |

2. This is why | think a computer cannot fully replace a good human teacher as long as it has not passed
Turing's test. | refer to Davidson (1990a) for a modification of Turing's original proposal to test whether an
artificial machine thinks (believes, wants, speaks, intends, etc.)
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made the mistakes and others made some of the improvements) in the process of
constructing a didactical structure of the topic of radioactivity. The mistakes and
improvements concern the first version of the didactical structure, and in particular my
expectations about pupils® actions in relation to tasks given to them. | present the
mistakes as cases in which my expectations about pupils® actions are too far out of line
with (my interpretation of) what the pupils actually did in the first try-out. | have tried to
so choose jljljl

and describe the mistakes and improvements that | think my remarks on them do not
specifically concern the topic of radioactivity, but may be of more general use.

7.4.1 Too unspecific formulations

An often recurring mistake concerning the first version was that a given task did not
direct pupils' attention to what had been intended. From an analysis of their reactions to
such a task, I conclude that quite often the rather unspecific formulation of the task had
led them astray. A first case to illustrate this point at is the recurring use of the word
*dangerous,” for instance in questions such as: Do you think it is dangerous that the jar
with radioactive stones is in your classroom?; Do you think it is dangerous to stand at
about a hundred feet from a vessel of radioactive waste?; Is it dangerous at the X-ray
department of a hospital? Furthermore, chapter 2 of the first version of the textbook is
called ‘Is radioactivity always dangerous?,” and chapter 3 ‘Are irradiated objects
dangerous?® One of the sections of the latter chapter reads (in translation) as follows.

3-2 FOOD IRRADIATION

Radioactive radiation is sometimes used in order to make food keep longer. Straw-

berries, for example. Strawberries quickly go off because they are easily effected by

bacteria. When strawberries are irradiated the bacteria die. The strawberries will then

keep longer. Potatoes too are irradiated in order to prevent that they will sprout.
[Pictures of irradiated and not irradiated strawberries and potatoes]

There is a factory in Ede where food is irradiated by radioactive radiation. Below is a

drawing of the room in which that happens. The radioactive radiation is emitted by a

closed source at the centre of the room. Crates with food rotate around the source.
[Drawing of irradiation room]

2 Irradiated food is actually sold in shops. Some people protest against that. They say
it is dangerous to eat irradiated food. But then others say it is not dangerous at all.
a Do you think it is dangerous to eat irradiated food? Why?
b How would you check whether it is dangerous to eat irradiated food?

In order to check whether or not it is dangerous to eat irradiated food, it would be best
to use real irradiated food. But on food as it is sold in shops it does not say whether it
has been irradiated or not. In order to be sure that you've got irradiated food, you
would in fact have to go to the factory in Ede. But that would take too much time.

3aThink of an experiment that can be carried out in the classroom and that simulates

the irradiation of food on a small scale.
Also note down all the things you need for that experiment.
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b How can you check in this simulated situation whether or not it is dangerous to
eat irradiated food?

Although | was to some extent aware of the rather unspecific nature of such
formulations of tasks and questions when writing the first version of the textbook, I
nevertheless used those formulations mainly for the reason that thus the tasks and
questions would link up with existing knowledge, interests and concerns of pupils. For
pupils know, for example, that radiation (or: radiation*) has harmful effects, they are
concerned to maintain good health and so they will be interested in ways to prevent that
the harmful effects will occur. Moreover, one of the aims of the lesson series is that
pupils, whereas initially they are likely to judge every situation having to do with
radioactivity as dangerous, learn to differentiate among such situations: that one can
easily protect oneself against closed sources by keeping some distance; that objects will
not emit radiation because of being irradiated, etc. The problem is, however, whether, if
that is the aim, it is appropriate to keep framing the questions and tasks in unspecific
terms such as "dangerous.’ That it is not | will briefly try to illustrate at some reactions
of pupils who worked with the first version of the textbook.

Some of the reactions were as follows: "if it were dangerous, you [the teacher] would
not have allowed the presence of the jar in the classroom, would you?;" and to question
2a above: if it were dangerous, "they would not sell it in shops™ or "we would have been
ill for a long time." Although such reactions make a lot of sense, of course, | had not
intended them.

What | intended to achieve with question 2b and 3b above, was that pupils would want
to check with a Geiger counter whether irradiated food emits radiation. So what | really
wanted to ask was whether irradiated food is radioactive, whether one receives radiation
from irradiated food (and thus has a chance of being affected by it). So I meant
‘dangerous’ to be understood as something like ‘emitting radiation and because of that
potentially harmful." But of course the term ‘dangerous is not specific enough to be
understood in precisely this way. Opponents of food irradiation, for instance, argue that
irradiated food may have harmful effects, not because it is radioactive but because the
irradiation may have caused chemical changes in the food. Some pupils too understood
the term "dangerous’ not as | intended. They argued as follows: "You first have to know
how many radiation a human being can stand and then you simply have to measure with
a Geiger counter how much radiation those strawberries emit.” For those pupils,
irradiated strawberries may indeed emit radiation while they are not dangerous -as long
as the amount of radiation they emit is below what a human being can stand. Other
pupils suggested to test whether it is dangerous to eat irradiated food by using
experimental animals and "to let the one eat irradiated food and the other not." For
those pupils, whether or not the food is dangerous will show up in whether or not the
one animal's physical condition will deteriorate in comparison to the other animal’s.
Although their suggestion does indeed constitute a plausible test for what they thought
they were asked to test, it is not what | intended them to suggest -let alone to actually
carry out.
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The same sort of comments apply to what | intended them to learn from their simulation
of food irradiation in task 3 above, namely: what they had irradiated had not become
radioactive. So what | really wanted to ask was whether what they irradiated emits
radiation, whether one receives radiation from it (and thus has a chance of being
affected by it). Again, | meant "dangerous” to be understood as something like *emitting
radiation and because of that potentially harmful.® And again, the term ‘dangerous’ is
not specific enough to be understood in precisely this way. Not only can it, as above, be
understood as applying to the potential harmfulness of an irradiated object for other
reasons than that object's emitting radiation, but also as applying to the process of
irradiation -to the potential harmfulness of that process for the irradiated object itself.
This may explain why some pupils found it strange to conclude that irradiation is not
dangerous. For those pupils, the term "dangerous® was not specific enough to make them
focus on what | intended them to focus on.

| hope it is clear that the above should not be read as making a plea for never using
unspecific words such as *dangerous.” My point is that, if more specific and mutually
understood terms are available, those more specific terms be used in order to secure as
much as possible that the pupils understand the given tasks in the same way and as
intended, are challenged to use those terms themselves in e.g. their proposals for
experiments and descriptions of results, and are able to reach mutual agreements on e.g.
the results of their experiments. In fact it is an essential feature of their progress that
pupils are going to use and understand specific terms in a mutually agreed way. An
essential part, for instance, of their learning to differentiate among situations having to
do with radioactivity, every one of which they initially were likely to judge as
dangerous, is precisely that they are going to characterize such situations in the terms
they have (e.g. in the first period, cf section 6.3.2) mutually agreed to use in a specified
way -terms like "is radioactive," "emits radiation," "is irradiated," etc.

Let me illustrate the same point at yet another experience with the first version of the
textbook. The example relates to chapter 4 of that textbook, a chapter called "How to
protect oneself?" In chapter 3 the term ‘is contaminated” had been introduced as
applying to objects that contain radioactive material. Furthermore it had been noted that
contaminated objects emit radiation and, in particular, receive radiation from the
radioactive material they themselves contain. The question in chapter 4 that I now want
to focus on is the following.
What ways do you know to take care that one receives as less radiation as possible?

My expectation was that the pupils would think both of ways to take care that one does
not get contaminated and of ways to take care that one does not get irradiated (by an
external source). It turned out, however, that they did not. They just mentioned some
well-known protection measures: shelters of lead and concrete, lead aprons, keeping
distance. On the other hand, when the teacher then mentioned some other measures,
such as wearing a gas mask and taking a shower, the pupils were quite capable of
explaining that such measures are useful because they take care that one does not get
contaminated or because, if one already is contaminated, they may reduce the
contamination. So although they were able, when given measures to prevent or reduce
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contamination, to judge such measures useful precisely for the reason that they prevent
or reduce contamination, the above question did not challenge them to themselves come
up with ways to prevent or reduce contamination. But if we want to challenge them to
do the latter, then why not explicitly ask them to do so, given that the appropriate terms
to do so are available in a mutually understood way? For instance as follows:

Think of some ways to take care that one does not get contaminated.

Think of some ways to take care that one does not get irradiated (by an external

source).

7.4.2 Too little coherence

Another mistake concerning the first version was that sometimes the pupils did not
perceive the coherence between successive tasks or did not perceive the intended coher-
ence. A series of tasks for which this happened to be the case is taken from chapter 2 of
the textbook, a chapter called Is radioactivity always dangerous?® One of the sections of
that chapter reads (in translation) as follows.

2-3 SOURCES WITH RADIOACTIVE MATERIAL

In the previous section you have noted that R-sources? need not always be dangerous.
At some distance from a jar with radioactive stones, for example, it was no longer
dangerous.

The stones in the jar emit radioactive radiation. That is why we call those stones
radioactive. At some distance one hardly measures the radioactive radiation that is
emitted by the stones. The Geiger counter then ticks as fast as when the jar with stones
would not be there.

This is the same with sound. If one stands at a far enough distance, one cannot hear (or
measure) the sound that is emitted by a radio.

4 Up to how far can the radiation from the jar with radioactive stones still be measured?
How did you check that?

5 The jar with radioactive stones is an example of a source that contains radioactive
material.
a Do you know any other sources that contain radioactive material?
Which?
b Up to how far do you estimate that the radiation from those sources can still be
measured? Why do you think so?

[Picture of some nuclear fuel elements, with the subscription: "In a nuclear power
station there are rooms in which radioactive material is stored. Those rooms have thick
concrete walls."]

6 In the Netherlands there are two nuclear power stations. In Borsele and in Dode-
waard.
[Map of the Netherlands, in which Borsele and Dodewaard are indicated. Pictures of

3. In chapter 1 of the textbook this term had been introduced to characterize an object or apparatus in the vicinity
of which a Geiger counter starts ticking.
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the nuclear power stations in those places.]
Do you think that where you live one can still measure radiation from those nuclear
power stations? Why?

[Picture of the nuclear power station in Chernobyl before the accident.]

Unfortunately, accidents happen now and then in nuclear power stations. Perhaps you
can still remember the accident with a Ukrainian power station in Chernobyl that
happened in 1986. The picture above shows the power station in Chernobyl before the
accident. Below after the accident.

[Picture of the nuclear power station in Chernobyl after the accident.]

7 Also in the Netherlands radiation was measured because of the accident in the nuclear
power station in Chernobyl. Chernobyl is more than 1500 km away from the
Netherlands.

a Could we in the Netherlands measure radiation from the nuclear power station
in Chernobyl before the accident had happened? Why?

b How come that after the accident we could measure radiation from it in the
Netherlands?

8 The jar with radioactive stones is standing in front of the classroom. You have already
learned that at the back of the classroom you won't receive radiation from it.
Think of what would have to happen in order that at the back of the classroom
radiation can be received by it.

I think the idea behind this series of tasks will be clear to anyone who already
understands the point of distinguishing between open and closed radioactive sources.
Starting with a source containing radioactive material that pupils have worked with (the
jar with stones) and of which they have already noted that at some distance one hardly
measures the radioactive radiation that is emitted by it (task 4), pupils are asked to say
of other sources containing radioactive material (task 5), and in particular nuclear power
stations (task 6), up to how far they think the radiation emitted by those sources can still
be measured. It is expected that, aided by the suggested analogy to the jar with
radioactive stones, they will be inclined to believe that if one stands at a far enough, but
still rather limited distance, one also will not measure any radiation emitted by those
sources. In particular, they will then hold that before the accident in Chernobyl
happened no radiation from it could be measured in the Netherlands (task 7a), and thus
see the point of the question why after the accident it could (task 7b). Furthermore it is
expected that pupils will use whatever they know about the Chernobyl accident when
thinking about what would have to happen in order that at the back of the classroom
radiation can be received by the jar with stones (task 8). Finally it is expected that they
will use whatever they have learned from their attempts to make it the case that at the
back of the classroom radiation is received (e.g., that simply to open the jar is not
sufficient), to (re)consider how it can be that after the Chernobyl accident radiation
could be measured in the Netherlands.
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From an analysis of their reactions to this series of tasks, | conclude that there is too
little coherence in it for the pupils. Although for them too the jar with stones and the
power station in Chernobyl, for examples, are similar in the sense that both contain
radioactive material and that from both of them, if properly sealed, hardly any radiation
can be measured (at some appropriate distance), this similarity was not relevant,
important or striking enough for them in order to transfer things known or learned about
the one situation to the other.” In response to task 7b, for instance, both the power
station's being broken (because of an explosion) and the wind were mentioned by pupils
as important factors. In response to task 8, however, none of them mentioned wind, as
can be expected if they treat the situation of the jar in the classroom as a situation not
relevantly related to the situation of the power station in the open air. To further
illustrate that the two situations are not relevantly similar for pupils, the suggestions
"double the amount of stones a few times" and ""more stones,™ in response to task 8, can
be mentioned. Carrying out that suggestion would, for them, make the two situations
more similar. In the same vein a pupil remarked, after having concluded that simply
opening the jar is not sufficient to measure radiation at the back of the classroom, that
"if the jar was very strong like Chernobyl" simply opening it would have been
sufficient. The coherence between e.g. tasks 7 and 8, which | expected to emerge from
thinking back and forth between the two similar (for me) situations, did not emerge for
the pupils (or at least not in the way | intended).

The aim of tasks 7 and 8 above was that the pupils made progress by thinking back and
forth between the Chernobyl accident and their attempts to make it the case that at the
back of the classroom radiation can be received by the jar with stones. The aim was not
reached because their not finding the Chernobyl-situation and the ‘jar with stones’-
situation relevantly similar prevented that their actions in the ‘jar with stones’-situation
were guided by what they knew about the Chernobyl-situation. Having put matters this
way, a way to improve matters suggests itself: if pupils are to make progress by thinking
back and forth between two situations, the two situations should already be relevantly
similar for the pupils before they have made the progress (and not just be relevantly
similar to someone who already has made the progress). For the case at hand, | now
briefly sketch a concrete attempt at improvement along the suggested line.” It simply
consists in replacing the 'jar with stones'-situation by a classroom-situation in which
pupils can act, as is the case for the ‘jar with stones’-situation, and that pupils already
before they are going to act in it find relevantly similar to the Chernobyl-situation, as is
not the case for the "jar with stones’-situation. The idea is that a classroom-situation
meeting these conditions can be brought about by first giving pupils a task like the
following.

4. The relevance or importance of the similarity derives, of course, from the fact that it is only when the
radioactive material is somehow able to escape from what used to contain it (the jar, the power station), that
radiation can be measured at a fairly large distance from where the radioactive material was originally
contained. However, it is precisely this fact that the pupils do not yet know and that, conversely, they are
supposed to learn from carrying out their suggestions to task 8.

5. For details | refer to chapter 8. | owe the idea for the concrete improvement to Hans Créton, who by
suggesting it helped me overcome the deadlock in my own up to then unsuccessful attempts.
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A small scale "nuclear power station®

In your classroom lies some radioactive material. Now suppose that is the material that

will be used in a nuclear power station. So the required radioactive stuff is ready.

There is just this problem: the power station itself is not yet there.

It is up to you to go build the "nuclear power station.” Or better: a storage room in it.

That is, a room in which the radioactive stuff can be safely stored. The storage room

of your "power station® thus has to meet one important condition. Outside your "power

station® one should receive no radiation from the radioactive stuff stored inside.

Devise a building plan for the storage room in your ‘nuclear power station." Make sure

that your plan can actually be carried out.
In the process of carrying out their building plans, the pupils will eventually build their
own "nuclear power station," which meets the required condition. By construction, then,
their "nuclear power station® is relevantly similar to real nuclear power stations in the
sense that it meets an important safety requirement that -obviously, and well-known to
pupils- real nuclear power stations have to meet as well. Moreover, after the accident
the power station in Chernobyl clearly, and usually still well-known to pupils, did not
meet the safety requirement for some time: even in the Netherlands, at more than 1500
km from Chernobyl, radiation could be measured after the accident had happened. A
follow-up task, in which the pupils are going to act in the *power station of theirs'-
situation they themselves have just created, and in which it is likely that their actions are
going to be guided by what they know about the Chernobyl accident, now suggests
itself.

Imitations of the Chernobyl accident

You have just built a *nuclear power station." Let us call the place where it is standing
*Chernobyl.” And let us call some place at the opposite side of the classroom ‘the
Netherlands."

How can it be brought about that radiation is measured in *the Netherlands?® What
would have to happen for the latter to be the case?

Write down a plan to make it the case that radiation is measured in "the Netherlands."
Or several such plans if you can think of more than one. (Make sure, however, that all
your plans can actually be carried out.)

7.4.3 Too little preparation

Let me go back to the original series of tasks (tasks 4 to 8 above), in order to draw
attention at some other mistakes in my intentions with them and expectations about
them. It was not my aim that the pupils in the process of working on these tasks would
come to recognize, and come to understand in a particular way, some central theme, and
come to formulate some problem relating to that theme. | rather assumed that the pupils
would recognize the central theme that | recognized in the tasks -something like: under
what conditions can where radiation be measured. | further assumed that they would
understand the problem relating to that theme as | did, and so would understand the
tasks as | did. My aim simply was that the pupils in the process of working on these
tasks would come to solve the problem. My expectation was that they could, that in
carrying out the tasks they would find out something like: in order that radiation can be
measured at a large distance from a radioactive source, it must have been the case that

135



A Problem-Posing Approach

radioactive material has escaped from that source. No further preparation and guidance
would be needed.

Below | describe fragments of what, concerning these tasks, actually did happen in the
try-outs of the first version, and how | think those fragments of what actually did happen
relate to the just mentioned complex of assumptions, aims and expectations concerning
these tasks. | have picked out fragments that have made me doubt about that complex of
assumptions, aims and expectations, and have thus contributed to my arriving at ideas to
detail the global outline in a more problem-posing manner.

The most important thing to note is that in the course of carrying out the tasks many
pupils did not, contrary to my expectation, arrive at something like:
In order that radiation can be measured at a large distance from a radioactive source, it
must have been the case that radioactive material has escaped from that source. (A)

I think that several factors contributed to their not arriving at something like A. The first
one is, paradoxically, the exclusive aim to make them arrive at something like A. This
exclusive aim made the teacher *hear more® in what the pupils said than | think they
actually meant to say, and in particular it made him hear them say something like A
when, in fact, | think that by saying what they said they did not mean anything like A at
all. In response to task 8, for instance, the pupils not only brought forward the already
mentioned suggestions "double the amount of stones a few times" and "more stones,"
but also the following ones: "open the jar," "take the stones out of the jar," and "smash
the jar." The teacher heard in the latter suggestion something like A, i.e., a suggestion
to smash the jar so violently that the stones will crack and pieces of them will spread all
around. For when he addressed the suggestion, he immediately took a board eraser,
threw it to the floor, and noted that the chalk powder spreads all around. | think,
however, that the suggestion to smash the jar should be understood on a par with the
suggestions to open the jar and to take the stones out of the jar, as all suggesting,
namely, to reduce the resistance and enable the radiation* to escape (cf section 2.5). |
feel strengthened in this interpretation by the fact that, while working on task 8, one of
the pupils in the group that made the suggestion to smash the jar remarked that "glass
partly stops the radiation, doesn't it." As a consequence the pupils did not add much to
what they already knew, namely that radiation* can be made to escape in several ways,
some of which are more efficient than others. As they understood it, they could agree
with the teacher's concluding remark on what had been established in task 8: *so we
have found that, while opening it perhaps makes a difference, it's still worse if it is
suddenly thrown very fast to the ground.™

Furthermore, when subsequently the teacher asked them to reconsider their answers to
task 7b, there was not much to reconsider for them: they still held that radiation
(radiation*) was released, because of the explosion, and transported towards the
Netherlands, because the wind happened to blow in the direction of the Netherlands.
This is not surprising, of course, given that for them the Chernobyl-situation and the "jar
with stones’-situation were not relevantly similar and, moreover, they had not arrived at
something like A in the ‘jar with stones’-situation. The only thing that did become
problematic for them was the teacher's question: "but what was it that was blown
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towards us?" Or to be more precise, it was not so much the question itself that became
problematic, because they knew and had in fact just given the answer, but rather that the
teacher repeated the question again and again, and more and more emphaticly. That
must have given them the impression that the teacher was not satisfied with their
answer. This lead to a situation in which the pupils started to propose things that they
thought might please the teacher, a situation, moreover, that the teacher did not want to
be in and tried to extricate himself from. The below fragments may illustrate the awk-
wardness of the situation.

Anastasia: That was because of the wind.

Teacher: But what is it that was blown with the wind up to here?

Marian: Molecules.

Teacher: Ow! I find that a scary word. Why do you say ...?

?: Electrons.

?: Nuclei.

Teacher: That is a word 1've never heard of. What do you [Anastasia] think was

blown up to here?

Several pupils: Radiation.

Anastasia: Well, those particles. | don't know.

Teacher: Those particles. In a moment we are to choose from ... and you will
have to talk about that with the others in your group for just a little
while, say, about ten seconds ... you are to choose from material ...

?: Atoms and cells.

Teacher: ... | said, material and radiation. What is it that was blown to here?

[While the groups are deliberating on the matter, all options are being called out:

"radiation," "material,"” "both."]

Teacher: What do you think?

[The teacher asks each of the six groups what they have chosen. Three groups have

chosen ‘radiation," two "material,” while one group is divided on the matter.]

Teacher: Aha, here we have a problem.

[Several pupils are, rather excitedly, speaking at the same time. The teacher quiets

them down, and invites Bouzian to speak his mind.]

Bouzian: I think it gets inside the air particles and is then carried along with the
wind.

Teacher: What gets inside the air particles?

Several pupils: Radiation.

Teacher: Radiation gets inside.

Several pupils: Right.

Bouzian: I think it got inside the air ... the radiation ...
Teacher: The radiation.
Bouzian: ... because that rain came down on the ... the farmers got into trouble,

because the ...
[A murmur of approval comes from some other pupils. | can discern additions such as
"Cows."]
Teacher: Is it radiation that was blown up to here or is it ...? My car ... oh yes,
that just occurs to me ... my car looks a mess right now, it's like a
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beach. How on earth did that come about?

Several pupils: Sahara sand.

Teacher: That's not Sahara sand, is it, that's Sahara radiation.
Eventually the teacher gave his solution to the (his) problem: because of the explosion
the radioactive material was spread around in many tiny pieces, all of which emit
radiation; those tiny pieces can be carried along with the wind for thousands of kilome-
tres, just like Sahara sand. All the time, however, there was not really a problem for
most of the pupils, though they did of course find out that to please the teacher they
would have to say something like material rather than radiation. In fact, in their
attempts to meet the teacher's standards (cf section 5.3.1), they came up with all sorts of
hybrid constructions such as air particles with radiation (radiation*) inside (cf Bouzian
above). Other examples are: "irradiated dust,”" "particles of radiation™ and "dust
particles covered with radiation."

Probably many pupils did not recognize the central theme that the teacher and | recog-
nized in the tasks (under what conditions can where radiation be measured), but in any
case they did not, contrary to my assumption, understand it in the way the teacher and |
did. Nor did they come to appreciate the problem relating to it. They have probably
learned (if they did not already know) how it could have been that radioactive material
was transported from Chernobyl to the Netherlands, but certainly not why it must have
been that radioactive material was transported from Chernobyl to the Netherlands. Had
the pupils in the process arrived at conclusions such as

A geiger counter ticks near radioactive material, but no longer does so some distance

away from it. (B)

By applying a resistance (e.g. a lead covering), also nearby the Geiger counter does no

longer tick. (C)

Removing the resistance will make a Geiger counter nearby start ticking, but not a

Geiger counter some distance away. (D)

The Geiger counter some distance away also does not start ticking when there is a

draught towards it, even if the resistance has been removed. (E),
then those might have been intermediate steps in their coming to understand the central
theme in the intended way, in their coming to appreciate the problem relating to it, and,
eventually, in their arriving at something like A as part of the solution to that problem. |
have already noted that they did not arrive at conclusions like B to E, because for them
the ‘jar-with stones’-situation was not relevantly similar to the Chernobyl-situation and
because of the exclusive aim to make them arrive at something like A. A way to
improve matters might be the following: replace the first version tasks 4 to 8 by the
alternatives suggested above (A small scale *nuclear power station'" and "Imitations of
the Chernobyl accident™); replace the aim to make them arrive at something like A by
the aim to make them arrive at something like B to E. The function of the two alterna-
tive tasks would thus be that they contribute to pupils® coming to understand the central
theme in the intended way and their coming to appreciate the problem relating to it.

But even if those tasks do contribute to it, they still will not sufficiently prepare the

stage for pupils’ coming to understand the central theme in the intended way and coming
to appreciate the problem relating to it. For what then also needs to be prepared is that
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the pupils no longer use expressions like *x contains radiation** (as in "the radiation* got
inside the air" or 'the radiation* got inside the cows"). In section 6.2.3 | have already
argued that this might be achieved in a process in which the pupils more and more
consistently stick to an agreement made with regards to the expression *x is radioactive,”
and in which they also come to conclude something like:

A Geiger counter does not start ticking near an object because of the fact that the

object has been irradiated. (F)
Now, in the first version something like F was not prepared until section 3-2 (see section
7.4.1 above), while if | am correct in my analysis, it was in fact already needed in
section 2-3. So what actually belongs together was, in the first version, too widely
separated, both in context (Chernobyl vs food irradiation) and time. Again, a way to
improve matters suggests itself: somehow merge sections 2-3 and 3-2 into a (for pupils)
coherent whole, while taking into account all the suggestions for improvement made
earlier.

| postpone to chapter 8 the further details of this merger or, alternatively, of my resolute
attempt to couch the case at hand in a more problem-posing form. Let me here just
make one more comment concerning a problem-posing approach. For one might argue
that also in a problem-posing approach the same danger looms as described above: to
*hear and see more" in what the pupils say and do than they actually mean to say and do,
e.g., if the aim was that they would come to frame some problem, the teacher or
researcher might easily hear them frame that problem while, in fact, they did not mean
to frame that problem at all. 1 do admit that there is some tension here, which ten
Voorde (1977) has called an anticipation tension. But | also observe that being aware of
the tension is already a first step in avoiding or reducing the danger associated with it.
Moreover, it will be remembered that it is the point of a problem-posing approach to
enable pupils to themselves perceive their learning process as an internally coherent one
with a certain direction that in important respects is being driven by their own questions.
But then it is clear that to directly march, as if blinkered, towards the aim (whether the
aim is that they come to frame some particular problem or arrive at a particular sol-
ution), and thus to *hear and see much more® than is actually there, is to miss this point
altogether. If one really understands the point, one will, on the contrary, be even more
sensitive to find out what pupils actually say, believe, want, etc. And it is only then that
one can really learn something from a try-out, for the pupils will then, as it were,
themselves point at e.g. necessary intermediate steps that one had overlooked. In
chapter 10 | will say more about the teacher's efforts to deal with his anticipation
tension and to transform it into an attitude of being prepared to learn along with the

pupils.

7.4.4 Too early introduction of scientific terms

In this section | point at a consequence of mistakes described in previous sections:
premature introduction of scientific terms. Let me illustrate this at section 2-4 of the
first version of the textbook, which follows the above quoted section 2-3 of the
textbook. In section 2-4 (Open and closed sources), the distinction between open sources
(sources from which radioactive material is able to escape) and closed sources (for
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which this is not the case) is introduced. Now, of course, there were some pupils who
were able to make the distinction as intended: one pupil said about a closed source that
"the material does not come out, but the radiation does;" another one remarked about
the jar with stones that "when it is dropped it will become an open source and then it is
possible that radioactive material will come out, and if then there is a breeze through the
classroom it will spread all over the classroom;" concerning one of the radioactive
materials that the pupils had worked with earlier, a bathroom tile, a pupil said that "it is
closed too, because the material does not now come out, does it, but only when you
smash it." Those pupils were able to make the distinction as intended, because they had
in section 2-3 arrived at something like A: that in order for it to be possible to measure
radiation at a large distance from a radioactive source, it must have been the case that
radioactive material has escaped from that source.

In the previous section | have already noted that many pupils had not arrived at
something like A. For those pupils, the point of the distinction between open and closed
sources could thus not derive from their knowledge of something like A. Instead, they
had to find other characteristics on the basis of which they could use the words ‘open
source' and ‘closed source" distinctly, and in doing so they did not make the distinction
as intended. Here are some examples: concerning an open source a pupil said that
"everything that the source contains comes out,” and concerning a closed source that
"nothing comes out of the source itself ... well, something does, but just a little bit;"
another pupil remarked that "only if the source emits, that is, only if it is open, you can
get radiation from it;" one group would hand out lead gloves to the personnel of an X-
ray department, because an X-ray machine "is an open source.”" Those pupils seem to
have found as characteristic difference that (almost) nothing comes out of a closed
source while quite a lot does come out of an open source. Somewhat related to this,
some pupils seem to have found as characteristic difference that closed sources are still
intact while in open sources the original resistance has been broken: "if it is not stopped
by anything, if for example the stone is just lying on the table, it is an open source;"
another pupil remarked that if the stone was just lying on the table, it still would not be
an open source because "it is inside the stones, first the stones would have to be totally
broken;™ one group indicated that an X-ray machine would become an open source if
"the X-ray machine was smashed to pieces." Some pupils, finally, seem to have picked
up as characteristic difference that open sources are dangerous while closed sources are
not: "it is an open source, and thus dangerous."

It is of course not strange at all that pupils who had not arrived at something like A
come to characteristic distinctions such as just a little bit/quite a lot comes out or
intact/broken when they hear such things as: "when it is dropped it will become an open
source and then it is possible that radioactive material will come out,” or "it is closed
too, because the material does not now come out, does it, but only when you smash it."
Given e.g. the title of chapter 2, 'Is radioactivity always dangerous?," the not-danger-
ous/dangerous distinction, finally, is very much suggested by the text itself, just as it is
in section 3-2 of the textbook (cf section 7.4.1 above).

The above is meant to illustrate that (scientific) terms should not be introduced before
the pupils will be able, because they have come to see the point of introducing them, to
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interpret the terms as intended (cf section 5...). They should only be introduced when,
as it were, all that is lacking is just the words -in the case just discussed, the words
‘open source® and "closed source."

7.4.5 Concluding remarks

From the examples in sections 7.4.1 to 7.4.4 it will be clear that the first version of the
didactical structure cannot be judged ‘good enough." In order to improve it some
structural, instead of merely cosmetic, changes are needed, and some suggestions for
changes have been made. The second version of the didactical structure that has resulted
from these changes will be described in the next chapter.

In conclusion of this chapter | want to draw attention to the method of developmental
research itself, and especially to the use of constructing a problem-posing didactical
structure: a process of rational accommodation that pupils themselves are expected to
establish and give shape, guided of course by teacher and teaching materials. Firstly, it
is thus tried to secure that an actual process in which such a didactical structure is taken
as a guideline develops as explicitly as possible, in the sense that pupils® reasons for
doing what they are doing, the conclusions they reach, the questions they frame and
want to find an answer to, etc come forward as explicitly as possible. As a result,
pupils®, teachers' and researchers® chances for a successful interpretation of what, at
various stages of the process, pupils believe, mean by their words, intend to achieve
with what they do, etc are increased. Secondly, it thus becomes possible to compare the
actual process with the one that pupils were expected to establish and give shape. As a
result, the comparison will lay bare where the didactical structure stands in need of
improvement, and may point at possible improvements.

In short, the method of constructing a didactical structure of some topic, trying it,
reconstructing it in the light of the results of the try-out, retrying it, etc, is designed to
lead to a "good enough" didactical structure of that topic. And in section 5.4.3 | have
already urged that it are "good enough® didactical structures that science education
should strive at.
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8 A didactical structure of the topic of
radioactivity

8.1 Introduction

In this chapter I describe the didactical structure of the topic of radioactivity that I arrived
at after the first try-out and evaluation -i.e., the second version of the didactical structure.
It aims to give an account of how, for the topic of radioactivity, a given order of tasks and
teacher interventions, in relation to pupils' reactions to those tasks and interventions, and
with pupils' rationality as a driving force, is expected to lead to which changes of meaning,
additions of belief, changes of intention, etc. It does not consist of a series of tasks, but con-
sists in the design of a good educational process in the light of which such tasks are justifia-
ble. So the natural way to devise and present a didactical structure is in the form of, quite
literally, a scenario of what is expected to happen in a lesson series. By doing so one is
forced to take into account the relevant interrelations between tasks, teacher interventions,
pupils' understanding of and reaction to those tasks and interventions, changes of meaning,
additions of belief, changes of intention, etc. Furthermore, a scenario can most easily be
compared with what actually does happen. In fact, an important reason for devising a
detailed as possible didactical structure in the form of a scenario is that it will serve as an
important research tool in interpreting what actually does happen.

In section 7.3 I have already noted that there is no need for a didactical structure that will
for sure lead to the desired result in exactly the predicted way. All that is needed is a didacti-
cal structure that is 'good enough.' In chapter 9 T will try to answer the questions in what
respects the didactical structure to be presented now is 'good enough' and in what respects
it stands in need of improvement. In section 7.3 I have also noted that without the creativity
of a good teacher no education could ever be successful. In chapter 10 I will go into the
important role of the teacher in devising, trying and improving the didactical structure.

Along with the didactical structure (in the form of a scenario) also the textbook that pupils
would have to work with was written. This textbook, the format of which I describe in
section 8.2, should not be thought of as a conventional textbook, but rather as a sequence
of tasks or worksheets. And although it should not be equated with the didactical structure,
it does serve as a guideline for the below presentation of the didactical structure. The didacti-
cal structure itself is structured according to the general outline described in chapter 6.
Section 8.3 concerns the preparatory period in which a ground level for the following
descriptive level emerges; section 8.4 the transition from this ground level to a qualitative
descriptive level. Since in my PhD-research I have mainly focused on these two periods,
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I will discuss them at length. Because there is hardly anything new in it, I will pay less
attention to an extension of the descriptive level in quantitative direction (section 8.5), in
which aspects like the penetrating power of radiation, and the strength and half-life of
radioactive materials are considered. I am not confident at all about the transition from
descriptive level to theoretical level (section 8.6), in which it is tried to induce some kind
of theoretical need (cf section 6.3.6) and to introduce nuclear models that satisfy this need.
I doubt, for instance, whether it makes sense to even try to meaningfully introduce fairly
detailed such models for middle ability pupils of about 15 years of age (the target group).
In section 8.6 I give some grounds for those doubts, and explain why, then, it has been tried
to introduce nuclear models at all. In section 8.7, finally, I briefly reflect on the status of
the didactical structure.

8.2 Format of the textbook

The textbook was written by Wouter Moerman” and me, and the two of us regularly
consulted, and got valuable comments from, Chris Janssen, Piet Lijnse, Harrie Eijkelhof,
Rupert Genseberger and Hans Créton. It consists of 94 A4-sized pages. In order to increase
readability, a relatively large letter is used, sentences are kept relatively short, and hardly
any punctuation is used (apart from capitals and full stops). I refer the reader who wishes
to get an idea of what the textbook looks like to appendix 2, which contains copies of three
pages of the textbook. Figure 8.1 gives the contents of the textbook.

1 GETTING ACQUAINTED WITH RADIOCACTIVITY

1-1 Introduction 1
1-2 How do you know that something has got to do with radioactivity? 2
1-3 Does it bother you that there are radioactive things in the classroom? 5
1-4 Summary 7
2  NUCLEAR POWER STATIONS

2-1 Introduction 11
2-2 Building a nuclear power station 12
2-3  Accidents with nuclear power stations 13
2-4 Radioactive waste 17
2-5 Summary 19
3 APPLICATIONS OF RADIOACTIVE RADIATION

3-1 Introduction 21
3-2 Food irradiation 21
3-3  Sterilizing syringes 23
3-4 Radiation treatment of cancer 24
3-5 Summary 27

4  HOW TO PROTECT ONESELF?

1. He also took care of the lay-out.
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4-1 Introduction 31
4-2 Measures against receiving radiation 31
4-3  Protection with lead 35
4-4  Summary 37

5  POSSIBLE EFFECTS OF RECEIVING RADIATION

5-1 Introduction 39
5-2 Effects of radiation 39
5-3 Damage to cells 41
5-4 Summary 45

6  STILL MORE APPLICATIONS

6-1 Introduction 47
6-2 Some new applications 48
6-3 Penetrating power 53
6-4 The strength of radioactive materials 57
6-5 Does the strength of radioactive material change? 59
6-6 Got it? 67
6-7 Exercises 69
6-8 Summary 75

7  LOOKING BACK AND ROUNDING OFF

7-1 Introduction 77
7-2 Questions we still need to find an answer to 77
7-3 How can we conceive of radiation? 78
7-4 How can we conceive of (radioactive) substances? 81
7-5 Have all questions been answered? 91
7-6 Summary 93

Figure 8.1 Contents of the textbook

I have already noted that the textbook is not made up like a conventional textbook. It does
not, or hardly, contain explanations of theory, instructions for experiments, exercises, etc.
It rather consists of a sequence of tasks by means of which the pupils are challenged to
themselves think of experiments, carry those out, draw conclusions, formulate questions they
want to further work on, think about the main things they have learned or mutually agreed
on, etc. Furthermore, it has been tried to sequence the tasks in such a way that all along the
pupils themselves know what they are doing and why, and that by building on what they
already know are given ample chance to further extend what they already know, driven by
what they themselves are doing, by their reasons for doing it, and by the conclusions they
reach and problems they encounter as a result of doing it. As will become clear below, the
function of many tasks is, for instance, not so much that definite conclusions are reached,
but rather that they contribute to making pupils see the point of, or even to pupils' putting
forward proposals for, following activities. Furthermore, the summaries at the end of each
chapter in many cases consist of just the two headings 'Important to remember' and
'Questions we still have to find an answer to' (see appendix 2 for an example). It is up to
the pupils, guided, of course, by the teacher, to note down under these headings what for
them are the important things to remember from what they have done in the chapter and the
questions worth finding an answer to that have arisen while working their way through the
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chapter respectively.

So the textbook as the pupils get it is not yet a textbook at all. It is rather something that
helps the pupils in writing their own textbook. Its function is to make the pupils more
involved in their own learning process and to give them more control over the progress they
make with respect to content. For they are expected to be more involved when they are
challenged to carry out their experiments, to draw their conclusions, to formulate their
questions, etc. And they are expected to take more control over their progress with respect
to content when they are challenged to reflect on their own learning process: what have we
done and why?; what have we learned and how?; what do we still have to find out?, etc.

I just note here, and will discuss at greater length in chapter 10, that giving the pupils
more control over, and thus more responsibility for, their progress with respect to content
does not imply the teacher's loss of control or responsibility, but only a shift in his or her
control and responsibility: a shift towards procedural control and responsibility for managing
the process. The teacher will e.g. have to take care that each group of pupils has its say,
praise each group for its contributions, make the groups carefully listen to each other,
challenge them to reach agreements, etc. The shift towards procedural control also involves
a shift from wanting to make the pupils say and do particular things (with the associated
danger of 'hearing and seeing much more' in what the pupils say and do), towards the
teacher's being more prepared to find out what the pupils actually do say, believe, want,
etc, and to match his or her goals to what they actually say, believe, want, etc (cf section
7.4.3). It may thus help the teacher to better deal with his or her anticipation tension by
transforming it into an attitude of being prepared to learn from the pupils (ibid), to better
link up with the pupils' use of words, to give more adequate feedback, etc.

8.3 The emergence of a ground level

The first period, in which a ground level for the following descriptive level emerges (cf
section 6.3.2), more or less® takes place in chapter 1 and sections 2-1 to 2-3 of the textbook.
In here it is tried, by linking up with their existing knowledge, interests and uses of
language, to induce in pupils a global motivation for the topic and a want to extend their
knowledge and uses of language in certain ways. As regards the uses of language it is tried
to make them agree, for reasons that make good sense to them, on a specific use of in
particular the term 'is radioactive,' namely as applying to objects in the vicinity of which
a Geiger counter starts ticking. Concerning the knowledge it is tried to make pupils recognize
that they do not yet know the solution to the general problem how things can be made
radioactive (in the agreed sense) and how not, by bringing them in such a position that they
themselves come to pose this problem. By setting the aim that the pupils themselves come
to pose the problem, and come to understand it in accordance with the agreements made
earlier, it is tried to secure as well as possible that the problem has a clear meaning to them
and that they will appreciate an attempt to solve it as intention-worthy.

2. 1do not see any point in trying to draw a sharp line between, for instance, the first and second period. There
simply is no such sharp line.
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8.3.1 A global outlook

To start the lesson series, the teacher pages through the textbook with the pupils, while
pointing at some characteristic features of it. In particular the teacher points at the empty
spaces between the tasks, which the pupils themselves will have to fill up, and at the
summary at the end of chapter 1, which the pupils themselves will have to write. The teacher
also notes that every chapter ends with a summary like that.

Furthermore, the teacher draws attention to some empty pages at the end of chapter 1,
and asks the pupils to fill these up with newspaper-cuttings concerning the topic of
radioactivity that they come across the coming weeks. The teacher also asks them to mark
in such articles the passages that they do not understand. At the end of the lesson-series it
can be seen whether they then do understand. In order to illustrate that regularly there do
appear articles concerning the topic in papers or periodicals, the teacher may show the pupils
a folder containing cuttings of such articles that he or she has collected throughout the
years.”

Subsequently the pupils are given the first task.”?
1 What has got to do with radioactivity?

Note down below what kind of things have got to do with radioactivity.
After the pupils have written some things that, according to them, have got to do with
radioactivity, the teacher asks some pupils to read what they have noted down, asks others
whether they need further clarification or want to make additions, etc. This exchange is not
meant to start an in-depth discussion about the things that according to some pupil have got
to do with radioactivity. Its point is, firstly, that everybody gets an idea which things are
being mentioned. If, for instance, some pupil mentions 'Chernobyl," informative questions
such as 'Tell us some more about Chernobyl' may be asked. Secondly, the exchange can
be used to give a global outlook on the things that will be treated further on. If, for instance,
radiotherapy is mentioned, the teacher can point at the table of contents and note that it will
be discussed at some length in section 3-4; if nuclear weapons are mentioned, the teacher
may note that that subject will hardly come up during the lesson series.

It is expected that from this global outlook pupils will get the idea that subject matter will
be treated that interests them, such as safety measures, (accidents with) nuclear power
stations, applications (in health care), etc, and that this will induce in them a global
motivation for the topic.

8.3.2 Coming to agree on a specific use of the term 'is radioactive’

This section concerns the attempt to let the pupils make use of an easily manageable and
verifiable criterion to determine whether or not an object is radioactive. This is not done by
first providing them with such a criterion and then letting them practice with it, but rather
by first making them feel a need for such a criterion and then letting them discover a suitable
such criterion. In this way it is tried, by making the pupils discover and make explicit their

3. It is not only for this reason that it is useful for the teacher to have available a collection of newspaper-cuttings
concerning the topic of radioactivity. Later on, this collection will again be used (see section 8.3.2).

4. Throughout this chapter I present tasks of the textbook. I have tried to be as faithful as possible to the Dutch
originals. In the presentations I have not included, however, the spaces in which the pupils are to note down
their answers.
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reasons both for wanting such a criterion and for choosing their criterion, to provide them
with a secure foundation on the basis of which they will, in what is to follow, be tempted
to use, and can be incited to use, the term 'is radioactive' in a disciplined way in accordance
with their criterion.

Coming to feel a need for a criterion of being radioactive

The teacher closes the above discussion on task 1 by noting that the pupils already know

quite a lot about what has got to do with radioactivity, and introduces section 1-2 (How do

you know that something has got to do with radioactivity?) by saying something like: 'I

wonder whether you are also able to tell of the objects that I have brought in the classroom

which ones have got to do with radioactivity and which ones not.' The first task of section

1-2 consists of a table that the pupils have to fill in and whose three columns are headed:

name of the object; yes, no, don't know; has got to do with radioactivity, because.

The following list is meant to give an idea of the sort of objects that may be used: a gas
mantle; a bathroom tile that happens to be radioactive; a shoe of someone who was in Kiev
at the time the accident in Chernobyl happened; a battery; a laser; a jar with stones, on
which a sticker with a 'radioactivity-sign' is stuck; a portable X-ray machine; a magnet; a
light bulb; a remote control; a folder containing newspaper-cuttings about radioactivity. Of
course I do not mean to suggest that objects of these and only these kinds should be present
in the classroom. I would like to suggest, however, that there should be enough variation
among the objects that are put in the classroom (later on I will say why). By this I mean that:
- there should be objects on whose "having to do with radioactivity' the pupils are expected

to unanimously agree (out of the above list this might be satisfied by: the shoe, the jar

with stones, the portable X-ray machine; the folder with newspaper-cuttings);

- there should be objects whose '"having to do with radioactivity' in a very special sense
the pupils are expected to appreciate; this 'very special sense' may be put as follows
(though pupils will without doubt put it differently): it has got to do with radioactivity,
but is not itself radioactive (out of the above list this might be satisfied by: the folder with
newspaper-cuttings)®;

- there should be objects on whose 'not having to do with radioactivity' the pupils are
expected to unanimously agree (out of the above list this might be satisfied by: the gas
mantle, the bathroom tile, the light bulb);

- there should be objects on whose "having to do with radioactivity' the pupils are expected
to be and remain in doubt or diverted (out of the above list this might be satisfied by: the
battery, the laser, the magnet, the remote control).

After the above introduction the groups are asked to fill in the above mentioned table (task
3) and to do the following task.
4 Differences and similarities
You will have said of some of the objects that they have got to do with radioactivity.
But have they all got to do with it in the same way? That's what this task is about.

5. T owe the idea to include objects satisfying this condition, and to use a collection of newspaper-cuttings as one
satisfying it, to Olle van Sprang.
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a  Note down below two objects from task 3. Of course not just any two objects. Both of
them must have got to do with radioactivity. And they must have got to do with it in @
different way. Also write down what according to you the difference consists in.

b  Again note down two objects from task 3. Again both of them must have got to do with
radioactivity. But now they must have got to do with it in the same way. Also write
down what according to you the similarity consists in.

While the pupils are doing these tasks in groups, the teacher may briefly go into some of
the objects: what a gas mantle is used for, X-ray a wallet with the X-ray machine, etc.

The expectations concerning task 3 are that the pupils within their groups

- will in a lot of cases be able to reach agreements as to whether or not an object has got
to do with radioactivity;

- will notice that in some cases they have difficulties in saying why an object does or does
not have got to do with radioactivity, even though they may find no difficulty in saying
that it does or does not have got to do with it (it's just like that);

- will in some cases not be able to reach a definite or unanimous decision as to whether or
not an object has got to do with radioactivity.

Concerning task 4 the expectations are, among other things, that the pupils will at least

intuitively see and bring forward in one way or another that the class of things that have got

to do with radioactivity contains objects that are not themselves radioactive. Also the special
position of the X-ray machine may capture the pupils' attention: it can be switched on and
off, it is purposely designed that way, etc.

While the pupils are working on the tasks, the teacher will have to walk and look around
in order to form an idea of the extent to which these expectations are justified.

The above group work is followed by a class discussion of tasks 3 and 4. The point of this
discussion is not so much that definite conclusions are reached (e.g., as to which objects
do have got to do with radioactivity and which don't), but rather that the pupils come to feel
aneed for an objective and verifiable criterion to determine whether or not an object is radio-
active. The discussion is thus preparatory for the following activity, in which the pupils are
challenged to discover a suitable such criterion. Below I sketch how, based on the above
expectations, the discussion is expected to proceed in global outline. Any actual discussion
will of course, and certainly in the details, proceed somewhat differently. In particular, the
teacher's participation will also have to be informed by what he or she has picked up from
walking and looking around while the pupils were working on the tasks.

The teacher starts the discussion with task 4. The several groups are asked to bring
forward and, if needed, to somewhat elaborate on the differences and similarities in "having
to do with radioactivity' that they have found. The teacher then concentrates on the
difference in the way that, e.g., the shoe and the newspaper-cuttings have got to do with
radioactivity, which is expected to be brought forward by the pupils. At any rate the
difference is expected to be intuitively clear to the pupils so that they will also be open for
a way to express the difference. The teacher proposes, preferably guided by suggestions
from pupils, to agree on the following way: both the shoe and the newspaper-cuttings have
got to do with radioactivity, but only the shoe is radioactive. In this way an intuitive
difference between the concept 'has got to do with radioactivity,' which because of its
broadness and vagueness is expected to have served well as a lead to get the pupils talking
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about the topic in the preceding global outlook, and the more specialized concept 'is
radioactive,' on which their attention will subsequently be focused.® Of course no objective
and verifiable criterion to determine whether or not an object is radioactive has yet been
established.

The need for such a criterion, however, is to come forward in the discussion of task 3.
To start this discussion the teacher lists, for each of the objects, the number of groups that
have answered 'yes', 'no' and 'don't know' in the form of a table on the blackboard. In
order to link up with the discussion of task 4, in this stock-taking the teacher asks the groups
to give a 'yes', 'no' or 'don't know', not to an object's having to do with radioactivity (as
they have done while working on task 3), but to its being radioactive. According to the above
mentioned expectations, the result of the stock-taking will enable the teacher to compliment
the pupils on the fact that concerning the majority of objects the groups are in unanimous
agreement. The inventory thus naturally sets the stage for wanting to reach agreement on
all the objects.” The teacher takes up that want by focusing on the objects on whose being
radioactive the groups are in doubt or diverted, and by asking the groups to exchange
arguments in order to reach mutual agreement on those objects too. It is their expected
failure to reach such agreement® that, combined with their desire to actually reach it, is
expected to provide them with a sensible reason for wanting an objective and verifiable
criterion to determine whether or not an object is radioactive. This need may even be
heightened by also letting the pupils exchange some arguments concerning the objects on
which the groups are in agreement. In this way it may be explicitly brought to pupils’
attention that in some cases the arguments are diverting, not very convincing (e.g.: the stones
in the jar are radioactive, because a 'radioactivity-sign' is stuck on the jar), or, in fact, really
lacking.

All along this discussion the teacher will have to see to it that the pupils are in the right
sort of state between hope and frustration,” in order that they come to meaningfully appreci-
ate a need for a criterion to determine whether or not an object is radioactive. To that end
the teacher will at some moments have to add fuel to the fire (e.g.: what a shame that you
cannot reach an agreement on those three things), while at others he or she will have to
amplify the light coming from the end of the tunnel (e.g.: we are actually very near to a total
agreement).

Coming to find a criterion of being radioactive

It is expected that the more evident the reasons for wanting such a criterion become for the
pupils, the more they will be open for possible such criteria. This 'being open' may take
the form of explicitly thinking about such a criterion and, perhaps with some help of the
teacher (e.g.: there really ought to be something with which it can be determined whether

6. This is why among the objects there should be ones whose having to do with radioactivity in the special sense
of 'having to do with radioactivity but not radioactive' pupils are expected to appreciate.

7. This is why among the objects there should be ones on whose being or not being radioactive pupils are expected
to unanimously agree, and, moreover, why those objects should constitute a majority.

8. This is why among the objects there should be ones on whose being radioactive pupils are expected to be and
to remain in doubt or diverted.

9. Of course this way of putting it is a bit exaggerated. It is not expected that the pupils will start crying or
cheering, or that they will lose any sleep over this issue.
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or not an object is radioactive; then we might come to a total agreement), remembering that
there is some kind of device that might be of use here. Or perhaps they will remember it
when the teacher introduces the idea of a 'radioactivity-meter." At any rate it is expected
that, no matter how the idea of such a device or meter is put forward, pupils' being open
will take the form of being prepared to investigate whether some such device might be of
use. This, then, is the proper time to set them, in small groups again, to work on the
following tasks.
5 In search of a radioactivity-meter
In your classroom are some meters: meter A, meter B, meter C, ... In this task you are
going to find out whether there are radioactivity-meters among them.

a  Take one of the meters.

Check whether that meter is a radioactivity-meter.

Note down your conclusion by completing the below sentence.

Meter ... is / is not a radioactivity-meter. We have figured that out as follows:
b Check of the other meters too whether they are radioactivity-meters.

Note down below your conclusions.

Meter ... is / is not a radioactivity-meter. We have figured that out as follows:
[This line is repeated several times.]

6  Which things are radioactive?
This task looks very much like task 3. Again you are going to fill in a table.
But there are also two differences:
1 You now have to indicate whether an object is or is nor radioactive.
2 You now have to do so in such a way that all the other groups will agree with you.
So especially the explanation you give in the third column is important. For with that
explanation you will have to convince the other groups of your being right.
[There follows the frame of a table with three columns, which are headed 'name
of the object’, 'yes / no' and 'is radioactive, because...' respectively.]

Let me briefly comment on these two tasks. Meters that, properly disguised, may be used
in task 5 are: different kinds of sound level meters, different kinds of luxmeters, different
kinds of Geiger counters or dose meters. Concerning task 6 it is expected that, in the light
of the discussion of tasks 3 and 4, the pupils will appreciate the differences with task 3: its
gearing to the concept 'is radioactive,' and its demand for a way of telling whether or not
something is radioactive that is guaranteed to lead to the desired mutual agreement (we might
say: for an objectively verifiable criterion of 'is radioactive').

It is expected that the groups will be able to find out which of the meters are radioactivity-
meters: by holding a particular meter near objects of which a group is pretty sure that they
are radioactive, by playing with it near things that are not radioactive (not necessarily things
from the above list but, for instance, also themselves, other pupils, tables, etc), by noticing
that it seems to react to something else (speech, light). When the groups are administered
a meter, the teacher may here and there do some explaining: how to put the meter on, where
its 'nose’ is, etc.

Concerning task 6 it is expected that each group will want to use one of the meters it has
justidentified as a radioactivity-meter in order to check of all the objects whether or not they
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are radioactive. In effect, this would be an implicit formulation of the idea that a
radioactivity-meter may satisfactorily fulfil the need for a mutually verifiable criterion: it
classifies those objects as radioactive that were believed to be radioactive or, rather, that
it does so was part of the identification of a radioactivity-meter in task 5; it obviously also
promises to guarantee the desired mutual agreement concerning the objects on whose being
radioactive the groups were in doubt or diverted, since reaching such mutual agreement
involves nothing more than noticing whether or not a radioactivity-meter reacts. All this is
expected to provide the pupils with plausible reasons for accepting as the desired criterion
one that makes use of a radioactivity-meter. But, of course, as a new criterion (in the sense
that the pupils have never before explicitly and consistently applied it) it brings along its own
unavoidable and, in some sense, unexpected consequences. The groups may become aware
of this when they find that a radioactivity-meter also happens to react to some objects that
they did not know to be radioactive (e.g., the gas mantle). Accepting the new criterion then
amounts to sticking to it. It is expected that the groups will do so: that the plausibility and
unambiguity of the new criterion will have sufficiently emerged for them in order to e.g.
conclude that the gas mantle is radioactive (because the radioactivity-meter reacts near it),
even though they would never have guessed that.

It is clear that in the course of working on tasks 4 and 5 the pupils will, as it were in play,
also get acquainted with some radioactivity-meters and radioactive sources.

Tasks 5 and 6 can subsequently be briefly discussed in the class as a whole. The emphasis
in it should not so much be on the final results, but on how they have come about. When
discussing task 5 the emphasis should be on how the groups have figured out which meters
are radioactivity-meters. The teacher may then also give the official name of the latter
meters: Geiger counters. When discussing task 6, the emphasis should be on the fact that
the groups have now managed to reach total agreement (which deserves a compliment by
the teacher), and on what it is that has enabled them to reach it. Furthermore, the teacher
emphasizes that thus the pupils have also arrived at an agreement as to when, from now on,
something will be called radioactive. To stress the importance of this agreement, and to give
the pupils a first help in writing a summary, the teacher lets the pupils note down and com-
plete the sentence 'We call something radioactive if ..." in the summary of chapter 1, under
the heading 'Tmportant to remember.' It is very likely that there will be pupils who want to
know why it is that e.g. the gas mantle is radioactive. This, then, would be an example of
a question that is worth being stored, under the heading 'Questions we still have to find an
answer to' in the summary. The teacher may also once more point at the special position
of the X-ray machine: it is, according to the agreement just made, only radioactive when
it is switched on, since it is only then that a Geiger counter reacts.

A slight modification

During the above discussion the teacher leaves the Geiger counters on, so that, once in a
while, they will have ticked. If the pupils themselves have not already noticed that while
working on tasks 5 and 6, the teacher, by making some casual remarks about it, focuses their
attention to it during the discussion. It seems that the Geiger counters tick all the time. Some
pupils may suggest that the Geiger counters are ticking because of all the radioactive things
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in the classroom. To check that suggestion a pupil may be sent out with a Geiger counter
to e.g. the great hall or the schoolyard. The conclusion is that Geiger counters do in fact
tick, at a slow rate, everywhere and all the time. The teacher may point out that this is not
as strange as it seems to be: the pointers of the other meters that the pupils have worked with
normally show some deflection too.

At any rate it is expected that these observations justify a slight modification of the just
made agreement along the following lines: we call something radioactive if in its vicinity
a Geiger counters starts ticking at a more than normal rate. The point of this modification
is, of course, that the pupils will in what is to follow not immediately conclude that an object
is radioactive when a Geiger counter just once or twice happens to tick near it.

8.3.3 Standing in the radiation that is emitted by a radioactive object

In the formulation of the tasks so far the term 'radiation’ has not been used, although the

pupils will undoubtedly have used it (probably in the sense of radiation*, cf section 2.5)

while working on the tasks. The point of the next tasks is to bring the term or, better,

expressions containing it, such as 'to stand in the radiation that is emitted by a radioactive
object,' in connection with the criterion just established. The idea is as follows.

1. It can be noticed that some distance away from a radioactive object a Geiger counter
no longer ticks (at a more than normal rate). Or, to be more precise: nearby the object
it ticks at a higher rate (this is why, according to the new criterion, the object is called
radioactive); the farther away from the object the counter is moved, the lower its ticking
rate becomes; from some (relatively short) distance on the counter's ticking rate is com-
parable to what it normally is.

2. Yetitseems clear that these observations cannot be accounted for by supposing that the
object's being radioactive is somehow affected by the Geiger counter's being moved
away from it. If necessary, it can in fact be observed that the ticking rate of a counter
that is kept near to the object is not affected by another counter's being moved away
from it.

3. It will be a matter of plain sailing to make a link here with expressions containing the
word 'radiation:' a radioactive object emits radiation that can be measured with a Geiger
counter; one stands in the radiation that is emitted by a radioactive object or,
alternatively, one is being irradiated by the object, if a Geiger counter that one holds
in one's hand ticks (at a more than normal rate).

4. The observations under 1 can then simply be accounted for as follows: since the
radiation emitted by the object spreads out, the counter measures less radiation the
farther it is moved away from the object; apparently the radiation that is emitted by the
object does not reach very far; from some (relatively short) distance on one no longer
stands in the radiation emitted by the object.

The way to start this train of thought is thus to make pupils notice that some distance away
from a radioactive object a Geiger counter no longer ticks. In section 1-3 (Does it bother
you that there are radioactive things in the classroom?), it is tried to achieve this by means
of the following task.
7 Radioactive things in the classroom
Last year there were also some radioactive things in the classroom. Some pupils then
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wondered whether those things are giving them trouble.

In a moment you may by means of experiments check whether they are giving you

trouble. But first you will now have to think of such experiments.

a  Are the radioactive things giving those pupils trouble that are sitting some distance

away?

Note down below an experiment to find that out. Also write down what you need for

the experiment.

b Are the radioactive things giving those pupils trouble that are sitting nearby? Also think

of an experiment to find that out.
When writing this task T was well aware that its formulation might be too unspecific to
indeed make pupils measure with a Geiger counter nearby and some distance away from a
radioactive object. The ambiguity lies of course in the phrase 'are the radioactive things
giving us trouble?' I have chosen this formulation because it links up with a similar question
that some pupils had asked in previous try-outs, and because it is a more 'neutral’
formulation than the one that was used in the first version: 'is it dangerous that there are
radioactive things in the classroom?' (cf section 7.4.1). Still, also the new formulation may
be understood as something like 'will we get ill because of the radioactive things in the class-
room?', and this may also be the sense in which the pupils who had asked a similar question
meant it. All this means that I would pay special attention to pupils' actual reaction to the
task in the try-out.

Assuming that the task makes the groups suggest to measure with a Geiger counter nearby
and some distance away from a radioactive object, the groups are expected to make, by
carrying out this suggestion, observations as described under 1 above. Furthermore it is
expected that in a class discussion, if necessary aided by some questions of the teacher such
as 'Do the stones in the jar cease to be radioactive when one moves away from them?', steps
2 to 4 above can be followed.

The pupils are finally asked to note down in the summary what they consider to be the
main points as well as possible questions that may have arisen.

8.3.4 Coming to recognize a problem in a particular way

This section concerns the attempt to bring pupils in such a position that they themselves come

to pose the general problem how things can be made radioactive (in the agreed sense) and

how not. In section 7.4.3 I have indicated that the following will serve as appropriate

intermediate steps in their coming to appreciate this problem in the intended way:

- a Geiger counter ticks near radioactive material, but no longer does so some distance away
from it;

- by applying a 'resistance' (e.g. a lead covering), also nearby the Geiger counter does no
longer tick;

- removing the 'resistance’ will make a Geiger counter nearby start ticking, but not a Geiger
counter some distance away;

- the Geiger counter some distance away also does not start ticking when there is a draught
towards it, even when the resistance has been removed;

- making an object stand in the radiation emitted by a radioactive object or X-ray machine
does not result in the object's becoming radioactive.

In section 7.4.2, moreover, I have indicated how the process that eventually leads to the
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formulation of their problem can build on and be informed by what pupils already know,
namely by letting them think back and forth between some well-known situation and a
classroom-situation in which they can perform actions, but provided that the two situations
are relevantly similar for the pupils and for them form a coherent whole. I have chosen to
use nuclear power stations and the Chernobyl accident as well-known situations, and a small
scale 'nuclear power station' and imitations of the Chernobyl accident as relevantly similar
classroom-situations.

In section 6.2.3, finally, I have indicated that simply by asking pupils to bring about, in
the classroom-situation, one sort of consequence that the real Chernobyl accident had,
namely that things had become radioactive, a process will be set in motion that, as long as
they stick to the agreements made earlier, eventually leads to their formulation of the general
problem.

Creating a classroom-situation in which pupils can act guided by what they already know
The teacher briefly introduces the topic of chapter 2: nuclear power stations, for instance
by remarking that a nuclear power station has got to do with radioactivity because radioactive
material is used in there. Subsequently the pupils work in small groups on the following tasks
of section 2-2 (Building a nuclear power station).
1 Living safely near a nuclear power station

Nuclear power stations are sometimes situated near a city. But the inhabitants of such

a city should receive no radiation from it.

How does one take care of that?

2 A small scale 'nuclear power station'
In your classroom lies some radioactive material. Now suppose that is the material that
will be used in a nuclear power station. So the required radioactive stuff is ready. There
is just this problem: the power station itself is not yet there.
It is up to you to go build the 'nuclear power station.' Or better: a storage room in it.
That is, a room in which the radioactive stuff can be safely stored.
The storage room of your 'power station' thus has to meet one important condition.
Outside your 'power station' one should receive no radiation from the radioactive stuff
stored inside.

Devise a building plan for the storage room in your 'nuclear power station.' Make sure
that your plan can actually be carried out.
Write down your plan below.

It is expected that in devising a building plan for their 'nuclear power station,' the groups
will be guided by what they know about how for real power stations it is taken care that no
radiation is measured outside, namely by applying some kind of resistance (e.g. lead,
stones). Because of the preparation in chapter 1 it also is expected that after having carried
out a building plan, they will use a Geiger counter to check whether one receives radiation
outside the build 'storage room.'

The expected result of this activity is that, by using suggestions of the various groups, the

class will eventually manage to build a 'storage room' that satisfactorily meets the
requirement that outside no radiation can be measured and so is, in this respect, relevantly
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similar to a real power station (cf section 7.4.2). Another expected result is that among the
conclusions they formulate (in task 3) will be the following: if radioactive material is appro-
priately built in, a Geiger counter does no longer tick near it. Another, perhaps surprising,
conclusion may e.g. be that radiation partly does go through lead.

Coming to recognize the problem by acting in the classroom-situation

Next pupils' attention is focused on 'accidents with nuclear power plants’ (which is also the
title of section 2-3). The teacher could link up with the global introduction to the series of
lessons, if some pupils then mentioned the Chernobyl accident. With an eye on present
generations of pupils, task 4 (a reading task, cf appendix 2) gives some information about
the accident by means of a map of Europe and some headlines of newspapers from around
the time of the accident (e.g.: 'Disaster in nuclear power station near Kiev in Soviet Union;'
'Chemical explosion lead to nuclear disaster;' 'Population of fifty villages in Byelorussia
evacuated').

Subsequently the groups are going to work on tasks 5 and 6.'” These two tasks have the
same structure as task 1 and 2 above. In task 5 the groups have to think about how some
consequences of the Chernobyl accident have come about, and in task 6 they subsequently
have to think about how they can bring about similar such consequences with the material
present in the classroom (in particular, 'their power station').
5 Also in the Netherlands the consequences were noticeable
Not just for the surroundings of Chernobyl did the accident have conse-
quences. In the Netherlands too we got some problems, whereas Chernobyl
is more than 1500 km away from the Netherlands.
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Forse stijging van radioactiviteit

in IJsselmeer en grote rivieren

[The headings translate into things like 'Radiation levels rise to more than three
times the usual values' and 'Substantial increase of radioactivity in [Jsselmeer and
big rivers.']

a  After the accident more radiation than normal was measured in the Netherlands. How
could that have come about?

10.  The tasks are part of an attempt to merge sections 2-3 and 3-2 of the first version of the didactical structure
into a for pupils coherent whole (cf the remarks towards the end of section 7.4.3).
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[Picture of a greengrocer's, with the letterpress: 'Fresh vegetables are hardly sold
any longer.' Picture of someone measuring with a Geiger counter near a crate of
spinach, with the letterpress: 'Homegrown spinach is being checked for radioactiv-
ity." A heading that reads 'Consumption of fresh spinach not advisable.']

b In the Netherlands people were also advised against eating fresh vegetables. And the
spinach that was harvested around that time had to be withdrawn from the market. It
was also not allowed to sell fresh milk. All those fresh things were too radioactive.

How could those fresh things have become radioactive?

Imitations of the Chernobyl accident

a  After task 2 you have built a 'nuclear power station.' Let us call the place where it is
standing 'Chernobyl." And let us call some place at the opposite side of the classroom
'the Netherlands.'
How can it be brought about that radiation is measured in 'the Netherlands?' What
would have to happen for the latter to be the case?
Write down below a plan to make it the case that radiation is measured in 'the Nether-
lands." Or several such plans if you can think of more than one. (Make sure that all your
plans can actually be carried out.)

b Would you be able to make e.g. an apple radioactive with the things in your classroom?
Write down below a plan. Or more plans if you think it can be done in more ways.
(Again your plans must be performable.)

Itis expected that in devising plans to imitate those consequences of the Chernobyl accident,
the groups will be guided by what they know about the Chernobyl accident: that because
of the explosion in the power station some radiation* escaped, that the wind carried some
of the radiation* towards the Netherlands, that the fresh vegetables came to contain
radiation®*, etc (cf chapter 2 of this thesis). They may thus want to break their 'power
station,' cause a draught from 'Chernobyl' towards 'the Netherlands,' make the apple stand
in the radiation emitted by some radioactive object, etc. Again it is expected that they will
use a Geiger counter to check whether their plans do indeed bring about what they were
asked to bring about -whether as a result of their actions it does start ticking at a more than
normal rate in 'the Netherlands' or near the apple.

After the plans of the several groups have been listed, the different plans are carried out at
classlevel (each plan by a group that has proposed it). The teacher chooses some appropriate
order in the plans, e.g.: first the plan to break the 'power plant' and then the plan to also
use a fan. The pupils are asked to briefly note down in task 7 all the plans that are carried
out and their conclusions concerning each of the plans. Given the expectations about the sort
of experiments they will carry out, it is expected that among those conclusions there will
be ones like:
- breaking the 'power station' made the Geiger counter start ticking in 'Chernobyl,' but not
in 'the Netherlands;'
- the Geiger also did not start ticking when there was a draught towards 'the Netherlands;'
- placing the apple next to one of the radioactive stones for a while did not make it radio-
active.
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Such conclusions may also make the pupils propose new plans that according to them will
lead to the desired result and that they want to carry out for the reason that thus they will
be proved right (cf section 6.3.3). E.g.: to not just cause a draught from 'Chernobyl’
towards 'the Netherlands,' but to also make it 'rain' above 'the Netherlands;' to not just
place the apple near one of the stones, but to put it in the much stronger X-ray machine.

It is expected that somewhere in the above process the pupils will come to appreciate the
central problem how an object can be made radioactive and how not, and that they then
appreciate it in the right way. That is, that they then understand it in accordance with the
agreements made earlier and see it as a real problem which is worth a further investigation.
Although they may not yet see the solution to the problem, they must somehow have got
the idea that solving it is not beyond their reach. Perhaps they have got some faint ideas
about how to tackle it. They may also, perhaps by sheer luck, already have proposed plans
that after having appreciated the problem they now come to recognize as (partial) contribu-
tions to its solution, e.g.: to put one of the radioactive stones inside the apple. In any case
it is expected that the pupils will have an open eye and mind for possible contributions to
the solution of their problem and do have the 'equipment’ to recognize contributions to its
solution as such.

The teacher's role in the above process is essentially one of complimenting, structuring
and providing an outlook of what is to come. E.g.: noting that the problem they have hit
onis a good and, indeed, a serious one that deserves to be stored in the summary under the
heading 'Questions we still have to find an answer to;' promising that they themselves will
come to solve the problem within one or two lessons; emphasizing that while they do not
yet know the solution, they still have learned quite a lot, namely what they have concluded
from carrying out the plans, etc.

8.4 From ground level to qualitative descriptive level

This section concerns the second period, in which pupils come to solve the general problem
how things can be made radioactive and how not, by arriving at a qualitative descriptive
level: a set of general statements that are formulated in such terms as 'is radioactive,' 'is
irradiated by' and 'is contaminated." A first step concerns the 'how not' part of the problem.
It consists in letting pupils make explicit, consolidate and generalize some of the conclusions
that have already implicitly been established in the process that lead to the formulation of
the problem, namely by stimulating them to note similarities between the actions they have
performed and appropriately chosen new situations, and to frame these similarities in the
terms that are prepared in the preceding. In particular, it is expected that pupils will thus
arrive at the following general statement: an object does not become radioactive by
irradiation.'”

11. It may be argued that, since the problem had come about as a result of their failure to make something
radioactive, after this first step the problem will still have kept much of its force for the pupils, and that
therefore the first step ought not to be included in the second period but rather in an intermediate stage between
their formulating the problem and their solving the problem. Well, that's all right by me. I have already noted
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A second step concerns the 'how' part of the problem, and uses a procedure similar to
the above one: stimulating pupils to note differences between the actions they have performed
and appropriately chosen new situations. It is expected that in this second step they come
to see the point of paying special attention to processes in which something comes to contain
radioactive material, and thus also the point of having available a term to refer to such
processes: contamination.

In the above steps pupils are challenged to play an active part in the establishment of a
system of generalizations that is appropriate to answer their problem, in order that they best
come to appreciate how, when, and when not to apply those (and perhaps also to make them
appreciate the limitations of those, i.e., to induce some theoretical need in them). In a third
step it is tried to make them feel better at home in the established system of generalizations
by challenging them to use it for explanations and predictions in situations that do not
concern their own actions but are still of some practical interest, in particular to evaluate
the use of safety measures.

8.4.1 Finding some general statements by looking back at how the problem
has come about

After the problem has come forward, the teacher proposes to first give the pupils a chance

to apply what they have already learned in some new situations, before they will return to

the problem. The new situations are three applications of radiation, some of which may be

new to the pupils: food irradiation (treated in section 3-2 of the textbook), sterilization of

syringes (section 3-3), and radiation treatment of cancer (section 3-4).

In each of the mentioned sections, an application is briefly introduced by some information
on what is done and why it is done. Food irradiation, for instance, is introduced by saying
that some food easily goes off because it is easily effected by bacteria or mould, that
radioactive radiation kills the bacteria and mould, so that after irradiation the food can then
keep longer. Two pictures are contrasted: one of strawberries that are irradiated and one
of strawberries that are not. Some information is given (both verbally and pictorially) about
a room in which food is being irradiated: in the middle is a source containing radioactive
material; around it rotate crates of food. The other two applications are similarly introduced.
The introduction to an application is followed by some questions about it (see below).

The pupils are to work through the three sections in small groups, that is: study the given
information and answer the questions. They are also invited to carry out experiments if they
find that might help them in answering the questions.

The sale of irradiated food
a  What is the aim of food irradiation?

b Irradiated food is simply sold in shops. In some countries it should say on the packing
that it is irradiated. In the Netherlands this is not compulsory.
Now suppose that in the Netherlands too it is made compulsory. And you had to indicate
on the packing that the contained food is irradiated.

that I do not see any worth in trying to draw sharp lines where there are none -drawing sharp lines should not
become an end in itself.
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[Picture of the 'radioactivity-sign.']
Would you use the above sticker for that purpose?
This sticker should / should not be used on irradiated food, because...

2 The use of irradiated syringes
a  What is the aim of irradiating syringes?

b Joke' says: "I simply do not understand that they irradiate syringes. It may well be that
a patient does not get infections since the bacteria are killed. But the patient does get
irradiated a bit by the syringe. And that too isn't really healthy, is it?"

We do / do not agree with Joke, because..

3  The care of irradiated cancer patients
a  What is the aim of irradiating cancer patients?

b After cancer patients have been irradiated, they go back to the ward. There they are
taken care of by nurses.
Do the nurses receive any radiation from the irradiated patients? Do the nurses have to
protect themselves, e.g. by wearing lead aprons?

When taking care of the patients lead aprons are / are not needed, because. ..

I think that someone who knows the following general statements will recognize that those
statements have application in the three above applications: by means of irradiation
organisms or cells can be killed; an object does not become radioactive by irradiation. The
point of sections 3-2 to 3-4 is, conversely, that the groups come to explicitly formulate such
general statements, by recognizing similarities between some of the experiments they have
just done and each of the three applications, and between the applications among themselves.
Itis also expected that they will be able to recognize those similarities (see below). The point
of trying to make them arrive at both general statements more or less simultaneously (or:
of asking both the a-parts and the b-parts), is to prevent a conclusion that some of the pupils
who worked with the first version of the textbook believed was forced on them, namely that
irradiation is not dangerous (cf section 7.4.1). It is prevented, first of all, by not using the
unspecific term 'dangerous’ (as was done in the tasks of first version, e.g.: is it dangerous
to eat irradiated food?) and, secondly, because the two general statements together allow
a better way to formulate the state of affairs: by means of irradiation damage can be done
to an organism (in this sense the process of irradiation can be said to be dangerous), but an
object does not become radioactive in the process of irradiation (in this sense an irradiated
object can be said to present no danger to its surroundings).

Their explicit formulation of the general statement that organisms or cells can be killed by
means of irradiation is most likely not problematic at all. The fact that radiation does have
damaging effects is already well-known to pupils (cf chapter 2 of this thesis). Moreover,

12. An ordinary Dutch girl's name -no jokes please!
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all three applications are introduced in the context of killing unwanted elements. The
similarity in the a-parts of the above questions, finally, may also stimulate similar answers.

It is also expected that their coming to explicitly formulate the general statement that an
object does not become radioactive by irradiation is sufficiently prepared by the preceding
and that, moreover, the information given about the applications and the b-parts of the
questions will further drive them in that direction. For in the course of carrying out their
plans to make an apple radioactive they may already have noted that several actions did not
result in that outcome. They may e.g. not only have placed the apple near a radioactive stone
for a while but also for a rather long period, or they may have put the apple in the much
stronger X-ray machine. And if they have performed the latter two actions, they will
probably have done so for the reason to make the apple stand longer in radiation or in the
radiation of a 'stronger' source. They will thus be aware that all three actions are cases of
making the apple stand in radiation (i.e.: cases of irradiation). Furthermore, if they think
of ways to imitate the applications, as they are suggested to do when working on the
questions 1 to 3 above, they may find that those imitations will be rather similar to what they
have done when trying to make the apple radioactive: it is only that the apple will have to
be replaced by something else. This may even be more evident in the first application they
encounter (food irradiation). Also the teacher's introduction of the applications in terms of
trying to apply what they have just learned in some new situations, may stimulate them to
search for similarities. Finally, it is expected that they will understand each of the b-parts
of the three above questions as a variation on the question whether something has become
radioactive: that they know the 'radioactivity-sign' should only be stuck on objects in the
vicinity of which a Geiger counter ticks; that they know one only stands in the radiation of
an object (is irradiated by it, receives radiation from it), if a Geiger counter that one holds
in one's hands is ticking.

When discussing the questions after the group work, the teacher's participation will have
to comsist in trying to make the pupils explicitly formulate the sort of general statements
mentioned above. Since it is expected, on the above grounds, that the pupils will already
have noticed the relevant similarities,'? it is also expected that the pupils will be able to
formulate the similarities because the vocabulary to do so has already been prepared in the
preceding.

The general statements can be written down in the summary, under the heading 'Important
to remember.' Perhaps some pupils will wonder why it is that an object does not become
radioactive by irradiation: what, then, happens to the radiation? In that case the teacher notes
that this is, again, an important and good question, but that it will take some time before
it can be properly answered. In order that it will not be forgotten it is therefore best to store
it in the summary, under the heading 'Questions we still have to find an answer to.'

8.4.2 Solving the problem by finding more general statements
Tackling the problem

13. If necessary the teacher may make them explicitly think about similarities by questions and remarks such as:
have you noticed anything similar in the a-parts, both in the questions and the answers?; it is just like when
you tried to make an apple radioactive by placing it next to a radioactive stone for a while, etc.
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After the discussion of the sections 3-2 to 3-4 of the textbook, the teacher notes that from
the detour along chapter 3 they do know now that objects do not become radioactive by
irradiation, and draws their attention to the problem they have formulated in chapter 2. For
this problem still stands: how can an object be made radioactive? How is it that because of
the Chernobyl accident fresh vegetables had become radioactive or that more than normal
radiation could be measured in the Netherlands? Why is it that their attempts to make a
Geiger counter tick at a more than normal rate in "the Netherlands' or near the apple did
not succeed?

The teacher proposes to go back to the point where they have left chapter 2, namely
section 2-4 (Radioactive waste). This section consists of the below task, and the teacher sets
the groups to work on this task while noting that it may help them in solving the problem.

8 Radioactive waste in the Irish Sea
Nuclear power plants produce radioactive waste. That is, waste consisting of radioactive
material.
Radioactive waste is sometimes dumped in sea. That is very controversial, as you may
gather from the below articles.
[A headline saying: "British factory dumps too much nuclear waste." A newspaper
cutting in which it is said that an advisory committee of the British government
has established that the plant in Sellafield still dumps needlessly much radioactive
waste in the Irish Sea. A map of Great Britain and the Republic of Ireland in which
the Irish Sea and Sellafield are indicated.]

a  Some fish from the Irish Sea are radioactive.
How could they have become radioactive?

[A newspaper cutting that reads (in translation): "For a long time past the safety
norms that are applied in Sellafield are being criticized. Environmental
organizations have repeatedly insisted on the termination of the dumping of
radioactive waste in sea. November last year the government had to close beaches
near the plant because too high levels of radiation were measured there. "]

b Some beaches at the Irish Sea had to be closed. Too much radiation was measured there.
How could that have come about?

It is expected that this task may indeed, as the teacher has said when introducing it, help the
groups in solving the problem. First of all it is expected that, because of the preceding treat-
ment of sections 3-2 to 3-4, the suggestion that the fishes have become radioactive by having
beenirradiated will be blocked. Furthermore, the groups are expected to notice the similarity
between the type of questions asked here and in tasks 5 and 6 above: how something could
have become or could be made radioactive; how it can be or be brought about that at some
place more radiation than normal is measured because of something that happened elsewhere.
A new element in the situation of task 8, however, is that what has become radioactive (a
fish) is itself able to move around. This circumstance is supposed to provide a clue to the
groups. For it is easy to imagine that when a fish swims too close to the dumped radioactive
waste some of the radioactive material may stick to its skin, or that a fish that swims along
the radioactive waste may in passing eat bits of the waste. And it also seems evident that
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a Geiger counter will start ticking near a fish that has radioactive material on or in it. But
once the step has been taken that an object becomes radioactive by e.g. taking in radioactive
material, it can also easily be seen that it is not essential that the object to become radioactive
is itself able to move: all that is needed is that it somehow comes to contain radioactive
material. It may also be, for instance, that some of the dumped radioactive waste itself has
been displaced by the tide, and has thus been washed up against the shore. This would
explain why on some beaches too much radiation was measured. By comparing this
explanation to their attempts to make it the case that more radiation is measured in 'the
Netherlands,' the groups may then also appreciate why those attempts were doomed to fail.
For what they failed to do in those attempts was transport the radioactive material itself
towards 'the Netherlands' in one way or another. If all this happens, the pupils can be said
to have solved their problem. Implicitly they will moreover also have used the generalization
that an object becomes radioactive by putting radioactive material in or on it.

In the subsequent class discussion of task 8, the teacher's participation will have to be
directed at bringing forward the main points: check whether the pupils find they have solved
their problem (and compliment them for that if they do); make the pupils explicitly formulate
their general conclusions (among which the above mentioned generalization), as well as
newly risen questions; make them note down these main points in the summary. Once it
seems clear enough that the pupils already use the concept 'contaminated’ in the sense that
they see the point of paying special attention to objects that have come to contain radioactive
material (cf section 7.4.4), the teacher introduces the word 'contaminated:' from now on
we call an object contaminated if it has radioactive material on or in it. The teacher may at
the end of the discussion also ask the pupils to have a second look at tasks 5 and 6: how it
has come about that after the accident more radiation than normal was measured in the
Netherlands, or how they could have brought it about that in 'the Netherlands' more radi-
ation than normal is measured; how fresh vegetables had become radioactive after the
accident and why it was then advised against eating fresh vegetables, or how they could have
brought it about that the apple is radioactive. The teacher may also hollow out an apple, put
one of the radioactive stones inside and close the apple again: then outside the apple a Geiger
counter will tick. Some pupils may protest that thus it is not really the apple that is
radioactive. For the counter simply measures the radiation emitted by the radioactive stone
that has been put inside the apple. The teacher may then note that it is just a matter of
sticking to earlier agreements to call the apple with the stone inside radioactive (since a
Geiger counter ticks near it), but at the same time concede that by this move the source of
the protest does not really seem to have been touched. For although according to the earlier
agreements the apple with stone is rightly called radioactive, it seems clear that it is only
the stone that is, what might be called, genuinely radioactive. Or perhaps the stone itself too
is not genuinely radioactive but rather contaminated. Since it seems intuitively clear that
there cannot be an infinite regress here, the question seems to be how it is that some material
is genuinely radioactive -i.e. radioactive without being contaminated? This would be a
question to store in the summary, under the heading 'Questions we still have to find an
answer to.'

Explicit formulation of generalizations
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The summary of chapter 3 contains, apart from the usual 'Important to remember' and
'Questions we still have to find an answer to,' two other parts: 'Important statements to
remember' and 'A story containing the important terms.' In both parts the pupils are
presented with five important terms they have got acquainted with: radiation, irradiated,
radioactive material, contaminated, and irradiated. In the first part the pupils are asked to
form true statements in which each time two of these terms occur: as an example they are
first given a statement in which the terms 'radioactive material' and 'radiation’ occur (Radio-
active material emits radiation); then they are asked to make true statements contain

ing 'irradiated' and 'radiation,’ 'radioactive material' and 'contaminated,’ 'contaminated’
and 'radiation,' 'irradiated’ and 'radioactive,' 'contaminated’ and 'radioactive;' finally they
are asked to make true statements with other pairs out of the five mentioned terms. In the
second part they are asked to think of a situation in which all five terms have application,
and to write a short piece (if needed, with illustrations) or a comic about that situation. The
only condition is that all five terms do occur in their story.

It is expected that the first part will challenge the pupils to explicitly state general
statements and that they will be able to do so, aided by what they have learned before. The
teacher may also involve the pupils in several ways in judging such statements: first of all
by letting them think of such statements themselves, and then also by letting them read the
statements that some other pupils have thought of. On the statements that are judged as
unclear or false there can then be a further discussion in which the teacher's principal role
is to prevent talk at cross purposes: by letting them make disciplined use of the agreements
made earlier, or by letting them think of and, if still needed, carry out experiments to settle
disagreements, etc. The sort of situations that the pupils will think of in the second part are
expected to be closely related to one of the situations they have met before. The challenge
for them will then consist in trying to apply all of the terms in such a situation in a correct
way, and it is expected that they will be able to do so. From the stories themselves the
teacher can infer a global idea of the way in which the pupils understand the situations they
have written about and of the way in which they have applied the relevant terms. Lacks of
clarity and putative errors can again be discussed.

8.4.3 Getting at home in the established system of generalizations

The aim, i.e. the curriculum deviser's and teacher's aim, of chapter 4 of the textbook is to
make the pupils feel better at home in and add to the sorts of generalizations they have k
arrived at and explicitly formulated.' In order to achieve this aim the pupils are to give
explanations or to make predictions concerning some new situations. In order to challenge
them to apply the relevant generalizations, the descriptions of the situations and the formula-
tions of the questions in the earlier tasks of chapter 4 are put in the relevant terms
('contaminated,' 'irradiated,' etc; cf section 7.4.1). In the later tasks the situations and
questions are more loosely framed, so that the pupils will then first have to reframe them

14. Of course all that follows from now on, and not just chapter 4, can be seen as a contribution to pupils' getting
better at home in and adding to the system of generalizations. By relating the aim exclusively to chapter 4 (and
to some extent to chapter 5), however, I mean to explicitly acknowledge that the pupils do indeed need some
time to get at home in it. In later chapters it will be assumed that they will more or less self-evidently make
use of it.
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in the relevant terms before the relevant generalizations can be used to give an explanation
or make a prediction (cf section 6.3.4).

For the pupils themselves the aim of chapter 4 is supposed to derive from its title: How to
protect oneself? The teacher introduces the chapter by noting that radiation can do damage,
as the pupils probably already know and moreover have also concluded in chapter 3; that
it is therefore best to receive as less as possible radiation, unless of course there is e.g. a
medical necessity; that it is the topic of this chapter to discuss ways to prevent that someone
receives (too much) radiation. It is then also natural to make a link with the topic of chapter
5: the possible effects in case someone nevertheless has received (too much) radiation. It
is expected that this introduction sets the main themes of the next two chapters sufficiently
clear for the pupils, that their existing interest in these themes will moreover give them a
sense of purpose and motivation for further discussing these themes, and that they already
know quite a lot about safety measures and effects that can be further built on. It is also
expected that in the course of working on chapters 4 and 5, the pupils themselves too will
notice that they get better at home in the use of the relevant concepts and generalizations,
e.g. by better appreciating their relevance. The distinction between contamination and
irradiation, for instance, not only is relevant because, as they have appreciated in section
2-4, in such terms and with the use of appropriate generalizations it can be explained why
in some situation an object had or had not become radioactive, but also because, as they will
come to appreciate in chapter 4, the prevention of getting contaminated demands other
measures than the prevention of getting irradiated. Below I outline and comment on the tasks
of chapters 4 and 5.

Section 4-2 (Measures against receiving radiation) consists of tasks 1 to 5 below. Tasks 1,
2, 4 and 5 have a rather uniform form in order to focus pupils' attention as well as possible
on the relevant concepts: 'irradiated' and 'contaminated.’
1 Prevention of contamination
Think of some measures to prevent that someone gets contaminated. Note those
measures down in the below table. Also write down why they are a good measures.
[Frame of a table with two columns, headed 'Measure:' and 'With this measure
contamination is prevented, because:'.]

Task 2 is the same as task 1, with 'contaminate' replaced by 'irradiate.' Task 3 is not
formulated in terms of 'contaminate' and irradiate.' Instead it contains some newspaper
headings in which it is said that after the accident sand, lead and concrete were poured on
the exploded power station in Chernobyl, and the question is why this was done. It is
expected that after tasks 1 and 2 they will think about these measures in terms of prevention
of contamination and prevention of irradiation.

4  Measures after someone is contaminated

a  Someone has got contaminated and is hospitalized. Does one receive radiation when

sitting next to that person?
Yes / no, because...

Answer part b only when your answer to part a is "yes."
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b You think one receives radiation from a contaminated person. But then that person him-
or herself will also receive radiation from him- or herself.

Is there still something that can be done about that? That is, are there still measures that
take care that the person him- or herself receives less radiation?
Note down in the below table such measures. Also write down why according to you
those measures are helpful.
[Frame of a table with two columns, headed '"Measure:' and 'By this measure
a contaminated person him- or herself receives less radiation, because:'.]
Task 5 is the same as task 4, with 'contaminate' replaced by 'irradiate.’

Section 4-3 (Protection with lead) consists of tasks 6 and 7 below. In the tasks some
situations are described and the problem is whether in those situations the pupils would apply
the safety measure that is best known to them: protection with lead. The situations and
problems themselves are based on 'real life' situations and problems as some radiation
experts have encountered them (cf Eijkelhof, 1990, p.61-3; see also section 2.5). The tasks
are not formulated in terms of 'contaminate' and irradiate.' It is up to the pupils to analyze
the situations in these terms and to base their judgement as to whether or not protection with
lead is necessary on that analysis. It is expected that after the previous tasks they will be able
to do so.
6 Lead aprons for the cleaning personnel of an X-ray department, or not?
Almost every hospital nowadays has an X-ray department. In such a department there
are X-ray machines, with which X-rays are taken.
[Photograph of a nurse who takes an X-ray of a child and on which the X-ray
machine is also seen. Picture of an X-ray.]
Of course an X-ray department regularly has to be cleaned. That happens in the evening,
when no X-rays are taken.
In one hospital the cleaners once demanded lead aprons. They wanted to wear lead
aprons when cleaning the X-ray department. Just like the nurses that work there during
the day. The management of the hospital told the cleaners that they do not need lead
aprons.

Would you give lead aprons to the cleaners?
Yes / no, because...

7 X-raying animals
Animals too are sometimes X-rayed. When they have broken a bone, for example. The
pictures are taken by X-ray assistants. Of course animals do not simply lie still. The X-
ray assistants have to hold them when taking an X-ray.
After the X-ray has been taken, the animals are taken back to their pens. There they are
looked after and fed by animal caretakers.

‘Whom would you give lead gloves?

a  The X-ray assistants that take the X-ray.

b The animal caretakers that afterwards look after and feed the animals.
¢ Both.

d  Neither.
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Our answer is ..., because...

In section 5-2 (Effects of radiation) the pupils can bring forward what they already know
about the effects of receiving radiation. They are asked to think of situations in which
something or someone has received radiation, and of some negative and positive effects of
receiving radiation, e.g. in the situations they have just thought of; furthermore, they are
asked how people have found out about the effects of receiving radiation; finally they are
asked what the seriousness of the effects depends on.

Depending on what they bring forward, the teacher adds one thing or another to prepare
some of the following activities. If the pupils themselves have not already done so, the
teacher notes that it is somehow strange that on the one hand radiation can induce cancer
while on the other it is used to treat cancer. If the teacher has a portable X-ray machine and
a matching screen that lightens when exposed to X rays at his or her disposal, he or she may
pay special attention to that as a preparation for a later task (see task 5 below). The effect
of the X rays on the screen is the lightening of the latter. By turning on and off the X-ray
machine it can be noticed that the screen only lightens when, and for as long as, the X-ray
machine is on. So not only has the screen not become radioactive because of the irradiation
(as has already been established some time ago), but moreover the screen is just effected
by the radiation as long as it is being irradiated. Perhaps some pupils will wonder why this
is so: what, then, happens to the radiation? Again this would be an example of a problem
that is worth being stored in the summary, under the heading 'Questions we still have to find
an answer to.'

Section 5-3 (Damage to cells) begins with some information that is meant to refine the
general statement that has already been established before, namely that organisms or cells
can be killed by radiation. The following is a piece of the information.

X rays and radioactive radiation can damage cells. There are three kinds of damage to cells.

1 A cell is just lightly damaged. The cell is able to fully recover after a while.

2 A cell is so much damaged that it is no longer able to carry out its specific task. Or that

its division goes out of control.
3 A cell is so badly damaged that it dies.

The point of this information is to provide the pupils with a clue to solve the problem that
on the one hand radiation can induce cancer while on the other it is used to treat cancer. In
fact, this problem is treated in a task in which the pupils are asked to say by which kind of
damage to cells cancer is induced, on which kind of damage to cells radiation treatment of
cancer depends, and why a cancerous tumour is irradiated from different angles.

The point of the final task of chapter 5 is to make the pupils see that while cells are only
damaged when, and for as long as, they are being irradiated, it may take years before the
cells whose division as a result of the irradiation has gone out of control have developed into
tumours that give trouble to the person involved. It is expected that as a result of what the
pupils have learned before, the suggestions that the radiation lingers or somehow keeps on
doing damage will be blocked (the pupils may have to be reminded of the screen in the X-ray
machine here).

5  Only years later it may give trouble
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When someone receives radiation that may lead to cancer. But it is only years later that
the cancer will show up and give that person trouble.
Tom says: "That is because it is only then that the radiation begins to do damage."
a Do you agree with Tom?
Yes / no, because...

Answer part b only when your answer to part a is "no.”

b Why do you think that it is only years later that the cancer will show up and give the
person trouble?

8.5 Extension of the descriptive level in quantitative direction

The descriptive level that has been established in the preceding can be thought of as a way
of describing and a system of generalizations such that, if appropriately described, the
occurrence of a range of events can be predicted and explained by means of the generaliz-
ations. It is, however, of a purely qualitative nature. An object has the property 'is radioac-
tive,' for instance, if a Geiger counter starts ticking at a more than normal rate in its vicinity,
but the rate at which the counter ticks in its vicinity has not yet been taken into account. The
same applies to the other basic properties and thus also to the generalizations in which such
properties are in one way or another connected. Consequently, the predictions and
explanations that can be produced by means of the generalizations are also of a qualitative
nature, e.g. whether or not an object will become radioactive as a result of a particular
action.

It is the aim of chapter 6 of the textbook (Still more applications) that by working it
through pupils come to extend the previously established descriptive level in a more quanti-
tative direction, in which in particular aspects like the penetrating power of radiation and
the strength and half-life of radioactive substances will play a role. For the pupils themselves
the aim of chapter 6 is, as its title suggests, to learn more about applications of radiation.
It is expected that what may be called a global interest in applications will provide them with
a sufficient initial sense of purpose and motivation for further learning about applications
of radiation. It is also expected that in the course of working on chapter 6, the pupils
themselves too will notice the relevance of extending what they already know in a more
quantitative direction, e.g. because they learn that it is only by doing so that they are able
to understand some of the applications at all (or at any rate to understand most of the
applications better). From the curriculum deviser's and teacher's point of view it can thus
be said that applications of radiation form the context in which the pupils are supposed to
extend the qualitative descriptive level to what may be called a quantitative descriptive level.

There is not much new in chapter 6. Aspects like penetrating power and half-life are
treated in most courses on radioactivity. Moreover, the idea to treat these aspects in the
context of applications, in particular in the context of choosing an appropriate radioactive
substance for a given application, is also not new: I have 'stolen’' it from SATIS 14-16 Unit
204 (Using radioactivity). This is why below I just briefly sketch the main steps of the
extension in quantitative direction, dwelling only upon the points where [ may have laid the
emphasis somewhat differently than is usually done.
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8.5.1 Inducing a need for something more quantitative

The teacher briefly introduces chapter 6, by noting that the pupils already know quite a lot
about radioactivity, that they already have got acquainted with some applications of
radioactivity (in particular in chapter 3), that in this chapter they are going to study more
applications, and that some of those applications may be new to them, as perhaps the ones
in section 6-2 are. The teacher subsequently sets the groups to study section 6-2 (Some new
applications), which contains descriptions of three new applications and some questions about
them. The applications are: (1) investigation of a patient of whom it is suspected that a blood
vessel supplying the heart muscle is blocked; a radioactive substance is introduced to the
patient's bloodstream; a photographic film is held near the heart region and on the resulting
'photograph’ it can be seen whether there is a blockage and where it is; (2) the production
of sheets of metal; metal is squeezed between rollers; the bigger the pressure of the rollers,
the thinner the metal; in order to keep the sheets of metal of the same thickness all the time,
a radioactive source and Geiger counter are used to control the pressure of the rollers; the
source is held at one side of the sheets, the Geiger counter on the other side measures the
amount of radiation that passes through the sheet; if the sheet gets thicker, the counter will
measure less radiation; (3) idem for the production of sheets of paper.

The point of some of the questions on the applications is to make the pupils wonder things
like: It is kind of strange that radioactive substances are used here, for what about...? The
pupils will e.g. note that the heart patient is in fact contaminated, and even though they will
see the advantage that the patient need not be cut open in this way, they may wonder whether
the patient will remain contaminated for the rest of his or her life or whether the contamina-
tion will decrease. And while it is expected that the pupils will not find the idea behind
controlling the thickness of sheets of metal very strange, i.e. the idea that the emitted
radiation is partly stopped by metal, they may wonder why the same procedure can also be
applied to control the thickness of paper: radioactive radiation is very penetrating, isn't it?
In the discussion of the tasks the teacher tries to amplify such statements of wonder, in order
to give a preview of what will also be treated in this chapter: the question whether something
remains equally radioactive or contaminated and the question how far radioactive radiation
penetrates into something. It is expected that thus the pupils will be sufficiently open to also
find answers to such questions, and that they perhaps already have some ideas about the
answers.

8.5.2 Extension towards a quantitative descriptive level

Penetrating power of radiation

In section 6-3 (Penetrating power) there follows first some information on the question how
far radioactive radiation penetrates into something: some radioactive substances emit
radiation that has a rather low penetrating power (and is called e:-radiation); other radioactive
substances emit radiation with a medium penetrating power (called p-radiation); yet others
radiation with a rather high penetrating power (called y-radiation); the penetrating power
of the X rays that an X-ray machine emits is situated between that of B-radiation and -
radiation; it is indicated how far ¢-radiation, B-radiation, y-radiation and X rays penetrate
into some materials (flesh, bones, air, metals, etc). Note that the terms o, 3- and y-radiation
are thus introduced as nothing more than shorthand for radiation with low, medium and high
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penetrating power, respectively. No mention is made of their nature or of the fact that o-,
[B- and y-radiation are different types of radiation. In fact, they are, together with X rays,
treated as being of the same kind in the sense that they all make a Geiger counter tick. Of
course the pupils may ask such things as why it is that some radioactive substances emit
radiation with a higher penetrating power than the radiation that other radioactive substances
emit, or why it is that the radiation that some radioactive substance emits penetrates further
into some materials than into others. Such questions can again be stored in the summary,
under the heading 'Questions we still have to find an answer to.'

In section 6-3 there are also some tasks to go with the presented information. An X-ray
of a hand is shown and the pupils are asked to draw what the photograph would have looked
like if, instead of X rays, ¢-radiation was used, or f-radiation, or y-radiation. Furthermore
they are asked to say of some of the applications they have already got acquainted with
(sterilizing syringes; investigating whether a blood vessel of a heart patient is blocked; con-
trolling the thickness of sheets of metal, and of sheets of paper) whether they would for that
application use a substance that emits ¢-radiation, B-radiation or y-radiation.

Strength of radioactive sources
In section 6-4 (The strength of radioactive materials) a begin is made with tackling the
question whether something remains equally radioactive or contaminated, by first coming
to agree on a measure to express how radioactive something is. This is done by putting e.g.
two radioactive stones in the classroom and asking the pupils to find out whether they are
equally radioactive and, if not, which one is most radioactive. It is expected that the notion
'being more radioactive than' is intuitively clear to the pupils (in fact, that they will already
have said of the X-ray machine that it is stronger than e.g. the stones), and that they are at
least able to aurally determine which of the stones is most radioactive. They are thus
expected to intuitively take the ticking rate of a counter as a measure for how radioactive
an object is. It is also expected that, perhaps with a little guidance from the teacher, the
pupils are able to see something like the number of ticks per second as an appropriate unit
to express the strength of a radioactive object. If necessary some modifications can be made,
such as that to properly measure the total strength of an object one should somehow measure
all round it. Next the pupils do some exercises of the type: this number of ticks is measured
in that period of time, what is the strength?
Since by now two notions of 'strongness' are introduced, penetrating power and strength,
there follows the below task to clearly separate them.
9  Controlling the thickness of sheets of lead
In a factory one wants to control the thickness of the sheets of lead that are produced
there. The first attempt is to hold a source containing the radioactive substance
strontium-90 at one side of the sheets. It turns out, however, that the Geiger counter on
the other side then measures no radiation at all. So another source will have to be tried.
a  One will have to increase the strength of the source by putting more strontium-90 inside
it. This is correct / incorrect, because. ..
b  One will have to put another substance in the source. That other substance must emit
radiation with a higher penetrating power.
This is correct / incorrect, because...

In the discussion of this task the teacher points at the importance of a precise use of the terms
'penetrating power' and 'strength.' In fact, since the latter indicates a property of the source
and the former of the emitted radiation, it is best to always speak more fully of the 'strength
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of a radioactive source' and the 'penetrating power of radiation.' In the sequel the teacher
will have to encourage such a disciplined use of these terms by the pupils.

Half-life of radioactive substances
In section 6-5 (Does the strength of radioactive material change?) the question whether
something remains equally radioactive or contaminated is addressed in terms of the just
agreed on measure to express how radioactive something is. To investigate the question
quantitatively, the pupils are not given the task to themselves perform experiments but to
analyze experiments that were performed by pupils in some other class. They are presented
with the rough data of those other pupils: the date of measurement; the number of ticks; the
measuring time (e.g.: March 8, 590 ticks; 15 seconds). The pupils are asked to calculate
the strength at the various dates and to plot the strength against the date. Then they are given
a graph that has resulted from similar measurements at a source containing the radioactive
substance natrium-24, and which looks just like the one they themselves have just plotted
except that the numbers along the axes are somewhat different. By a series of questions (the
strength has decreased to halfits initial value after ... hours; this value is again halved after
... hours, etc), the pupils are supposed to note that after every such and such period of time
the strength of natrium-24 is once more halved. The notion 'half-life of a radioactive
substance' is introduced by noting that the 'such and such period of time' just found is called
the half-life of natrium-24. The pupils are subsequently asked to find the half-life of the
substance for which they themselves have just plotted a graph, and of some other substance
for which a graph is given.

Section 6-5 closes with some straightforward exercises concerning half-life. Furthermore
the pupils are asked to say whether in controlling the thickness of sheets of paper a
radioactive substance with a short or with a long half-life has to be used.

8.5.3 Application of the quantitative descriptive level

In the preceding the pupils are expected to have extended the qualitative descriptive level
by an addition of the notions 'strength of a radioactive source' and 'penetrating power of
radiation.' Moreover, the need for some such extension initially derived from an induced
demand to better understand some applications, and the added notions are to some extent
already related back to applications by the pupils (when they were asked to say whethere.g.
in controlling the thickness of sheets of paper a radioactive substance that emits e-radiation,
[B-radiation or y-radiation, or with a short or long half-life, has to be used). In the final
sections of chapter 6, the extension is in two steps more explicitly related to applications.
In section 6-6 (Got it?), the pupils are asked to give the reasons why in a given application
a radioactive substance with a particular half-life and emitting radiation with a particular
penetrating power is used. In section 6-7 (Exercises), the pupils themselves are, for a given
application, to choose an appropriate radioactive substance from a list.

The application that is presented in section 6-6 is of the same kind as the first application
of section 6-2. Again, an organ that is suspected to malfunction (in this case a liver) is
investigated, not by cutting the body open but by introducing a radioactive substance to the
body and by monitoring from outside whether and where it has gone in the relevant organ.
The pupils are asked to explain why in this investigation a radioactive substance is introduced
with a relatively short instead of a rather long half-life, and emitting y-radiation instead of
- or B-radiation. The applications presented in section 6-7 are: finding a suspected blockage
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in an air passage in a lung; controlling the thickness of polythene sheeting; sterilizing Petri
dishes; detecting smoke; checking welds of pipelines for faults; reducing a too large thyroid
gland. For these applications the pupils are to choose an appropriate radioactive substance
(and to argue for that choice) from a table of 18 substances, in which it is indicated whether
a substance emits «-radiation, B-radiation or y-radiation (six of each), and what its half-life
is (varying from relatively short to rather long).

8.6 From descriptive level to theoretical level

It is expected that in the preceding the pupils have arrived at and come to value a way of
describing and a system of generalizations, in terms of which they can predict and explain
the occurrence or non-occurrence of types of event that have some practical interest, in
situations that have some practical interest, and to an extent that is quite sufficient for
practical purposes. An event of interest is e.g. receiving radiation (because of its possible
effects, especially for people), situations of interest are e.g. real life situations (such as the
Chernobyl accident and its consequences) and real-life applications of radioactive substances.
It is also expected, however, that in the course of arriving at the descriptive level the pupils
have posed and stored in the summaries some questions that not so much cast doubt on the
usefulness of the descriptive level but rather demand a deeper understanding and further
clarification of it, and may thus be understood as reflecting some kind of theoretical need.
In section 6.3.5 and the preceding sections of this chapter I have already given possible
examples of such questions: why is it that the gas mantle is radioactive?; why is it that some
material is genuinely radioactive -i.e. radioactive without being contaminated?; why do we
not seem to be able to make an apple radioactive, while after the Chernobyl accident fresh
vegetables had become radioactive?; why is it that an object does not become radioactive
by irradiation and is only effected for as long as it is being irradiated: what, then, happens
to the radiation?; why is it that radiation penetrates further into some materials than into
others?; what is radiation anyway?

The idea behind chapter 7 is to make the pupils reflect on what has already been established
and especially on what has still been left open. Pupils' entrance to chapter 7 is thus what
its title is: looking back and rounding off. A further aim of the curriculum deviser and the
teacher is that in the 'looking back'-part some kind of theoretical need is brought to the fore,
while in the 'rounding off'-part it is to some extent met by trying to answer some of the
questions that have arisen in the preceding. This is tried by a shift to a different vocabulary,
in particular by making some hypotheses about micro-structure (cf section 6.3.5). The
emphasis should thereby not so much be on the content of some particular hypothesis, but
rather on its function in better understanding some of the facts that have already been
established. In section 3.3 I have already given an example of an hypothesis that might be
useful: radiation is nothing but very fast moving particles. That is, radiation consists of
particles, but those particles as such are not radiation. They are only radiation, and are only
able to do damage, as long as they are moving. And the fact, e.g., that radiation seems to
disappear, in the sense that an object does not become radioactive by irradiation and is only
effected for as long as it is being irradiated, might eventually be explained by a micro-level
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account of what happens with the fast moving particles when they get into an object. E.g.:
the particles of the radiation collide with the particles that the irradiated object consists of.
It is because of those collisions that the particles of the radiation on the one hand may do
damage to the object, while on the other they themselves lose speed. Then either a particle
of the radiation gets, perhaps after having done some damage, through the object, or it
comes to a stop inside the object. So after the irradiation has stopped, i.e. after the bombard-
ment with the fast moving particles has stopped, neither do there escape fast moving particles
out of the irradiated object any longer nor is there still any damage done by fast moving
particles. Some particles of the radiation may indeed have remained in the irradiated object,
but they are standing still and thus no longer cause any damage. If in such a way it enables
them to answer some of their questions, the pupils are expected to come to see some value
in the suggested hypothesis, and the more so the more questions it enables them to tackle.

I am very modest concerning the extent of what can be achieved in this way, however.
AsT already noted in section 6.3.5, I would be quite satisfied if the pupils just got a flavour
of how a shift to a different vocabulary might enable a deeper understanding. I expect,
moreover, that their theoretical need asks for not much more than just that. Even though
most of their questions will still not be answered and even though some of the answers may
in turn have given rise to new questions, I think that the unit could be satisfactorily rounded
off now that the pupils know that there is still much more to be said and explored concerning
radioactive phenomena and have seen a glimpse of the direction of such a further
exploration. After all, they already have learned quite a lot about radioactivity and, if I am
right concerning my expectations, they have learned it in such a way that all along they knew
what it was all about.

I have just sketched how I would round off the topic if things were entirely up to me. But
they are not. In particular, I felt obliged to meet the demands of the examination syllabus.
And the syllabus demands that pupils know about protons, electrons, neutrons, unstable
nuclei, isotopes, etc, know that o-radiation consists of helium nuclei, P-radiation of
electrons, etc. I think that these demands reflect the tendency that I have pointed at in chapter
3, namely to self-evidently associate the topic of radioactivity with 'abstract,' 'theoretical’
and 'nuclear model:' to take it as self-evident that to meaningfully teach the topic of
radioactivity, even if one aims at 'contextual physics' or 'physics in contexts,' one will have
to first teach about atoms, nuclei, etc. In chapter 3 I have already argued against the
obviousness of this tendency and, moreover, the didactical structure outlined above can also
be seen as making a case for the possibility of meaningfully teaching the topic of radioac-
tivity without teaching about atoms, nuclei, etc. But nevertheless, the examination syllabus
being what it is, there is of course the responsibility to prepare the pupils for it.

Chapter 7 as it is written, and briefly outlined below, is some sort of hybrid product that
has arisen out of the tension between rounding off the topic as I would have liked and
meeting the demands of the examination syllabus. It has been tried to merge the two by also
presenting the facts that pupils have to know according to the examination syllabus in the
context of answering the questions that have emerged in the preceding. I was fully aware,
however, that this is an uneasy compromise -to say the least. For the questions that have
emerged in the preceding surely do not justify in any way the introduction of a fairly detailed
nuclear model or, to put it another way, the presented nuclear model does not match in any
way the theoretical need that may have emerged. It is like giving them a sledgehammer they
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cannot really bear, and then asking them to just crack a nut with it. Nevertheless, even
though I was not very satisfied about chapter 7, it was decided to try it out at least once.

8.6.1 Inducing a theoretical need by looking back

The teacher begins with noting that the pupils already have learned quite a lot about
radioactivity, and introduces the theme of chapter 7: rounding off by looking back on what
has been established in the preceding, in particular on the questions that have arisen in the
preceding, for some of which it will be tried to find an answer.

Section 7-2 (Questions we still need to find an answer to) contains two tasks. In the first
one the pupils are challenged to look back on what has been established in the preceding and
to collect some questions on it. They are given the hints to look at the summaries, and in
particular at the 'questions we still have to find an answer to." But they may also have some
questions concerning the 'important things to remember.' And perhaps they have cut some
articles on which they have questions. In the second task the pupils are asked whether they
can already answer some of the questions they have just collected.

In the discussion of the tasks the teacher may first of all have the opportunity to point out
that the pupils have indeed learned something. For they may have found that they can now
answer some of the questions they once had, e.g. why initially they were not able to make
an apple radioactive, while after the Chernobyl accident fresh vegetables had become
radioactive. The teacher then focuses on the questions that still remain unanswered, and tries
to bring out their 'why-character:" we do already know that such and such is the case, but
why is that? E.g.: we do know that an object does not become radioactive by irradiation,
but why is that so? Depending on what they themselves have already brought forward, the
teacher may ask the pupils if they do know more such 'why-questions.' If needed, the
teacher him- or herself may also add some, e.g.: why is the penetrating power of p-radiation
higher than that of «-radiation?; why does the strength of a radioactive substance decrease
with time?; why do the half-lives of different radioactive substances differ (so considerably
in some cases)?

8.6.2 Trying to meet the theoretical need by a shift to a different vocabulary
An hypothesis about the nature of radiation

In section 7-3 (How can we conceive of radiation?) a beginning is made with tackling some
of these questions. On the basis of some of the 'why-questions' that are expected to have
come forward, the teacher first of all works towards the question: what is radiation anyway?
The teacher then tells that physicists too have posed the sort of questions that the pupils have,
and that in order to answer them have had the idea to think of radiation as consisting of par-
ticles -very small particles that are moving very fast. According to that idea a radioactive
substance shoots away particles, which can encounter all sorts of things on their way: a
Geiger counter, a human body, etc. The counter ticks each time a particle enters it. In a
human body a particle may collide with cells and thus do damage to cells.

Trying to answer some questions by using that hypothesis

The teacher also notes that the idea that radiation is nothing but very fast moving particles
may sound very strange. Still, physicists have come to appreciate the idea as useful, because
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it has enabled them to answer a lot of their questions. Perhaps it will also enable the pupils
to do so. The teacher then sets the pupils to work on the below task, in which they are to
answer some questions by using the idea that radiation consists of very fast moving particles.
(Of course they are also free to try to answer some other questions by using that idea.)

3 Answering unanswered questions

a  Beta-radiation does not penetrate a plate of lead. Why?

(Hints:  * Beta-radiation consists of particles.
* Lead consists of molecules.)

b  Alpha-radiation penetrates just a few centimetres into air.
Why is that?
(Hint: * Air too consists of molecules.)

¢ Beta-radiation only partly passes through a plate of aluminium. But beta-radiation does
not pass through a plate of lead at all.
Why not through lead and partly through aluminium?

d  Alpha-radiation does not pass through a sheet of paper. Beta-radiation does so partly.
That is, the penetrating power of beta-radiation is higher.
Think of some explanations for that.

e  While somebody is being irradiated the radiation can do damage. After the irradiation
there is no damage done any longer.
Why is that?
(Hints:  * Radiation consists of particles.
* Those particles can do damage by collisions.)

f  Irradiated food is not radioactive.
Why is it that the food itself does not emit radiation after having been irradiated?

It is expected that the pupils will be able to think of ways to use the suggested idea in order
to answer these questions, and that in doing so they will make additional assumptions about,
e.g., the size and speed of the particles, or about the density of the molecules of the object
they collide with. In the discussion of pupils' explanations the teacher's focus should not
so much be on the content of some particular explanation, but rather on whether the
suggested idea is soundly used in it to answer a question. Thus the pupils may come to
appreciate the idea as useful (at least to some extent).

Some more hypotheses: about the nature of (radioactive) substances

The structure of section 7-4 (How can we conceive of (radioactive) substances?) is in a way
the same as that of section 7-3. Firstly, the teacher works towards a question (in this case:
why is it that a radioactive substance is radioactive?). Secondly, some hypotheses are
presented (in this case: concerning the nature of substances in general, and of radioactive
substances in particular). Thirdly, some questions are being answered by using these
hypotheses (in this case in particular the hypothesis that the particles of radiation are emitted
by unstable nuclei). The difference with section 7.3, however, is that this time some artillery
is developed in the second step that is far too heavy for the use it is put to in the third step.
The reason is that it is in this second step that I felt obliged to meet the demands of the
examination syllabus.
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Anyhow, the teacher links up with section 7-3 by noting that the pupils may have begun to
see some use of the idea presented there for answering some questions. But it does not
answer all questions and, in turn, itself evokes some new questions. For according to that
idea a radioactive substance shoots away particles. But where do those particles come from?
And why is it that some substances emit such particles while others do not? Why exactly
is it that a radioactive substance is radioactive?

The teacher then tells that in order to answer such questions physicists have put forward
some ideas concerning the nature of radioactive substances. These ideas have in turn come
forward out of ideas concerning the nature of substances in general, as physicists and
chemists have developed them throughout the ages. In chemistry class, the pupils may
already have come across some such ideas, e.g., the idea that substances consist of
molecules, and that molecules consist of atoms. Such ideas may again sound strange, but
chemists have come to appreciate them as useful since such ideas have enabled them to
explain and predict how substances will react with each other and which new substances
emerge in such reactions. Some further ideas concerning the nature of substances have
proved useful to better understand why some substances are radioactive.

The further ideas about substances that are (both verbally and pictorially) presented in the
text are: atoms comnsist of protons, neutrons and electrons; the number of protons in an atom
equals the number of electrons in an atom (and is called the atomic number); the protons
and neutrons sit close to each other in a small clod, which is called the nucleus of the atom;
the electrons circle around the nucleus. As further ideas about radioactive substances in
particular the following are presented: what is special about radioactive substances is that
the nuclei of the atoms they consist of are unstable, i.e., inclined to change; unstable nuclei
change by shooting away a particle; some unstable nuclei shoot away alpha-particles, which
are clods of two neutrons and two protons; radioactive substances whose unstable nuclei
change by shooting away alpha-particles emit alpha-radiation, i.e. the fast moving particles
that alpha-radiation consists of are alpha-particles; the activity of a radioactive substance
(with the becquerel as unit) is the number of its unstable nuclei that per second change or,
equivalently, the number of particles that per second are shot away by its unstable nuclei.
Alongside this presentation the textbook also contains a lot of tasks whose main function is
to let the pupils practice with the multitude of presented ideas (i.e. with the facts that pupils
have to know according to the examination syllabus). There is also a task in which the pupils
are asked to relate the notion 'activity of a radioactive substance' as it is defined here to the
notion 'strength of a radioactive substance' as they have defined it in chapter 6.

Trying to answer some questions by using the hypotheses
At the end of section 7-4 the leading thread is taken up again in a task that is given below,
and which is similar to task 3 given above. (I hope to have made clear that I have my doubts
about whether also for the pupils the leading thread is still visible or whether, instead, they
have lost their thread altogether.)
14 Answering unanswered questions

You now know how physicists think that substances are build up. And why according

to them it is that some substances are radioactive. With those ideas they can answer a

lot of questions.

Can you too?
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Answer the below questions. Use in your answers the
idea that radiation is emitted by unstable nuclei.

a  Some pupils measure near two stones. Near the one stone they do not measure radiation,
near the other they do.
Why is that?

b  Why can't one simply switch off radioactive material? Just like a lamp or an X-ray
machine.

¢ Why does a radioactive source emit less radiation in the course of time?

d  Some pupils measure near two radioactive stones. They find that the strength of the one
stone is much greater than that of the other.
Try to think of what might be the cause of that.

e Some radioactive substances have a half-life of a couple of billion years. The half-life
of other radioactive substances is just a few tenths of a second.
Try to think of what might be the cause of that.

In this task too, the pupils are free to also try to answer some other questions by using the
presented ideas. It is expected that the pupils will be able to think of ways to use the sug-
gested idea in order to answer the questions, and that in doing so they will make additional
assumptions, €.g., that the more unstable nuclei will change per second the more unstable
nuclei a radioactive substance contains, or that the unstable nuclei of the one radioactive sub-
stance are more unstable (more inclined to change) than those of other radioactive
substances. In the discussion of pupils' explanations the teacher should again not so much
focus on the content of some particular explanation, but rather on whether the suggested
ideas are soundly used in it to answer a question. In this way the maximum is done to make
the pupils appreciate the usefulness of some of the presented ideas. (It will be clear that I
have no high expectations concerning the degree of this appreciation.)

8.6.3 Rounding off

In section 7-5 (Have all questions been answered?) the unit is rounded off. It contains one
task, in which the pupils are asked to look back on the unanswered questions they had noted
down at the beginning of the chapter and to check which ones have been or can now be
answered and which ones still cannot be answered. The attention of the pupils is thus once
more explicitly focused on the theme of chapter 7.

In the discussion of the task the teacher builds on what the pupils bring forward and tries
to bring out such things as: indeed, some of the questions have been answered by using some
new ideas; but on the other hand some questions have not been answered, or some new ques-
tions have in turn emerged. The teacher may add to this that physicists have found that the
fast moving particles of which beta-radiation consists are electrons. That is, radioactive
substances that emit beta-radiation contain unstable nuclei that change by shooting away
electrons. But how on earth can electrons be shot away from nuclei, which do not contain
electrons?
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To close the topic the teacher may draw the following moral. It is absolutely no shame
that some of pupils' questions have remained unanswered or that some of their answers have
in turn generated new questions. The same goes for physicists. In fact, while physicists may
have found answers to some of the questions that for the pupils still remain unanswered, on
some other such questions they are still doing research today. And although the pupils will
not further study the fruits of physicists' further research, they may at least have got some
idea about the way that physicists try to tackle the further questions concerning radioactivity.
Isn't that enough?

8.7 Status of the didactical structure

When I had written the above didactical structure, I believed that it would come near to
'good enough' (cf section 7.3). That is, although I had the idea that it could be approved
if only I had had some more time, I also believed that it would serve as a valuable guideline
in the coming series of lessons, in the sense that these series would not deviate much from
it though they would of course meander somewhat around its main path. My main reason
for believing this was that I had quite explicitly constructed the didactical structure as a
detailed process of rational accommodation that pupils themselves, guided by teacher and
teaching materials, would be able to establish and give shape. So if I was asked why I
expected that in the coming series of lessons the actual process would not deviate essentially
from the one predicted by the didactical structure, I could have done no better than refer
to the didactical structure itself and indicate that there it says why. Of course, it only says
why there in a pragmatic and intuitive manner, by an implicit appeal to fundamental norms
of rationality that pupils share with me, e.g.: if I were to believe and want what I assume
pupils to believe and want at that stage, I would find it reasonable to do such and such;
therefore I expect pupils to do such and such. A further reason for my belief that the
didactical structure would come near to 'good enough' was that in its construction I had
taken into account the critical remarks and other comments of several other people. The
expectation that in the coming series of lessons the actual process would not deviate
essentially from the one predicted by the didactical structure, was therefore one that, on the
same pragmatic and intuitive level, was shared by several people, and in this sense
strengthened. A final reason was that in its construction I had tried to avoid the mistakes
(e.g. with respect to the wording of tasks) that became apparent in the try-out of the first
version of the didactical structure (cf section 7.4). In this weak sense, the didactical structure
could be said to be empirically supported.

This is the status of the didactical structure before it was tried.'> T think two comments are
in place concerning its status, in particular concerning the pragmatic and intuitive nature of
its justification. A first comment is that a further worked out version of Davidson's theory
of interpretation (cf appendix 1) promises the possibility of a more explicit justification of
adidactical structure as a dynamic process of rational accommodation than one that implicitly

15. In the next chapter I will discuss its status after it was tried, and in particular address the question whether
it did indeed come out as near 'good enough.’
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appeals to fundamental norms of rationality. For such a theory tries to make explicit the
norms that underlie an understanding of one another as rational creatures (and thus also our
intuitive and pragmatic understanding of one another), and the evidential base that is required
in order to reach such an understanding (which must be of a kind that in daily life we base
our intuitive and pragmatic understanding of one another on, i.e., public and, in principle,
observable behaviour), and an indication of the way in which such an understanding on the
basis of this evidential base can be reached (by rational creatures like ourselves).

A second comment is that, even it was possible to produce such an explicit justification,
a presentation of a didactical structure as the one of this chapter would still be of value,
precisely because its implicit appeal to fundamental norms of rationality challenges one to
think through the didactical structure for oneself and to judge it on an intuitive and pragmatic
level. T hope the reader has experienced this in reading the above didactical structure, and
has reached a pragmatic and intuitive judgement as to whether my expectations make sense
to him or her. I expect, moreover, that the reader who has, will have found him- or herself
largely in agreement with me, simply because if I, e.g., expect pupils to do such and such,
given that they believe and want this and that (because I myself would then do such and
such), I expect the reader to expect the same. Of course I do not mean to suggest that there
is something wrong with the reader if he or she doubts parts of my account. On the contrary,
it would provide a starting point for a discussion that aims at an improvement of the
didactical structure.
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9 Evaluation of the didactical structure of the
topic of radioactivity

9.1 Introduction

This chapter and the preceding one are two companion chapters in the sense that in this
chapter the didactical structure that has been presented in the previous one is evaluated
in the light of what happened during a couple of series of lessons in which it served as a
guideline.

This evaluation of the didactical structure has been of a pragmatic and intuitive
nature, like its construction and its presentation in the form of a scenario have been (cf
section 8.7). Like a further worked out version of Davidson's theory of interpretation (cf
appendix 1) promises the possibility of a more explicit justification of a didactical struc-
ture (cf section 8.7), it also promises the possibility of a more explicit evaluation of an
educational process. So if this possibility was realized, | think this would constitute a
progress of educational research methods (or, more generally, of the research methods
in the social sciences). While evaluating an educational process it would enable
researchers to state as explicitly as possible what each of them takes as evidence for,
e.g., a particular interpretation of what happens in the educational process, and
especially so in cases where interpretations diverge. Accordingly, the evaluation would
clearly pinpoint both the points where interpretations diverge and the sources of those
divergences. Moreover, the subsequent process of weighing the pro's and con's of the
various interpretations, in order to reach a shared interpretation or, at least, a meaning-
ful disagreement on the appropriate interpretation, would then also gain in clarity.

Having said this, let me now also stress the value of presenting a more intuitive and
pragmatic evaluation, as in this chapter. If anything is to stimulate teachers to work with
some didactical structure, for instance, it must be because a presentation of it and/or
how it works in practice appeals to them on an intuitive and pragmatic level. An
evaluation on an explicit level will hardly be of use to them, because that is not the level
on which they will be going to work with it. But also for people who are in principle
interested in an explicit evaluation, and those people are most likely to be found
amongst researchers, it will be useful to first form a prima-facie judgement on the basis
of an evaluation of an intuitive and pragmatic nature. For it is this prima-facie
judgement that largely determines whether or not it makes sense to also study an explicit
evaluation: someone who is not convinced on an intuitive and pragmatic level most
likely will no longer be interested in an explicit evaluation.

In section 9.2 | outline the procedure that has been followed, both with respect to the
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evaluation and with respect to its presentation that is to follow in sections 9.3 to 9.6. In
section 9.7 | close the chapter with a reflection on the outcomes of the evaluation.

9.2 Procedure of the evaluation and its presentation

9.2.1 Procedure of the class observations

The observed classes

The second version of the didactical structure was tried in two classes of pupils from the
middle-ability bands (the so-called MAVO-stream) at the end of the school year "90-"91.
In figure 9.1 a simplified diagram of the Dutch school system is presented (or at least,
as it was at the time) in order to locate the MAVO type of education.

‘Tekracy oducstion §-12

iy ohentin (ot i)

Figure 9.1 Simplified diagram of the Dutch school system
The MAVO-stream takes four years (including the bridge year), is of a general (non-

vocational) kind and of an intermediate ability level. About 40% of Dutch children enter
the MAVO-stream (about 15% the VWO-stream, about 15% the HAVO-stream, and
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about 30% the LBO-stream).

The school in which the lessons were followed is a medium-sized school (about one
thousand pupils) for MAVO, HAVO and VWO in the city of Utrecht. Both observed
classes were of form 3, which consisted of pupils of about 15 years of age who had
chosen physics as a subject. One class contained 8 pupils, all boys; the other 4 girls and
13 boys. The relatively small size of both classes was rather exceptional. The percentage
of girls who had chosen physics that year was also exceptionally low.

In the school, the PLON-curriculum is used for physics education. Without going into
the details of the PLON-curriculum (see e.g. Eijkelhof & Kortland, 1988, for more), |
just want to point at two of its features that may have prevented that the series of lessons
on radioactivity were too far out of line with what the pupils were used to. The first
feature concerns the STS-approach of the PLON-curriculum. This means that the pupils
are used to work with units in which physics is related to everyday life -earlier in the
third form they had e.g. worked on the units "Bridges,” "Energy at home," "Seeing,"
and "Dealing with electricity.” The second feature concerns the variety in classroom
activities that the PLON-curriculum aims to promote. In particular this means that the
pupils are used to working in small groups. In fact, in the series of lessons on radioac-
tivity they do not work as much in small groups as they were used to. This is because in
the other units experiments are normally carried out as group work, whereas in the
series of lessons on radioactivity for safety reasons all the experiments are carried out
(by pupils) as a classical activity. For it is only then that the teacher can supervise what
is going on and, if needed, take immediate action.

The teacher

Each class had three 50-minute lessons of physics per week. The total series of lessons
took 13 periods. Both classes were taught by the same teacher. In fact, by the same
teacher who had also worked with the first version, had been involved in the evaluation
of the first version, and in the construction of the second version. By this close and quite
intensive cooperation with the teacher (on which | will say more in chapter 10), it was
tried to secure as well as possible that the teacher had made himself so familiar with the
second version of the didactical structure -with why, partly on the basis of experiences
with the first version, it was as it was, with the role he had to play in it (and believed he
was able to play), etc- that he would not deviate essentially from it. For only then could
the try-out properly be called an evaluation of the devised didactical structure. The
relatively small size of both classes was also useful in this respect. It allowed the teacher
to concentrate better on the essence of the didactical structure and his role in it, because
he only had to deal with management problems at a fairly small scale. It may
alternatively be said that the small classes provided a good environment for the teacher
to learn to work with the didactical structure.

Activities during the lessons

I was present in both classes throughout the series of lessons. | was not just a passive
spectator, however. | tried to understand what was going on as well as possible, and
made notes of things that struck me or deserved a closer look.
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Furthermore, | tried to be of as much assistance to the teacher as | could. In some cases
| was of assistance because | acted like a second teacher. When the pupils were working
in groups | would, like the teacher, walk around, see how they were doing, help them if
they had some problem, etc. This also had the advantage that I got a fair idea about how
things were going. During class discussions too | tried to understand as well as possible
what was going on, and especially pupils® contributions. Perhaps | was even better able
to do so than the teacher himself, because | did not have to participate in the discussion
and did not have to manage the process. A second way in which | tried to be of
assistance, was by briefly informing the teacher at appropriate times during the lesson
(e.g., when the pupils were working in groups) how things were going according to me.
I would then usually also briefly remind the teacher of things that still needed to be
done, or make some suggestions about how in the following class discussion he could
build on what the pupils were doing in groups, etc. In all this I tried to be as positive as
possible.

| also took care that in both classes the whole series of lessons was recorded, in the
one class on audiotape and in the other on videotape. The advantage of an audio-
recording is that it lends itself more easily for transcription. The advantage of a video-
recording is that it lends itself for a more accurate transcription because also the non-
verbal aspects can be taken into account. In the class in which audio-recordings were
made, | would for instance have to make additional notes when experiments were
performed. Another advantage of a video-recording is, of course, that it gives a direct
and lively impression of what happened and, as such, is suited to use at e.g. teacher
conferences for illustrative purposes. | tried to let the recordings be as less intrusive as
possible. The camera remained at a fixed position at the back of the classroom, | did not
stand behind the camera for long periods of time, tried to handle the camera as casually
as possible, reduced the camera-handling to a minimum, etc. By keeping a low profile
with respect to my recording activities | hoped, at the one hand, to distract the pupils as
less as possible, while on the other it enabled me to more devote myself to assisting the
teacher in the above senses.

Another recording activity was that at appropriate times | collected the pupils
textbooks in order to copy them.

Activities in between the lessons

My activities in between lessons were also directed at being of as much assistance to the
teacher as | could, namely by helping him prepare the next lesson. Part of this assistance
was rather straightforward: | took care that all the material that might be needed the
next lesson would stand ready. This had the advantage that | had to think through what
had to be done the next lesson. | also tried to be of assistance by improving my
understanding of what happened in the lesson just given, in as far as it seemed relevant
for the preparation of the next lesson in the same class or the matching lesson in the
other class. To this end | would, after a lesson was over, look back on it in somewhat
more detail by playing (fragments of) the tape or reading (parts of) the textbook of some
pupils. Again | was in a better position than the teacher to do all this -1 simply had more
time for it. On the basis of my looking back on the previous lesson in somewhat more
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detail, 1 would then usually write, and verbally explain, a short piece that the teacher
would use for his further preparation of the next lesson. If the next lesson was one
matching an already given lesson in the other class, | would sometimes indicate some,
usually minor, points where the teacher’s role could have been more in line with the
didactical structure. If possible | would illustrate these points by referring to the already
given lesson (e.g., by using a transcript of some fragment), point out why | thought that,
for instance, some feedback of the teacher was not entirely adequate, and discuss with
him how it could have been better (e.g., by using a transcript of some other fragment). |
did not discuss such cases for their own sake, for it was unlikely that identical cases
would occur in the parallel class. | rather used them as concrete cases to further
illustrate the spirit of the didactical structure at. In my short piece for the teacher |
would usually make some suggestions about the way the next lesson might build on what
happened in the previous lesson in the same class (e.g. by using some fragments of
pupils® textbooks), and briefly indicate, as a sort of reminder, the main points of the
piece of the didactical structure that was relevant for the next lesson. My assisting the
teacher in this way in his preparation of the next lesson can thus also be seen as creating
an optimum” environment for the teacher to work with the didactical structure as
intended, or as creating optimum conditions for the didactical structure to be carried out
as intended and thus for it to be evaluated as it is.

In order to maximally exploit the facts that the series of lessons was given in two classes
and that the experiences in the one class could be positively used to improve the
matching lesson in the other class, the teacher and | had planned the starts of the two
series of lesson in such a way that in the one class a given lesson would always be given
before the matching lesson in the other class.” Though the teacher would of course do
his very best in the former class, it was expected that in the latter class he would deviate
less from the didactical structure. We selected the smaller-sized class as the one in
which the lessons would be given first. The lessons in this class were recorded on
audiotape, so that |1 was able to play and, if needed, relatively quickly transcribe
fragments of a lesson, and on that basis to think of some improvements for the matching
lesson in the larger class, wherever | was and whenever | had the time. Given the
intended illustrative use of the video-recordings at e.g. teacher conferences, it seemed
best to record those lessons on video which were expected to best illustrate the didactical
structure and which took place in what comes closest to an average class. For these
reasons the lessons in the larger (though, in fact, still relatively small and not quite
average) class were recorded on videotape.

9.2.2 Procedure of the evaluation
First impressions, gathered during the series of lessons
My starting point for the evaluation of the didactical structure has been that it was near

1. Of course "optimum® does not necessarily mean ‘good.” The time-table or the hectic school environment
sometimes forced the teacher and me to have our preparatory talks during e.g. lunch breaks.

2. Owing to circumstances beyond our control, as they happen in schools, things did not work out entirely as
planned: in three lessons the order was reversed.
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*good enough® (for the reasons outlined in section 8.7). Taking this as a null hypothesis,
so to say, has had two consequences for my activities during the series of lessons. The
first one has been, as already noted, that | tried to secure that in both classes, but at least
in one class, the teacher would not deviate essentially from the didactical structure. Fur-
thermore, if in some lesson the teacher deviated essentially from the order in activities
suggested by the didactical structure or if his contributions were not quite in the spirit of
the didactical structure, 1 would talk this over with him as part of the preparation of the
matching lesson in the other class. The second consequence has been that during the
series of lessons | tried to understand what was going on in terms of the didactical
structure. That is, if the order in the tasks was more or less followed as suggested by the
didactical structure and the teacher's contributions were of the sort suggested by the
didactical structure, I would try to interpret what the pupils did say and do as more or
less in line with the sort of things they were, according to the didactical structure,
expected to say and do: the sort of experiments they were expected to think of, the sort
of conclusions they were expected to draw, the sort of questions for further investigation
they were expected to formulate, etc. This also means that already during the series of
lessons | got some fair idea as to whether the sort of things the pupils did say and do
could indeed be interpreted as more or less in line with what they were, according to the
didactical structure, expected to say and do. Since during the series of lessons | did not
have the time or opportunity to intensively study the tapes and pupils® textbooks, this
fair idea could of course not be much more than a first global impression. But this first
global impression was that on the whole the didactical structure seemed good enough,
though there were of course passages where what the pupils did say and do seemed too
far out of line with the sort of things they were expected to say and do.

Further evaluation of the didactical structure

Given that the first impression largely justified the assumption that the didactical
structure was on the whole good enough, the further evaluation, which took place after
the series of lessons, was also based on it. Again this had two consequences. The first
one was that the didactical structure was taken as a mould for the description of the
lessons. That is, to put it schematically: the scenario presented in the preceding chapter
was copied, while the sort of things the pupils were expected to say and do were
replaced by what they actually did say and do (in the form of a literal transcript, a
summarizing paraphrase, or an overview of fragments of pupils’ textbooks). The
evaluation then consisted in the pragmatic and intuitive judgement whether the resulting
description made sense. As long as it did, i.e., as long as there were no strong reasons
to doubt an interpretation of what actually happened as more or less in line with the
scenario, the didactical structure was judged "good enough.” The second consequence
was that also in the cases where the resulting description did not make sense, i.e., where
what the pupils did say and do seemed too far out of line with the sort of things they
were expected to say and do, it was assumed, on the basis of the first impression that
such deviations were not too serious or did not occur too frequent, that there is no
reason to question the main line of the didactical structure. So if e.g. the experiments
the pupils did think of deviated too much from the sort of experiments they were
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expected to think of, it was assumed that, for the reasons given in the didactical
structure, it would still be a proper preparation for the sequel that they carried out the
sort of experiments they were expected to think of (but did not). The evaluation then
consisted in an attempt, on the one hand, to account for the deviation in terms of pupils’
not understanding some task or teacher intervention as intended and, on the other, to
make such adjustments to the didactical structure (e.g. by adding, deleting or
reformulating tasks) that with the adjustments the pupils are expected to think of the sort
of experiments that without the adjustments they did not think of. That is, the evaluation
then consisted in a revision of (fragments of) the didactical structure -in an account of
why the revised version would come out as "good enough® if it were tried. So throughout
the evaluation of the didactical structure, the didactical structure itself served as an
important tool.

Wouter Moerman and | made the descriptions of the lessons in the way outlined above.
Usually 1 would produce the skeleton for the description of a lesson, and put what
happened in the smaller class as flesh on it. Moerman would then make a similar
description of what happened in the larger class, based on the same skeleton, my way of
putting flesh on it (with respect to e.g. the form and elaborateness of presenting what
happened), and my instructions to pay special attention to particular passages (e.g.
activities in which, on the basis of preparatory talks during the series of lessons, the
teacher participated somewhat differently than in the smaller class). We would then
discuss these descriptions and, together with the teacher, reach a judgement as to
whether they made sense and, if they did not, think about adjustments to the didactical
structure. | would then usually further think about and work out the adjustments.”

As we had done in its construction, also in the evaluation of the didactical structure
we mainly focused on the first two periods: the preparatory period in which a ground
level for the following descriptive level emerges and the transition from this ground
level to a qualitative descriptive level, each of which took about three and a half 50-
minute periods. The extension of the descriptive level in quantitative direction and the
transition from descriptive level to theoretical level, each of which took about three 50-
minute periods, were evaluated more loosely.

Global evaluation: pupils® comments on the series of lessons

One of the major points of constructing a didactical structure as a detailed process of
rational accommodation that pupils themselves, guided by teacher and teaching
materials, are expected to establish and give shape, is to bring about an educational
process that pupils themselves will experience as an internally coherent one with a
certain direction, which in important respects is being driven by their own questions and
over whose progress with respect to content they have some control. So the first impres-
sion that on the whole what happened in the actual process was more or less in line with
the expectations of the didactical structure, also gives rise to the tentative conclusion

3. Some of this further thinking and working out took place much later and, to some extent, is still going on
today.
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that the pupils will thus have experienced their learning process. And the further, more
detailed, evaluation along the above lines is expected to further substantiate that con-
clusion.

In order to get some additional information on how the pupils had experienced their
own learning process, they were asked, after the series of lessons was over, to give their
impression of it.

What | think about this unit
Only a few pupils have worked with this unit. We are therefore very curious about
your experiences.
So tell us something about working with this unit. What did you like and what not?
What was good about it and what bad? What would according to you have to be
improved or changed? Did you learn a lot or not that much? What is the most
important thing you have learnt? What did you find unimportant?
Note down below your views about this unit. We will use your comments to improve
it.
This formulation is expected to be broad and open-ended enough to challenge the pupils
to give their general views about working with the unit. If it is, pupils’ comments will
serve as part of the global evaluation of the didactical structure.

9.2.3 Procedure of the following report of the evaluation

One way of presenting our evaluation would be to follow a procedure similar to the one
of the previous chapter: to challenge the reader to reach a pragmatic and intuitive
judgement concerning our evaluation, simply by providing the descriptions on which we
have based our evaluation (i.e., the descriptions in which the didactical structure was
taken as a mould). If this procedure was followed here, my expectations about it would
have been similar to what | expected concerning its application in the preceding chapter:
that the reader would have found him- or herself largely in agreement with our evalu-
ation, simply because if we, e.g., had no strong reasons to doubt an interpretation of
what actually happened as more or less in line with the didactical structure, the reader
would not be expected to find such reasons.”

I have not chosen for this way of presenting, however, for two reasons. First of all,
the presentation would be too extensive, given that a description of one lesson in one
class along the above lines is about 10 to 15 pages. Secondly, there would be too much
overlap with the preceding chapter, given that the descriptions use the didactical
structure outlined there as a mould.

Instead | have chosen for a presentation of the evaluation of the didactical structure that,
on the whole, is of a global nature and, at some points, is worked out in more detail in
order to illustrate some aspects of the procedure of the evaluation. The global
presentation is some sort of stripped version of the descriptions mentioned above. It also
takes the didactical structure as a skeleton, but does not put much flesh on it. It confines
itself to an anecdotal description of what pupils did say and do. Given my expectation

4. The same comment as in section 8.7 applies here. Cases in which the reader disagreed with us would provide
a starting point for a further discussion towards an improved evaluation.
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that, when reading the didactical structure as presented in the previous chapter, the
reader has found him- or herself largely in agreement with me (cf section 8.7), | also
expect that just this anecdotal description will suffice to make it plausible for the reader
that there are no strong reasons to doubt an interpretation more or less in line with the
expectations of the didactical structure (and even more so because | have also taken into
account the comments of the people who have read the previous chapter and earlier
versions of this chapter). But a reader who has judged the presentation of the didactical
structure in the previous chapter as not very convincing, will certainly not get convinced
by the global presentation of its evaluation in this chapter. So be it.

An aspect of the procedure of the evaluation that at some points is worked out in more
detail, concerns the evaluation of cases where what the pupils did say and do seemed too
far out of line with the sort of things they were expected to say and do. | have already
mentioned that in such cases the evaluation consisted, on the one hand, in an account of
the deviation in terms of pupils’ not understanding some task or teacher intervention as
intended and, on the other, in a revision of (fragments of) the didactical structure and an
account of why the revised version would come out as "good enough® if it were tried.
Some examples are given of such revisions. If possible, | will also briefly indicate
whether the revised fragments did indeed seem to come out as ‘good enough." For some
of the revisions were incorporated before the series of lessons were given in the
subsequent school year (*91-'92). | also attended those series of lessons. Although I did
not follow them that closely (I just made notes during the lessons and copied some
fragments of pupils® textbooks), | did pay special attention to the revised parts.

In order to clearly bring forward that the below presentation of the evaluation of the
didactical structure takes the didactical structure as a skeleton, the below division in
(sub)sections corresponds to the one of the preceding chapter. Section 9.3 concerns the
evaluation of the preparatory period and corresponds to section 8.3. Section 9.4
concerns the evaluation of the transition from ground level to qualitative descriptive
level and corresponds to section 8.4. | have tried to reduce an overlap with the preced-
ing chapter as much as possible, which implies, | think, that sections 9.3 and 9.4 cannot
be read without the corresponding sections in chapter 8. In section 9.5 | briefly go into
the extension of the descriptive level in quantitative direction and the transition from
descriptive level to theoretical level, but mainly to say why | have not felt a need for a
further evaluation of these parts. In section 9.6 | report pupils' general views about the
unit.

9.3  The emergence of a ground level

9.3.1 A global outlook

Some of the things the pupils had written down as, according to them, having got to do
with radioactivity were: X-ray apparatus; nuclear power station; Chernobyl; radiation of
negative atoms; radiation treatment; radioactive waste; nuclear weapons; poisoned
vegetables; lead; radiation danger. This selection may serve to illustrate that their
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answers indeed enabled the teacher to give a global outlook on the sort of subjects that
would be treated further on in the series of lessons. Furthermore, given also that on
average each pupil had noted down about four things in just a couple of minutes, it may
be concluded that the concept "has got to do with radioactivity" served well as a lead to
get them thinking about the topic and to bring forward a rich enough variety.

9.3.2 Coming to agree on a specific use of the term 'is radioactive®

Coming to feel a need for a criterion of being radioactive

In the next task the groups were asked to decide of some objects that the teacher brought
into the classroom whether or not it has got to do with radioactivity. Let me now first
give an example of a change that, on the basis of experiences in the smaller class, |
proposed as part of the preparation of the matching lesson in the larger class -in this
case, a minor change concerning the organization of the task just mentioned. It turned
out that in the smaller class, partly because of its small size but also because the objects
were placed close together, the pupils went up to all the objects more or less as one
group. As a result the class discussion which was to follow the group work partly
coincided with the group work, and this in turn made it difficult for the teacher to start
the discussion as something new and to give it its own point. Furthermore, the teacher
was in too much a hurry in that he started the discussion before the pupils had properly
finished the group work.

So | proposed to scatter the objects more evenly along the sides of the classroom in
order to prevent too much interaction between the groups during the group work. This
would then also more clearly separate the group work from the following class
discussion. Furthermore, | proposed to not begin the class discussion before the pupils
had finished the group work, if only because the discussion would not make much sense
if they had not. Finally, the fact that the group work took more time than the teacher
had expected was not due to fooling around of the groups or something like that. It
simply takes quite some time (about a quarter of an hour) for the groups to go up to all
ten objects, to get to know some of them a bit better (e.g. the X-ray machine by X-
raying a wallet), discuss whether they have got to do with radioactivity, to fill in the
table, etc. So they should be given that time.

I will now give an overview of the group work on the above mentioned task, partly on
the basis of fragments of discussions during the group work but mostly on the basis of
what the pupils had written down in their textbooks.

All groups were able to reach agreement on most of the objects. Some groups were
not able to do so on one or two objects. One group, for instance, had already agreed that
the laser has got to do with radioactivity because a laser beam is very strong, but it
remained divided on the remote control. There was agreement on the fact that it emits
infrared rays, but disagreement over the issue whether those rays are strong enough.
When the group called in the teacher for help, his feedback was appropriate. For he did
not try to settle the disagreement, but simply informed whether the group was in
agreement on the other objects. And since it was, the teacher said that for the time being
he did not mind that for one item different group members would note down different
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answers. The laser or the battery were also objects on which there was disagreement
within some groups.

During the group work some pupils explicitly stated that they had difficulties with
saying why an object does or does not have got to do with radioactivity, e.g.: "X-ray
machine, yes. But how to say... | just don't know what to write down.” The same
difficulty may also be the source of some rather superficial exchanges of "argument,” in
which the power of persuasion derived from the force of the used words rather than
from the cogency of some argument, as e.g. in the following brief exchange: "The
answer is 'yes," of course. Really, a lot of radiation does get out of it." "No way."
"No?" The difficulty is very likely also the cause of the fact that some entries in the
third column (the because’-column) of the table were left blank. In about one third of
the cases in which a "no"-answer was given, for instance, this answer was no further
explained.

I hope this makes sufficiently plausible that during the group work on this task the sort
of things did happen that according to the didactical structure were expected to happen
and that would make for a proper preparation of the following group discussion. But
before going into that group discussion, I first give some examples of *because’-answers
in which terms like ‘radiation," "radioactivity," "contamination,” etc are used, if only to
illustrate that indeed they are used. Some ‘because’-answers are of a ‘radiation* is (is
not) released'-type, e.g.: "radiation is released;" "infrared rays come out of it;" "it
doesn't radiate anything;" "'radioactivity is released;" "irradiated, and because of that it
radiates a radiation;" "if it falls to pieces, radiation will be released.” Others are of a
*has (has not) stood in radiation*'-type, e.g.: "is radioactively irradiated;" "is not
irradiated;" "a radioactively irradiated person has worn it"; "it has been exposed to
radiation.” Still others are of a "does (does not) contain radiation*'-type, e.g.: "there is
no radioactivity inside it;" "it has sucked up radioactivity;" "it most likely is
radioactively contaminated;" "it is full of radioactivity;" "it has no radiation;" "is
radioactive." Together these types of ‘because'-answers make up about half of the
explanatory remarks.

Let me briefly mention that the discussion of the task in which, among other things, the
pupils were asked to name two objects that both have got to do with radioactivity but
have got to do so in a different way, as expected allowed the teacher to point at the use
of a more specialized concept than "has got to do with radioactivity' and to propose to
express that concept by means of the term ‘is radioactive." Some of pupils® answers on
which the teacher could build were as expected, e.g.: "articles and stones, because the
one has radiation and the other not." But the difference between the two concepts
sometimes also came forward in unexpected (though equally useful) ways. One group
e.g. found that the bathroom tile, though not itself radioactive, still has got to do with
radioactivity because it could be used as a shield "against radiation."

The discussion then preceded with a blackboard inventory of the number of ‘yes’-,
'no’- and ‘don't know"-answers, not to an objects's having got to do with radioactivity,
but to its being radioactive. The below table is a result of such a stock-taking (a number
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represents the number of groups that has given a particular answer).

Chernobyl shoe
jar with stones
X-ray machine
light bulb
articles

battery
bathroom tile
gas mantle
laser

remote control

is radioactive

yes no don’t know
7 0 0
7 0 0
7 0 0
0 7 0
0 7 0
0 7 0

0 7 0
0 6 1
4 3 0
3 3 1

Of course this table is just the result of a stock-taking in one class. In other classes the
result was somewhat different. But also in the other classes the result was such that it
properly set the stage for the sequel: there was (almost) complete agreement on the

majority of objects

; on two or three objects the groups were divided.

The agreement on the majority of objects enabled the teacher to compliment the pupils;
the division on some of the objects set the stage to go into some arguments (also
concerning the objects on which there was agreement). Below are examples of that. The
first one concerns the remote control.

Jeremy: Well, a ray of infrared comes out there, doesn't it. Well, there most
likely is radiation inside.

Iris: Yes, so what?

Teacher: Radiation comes off. You find that important, don't you. Then you
surely will have filled in "yes® for the laser too?

Jeremy: Yes.

Teacher: And for the lamp too?

Jeremy: No, not for that.

Several pupils:

But there also comes radiation out of that.

The next example concerns the stones in the jar, of which some pupils said that they are

radioactive: "you c

Teacher:
Melvin:
[...]
Lawrence:
Melvin:
Lawrence:
Melvin:
Lawrence:
Melvin:
Several pupils:

As expected, such

an read that, can't you;" "there is a sticker with that sign on it."
So we think they are, because there is a sticker on the jar?
Yes, but a sticker like that can be stuck on everything.

Yes, but there a great dose can be... there is a lot of radiation on them.

Can you tell that?

What?

That it is like that.

Otherwise they wouldn't be in a glass jar.

But it does go right through, doesn’t it, through glass.

Yes.

going into the arguments did never lead to mutual agreement on the

objects on which the groups were divided, while it did lead to situations like the ones
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exemplified above, in which, guided by the teacher, pupils began to question each
other's arguments. So what was to provide the pupils with a sensible reason for wanting
an objective and verifiable criterion to determine whether or not an object is radioactive
did indeed happen: they were in agreement concerning the majority of objects, and
although it should be possible to reach agreement on all objects, they did not manage to
do so and did not really have the proper arguments to do so.” Before going into the
indications whether indeed the pupils were open for such a criterion, | want to link up
with the latter fragment in order to indicate how the ‘questions we still have to find an
answer to' may naturally be brought into play. For the discussion in that fragment boiled
down to the question whether or not it (which the pupils later specified to ‘radioactive
radiation”) does go right through glass. Since the pupils disagreed on the issue, and since
the question could not be meaningfully answered at the time, storing the question in, as
the teacher had called it, "the memory of the textbook™ was the appropriate way to close
the discussion in a meaningful way: the issue would be treated further on. In the other
class a similar kind of question was noted down in the "questions we still have to find an
answer to*-part of the summary, when some pupils could not believe that the shoe was
really worn by someone who had been near Chernobyl at the time of the accident
because the shoe was only covered by a plastic bag and "it would go right through that,
wouldn't it."

In the account of the didactical structure | have noted that a minimal form of pupils’
being open for an objective and verifiable criterion to determine whether or not an
object is radioactive would be their seeing the point of, and therefore being prepared to
work on, the next task, in which they are asked to find out of some meters whether these
provide the desired criterion. On this minimal form | will come back presently. In both
classes, however, pupils’ being open, or at least some pupils® being open, also took the
form of their bringing forward, with some help of the teacher, the idea of a meter.
During the exchange of arguments the teacher, at first rather casually but towards the
end more persistently, said things like "I really think it's a nuisance that we can't come
to an agreement™ and "Don't you think there must be a method by means of which we
can reach an agreement?" At first the pupils would not react or just make a brief
suggestion, e.g.: "Investigate." Later on they would then bring forward the idea of a

meter, e.g.:

Teacher: On a couple of things we do now fully agree. And with these | heard
again and again: ah, there is a sticker on it. So one could say: when
there is a sticker on it, it is radioactive. Is it true what I'm saying now?

?: Yes.

Lawrence: If there is a sticker like that on it.

Melvin: If you have to believe the sticker.

Teacher: If you have to believe the sticker and if there is a sticker like that on it

[...], then it is radioactive. Yes. Is there another way in which we
could find out whether it is radioactive?

5. It can thus also be said that there was sufficient variation among the objects that were present in the
classroom, in the sense explicated in section 8.3.2.
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Lawrence: Yes, with such a device.
Melvin: You can measure it, can't you.
Lawrence: Yeah, such a measuring device.

In the other class too several pupils suggested the idea of a meter, e.g.: "with that thing,
with a meter that squeaks, | really don't know how such a thing is called.” Also some
other suggestions were, half-jokingly, put forward: "look it up in an encyclopedia;"
"send it to a laboratory.” Such responses allow a straightforward response, of course:
how have the people who have written the encyclopedia found out or how would the
people in the laboratory find out?

Coming to find a criterion of being radioactive

The pupils were, without any noticeable unwillingness but rather with some enthusiasm,
prepared to work on the task in which they were asked to find out of some meters
whether these provide the desired criterion. | have already noted that their being
prepared, without reluctance, to work on the task is prepared by the preceding, in which
the point of the task has, at least implicitly, emerged: there is a need for an objective
and verifiable criterion, because their own "criteria’ were not very convincing and at any
rate did not enable them to reach agreement on all objects; some sort of device promises
to yield the desired criterion. In both classes these reasons for doing the task remained
implicit. In the smaller class, the task was done towards the end of the first lesson.
Therefore | think it was quite alright that no attempt was made to let the pupils, before
going to work on the task, explicitly bring forward their reasons for going to work on it:
it simply would have taken the momentum out of the lesson. In the larger class,
however, the first lesson ended, after pupils® suggestion that some sort of device might
be of help to decide whether something is radioactive or not, with the teacher's
concluding remark that the next lesson this suggestion would be followed by letting
them check of some meters whether these are radioactivity-meters. So the beginning of
the second lesson in the larger class would have been an appropriate time for the teacher
to challenge the pupils to bring forward their reasons for the next task, e.g.: | have
already noted that next you are going to check of some meters whether these are
radioactivity-meters, but why is it that you are going to do this? This was not done,
however. In fact, | now take it as a shortcoming of the didactical structure that it does
not point out that, apart from the end of a chapter, there are other appropriate stages
(e.g. the beginning or end of a lesson) to let pupils globally look back on what has
happened and, on the basis of that, explicitly state the reasons for what is going to
happen next.

Let me return to the task itself. | guess that some of the groups® enthusiasm derives from
the puzzle-character of the task. Furthermore, the groups had no difficulties in finding
out which meters will do as radioactivity-meters and they did find that out in the
expected ways: hold a meter near objects that almost certainly are radioactive (e.g.: "it
did not react in the X-ray machine™), or almost certainly are not radioactive (e.g.: "it
reacts if you hold your hand against it"); simply note that a meter seems to react to
something else (e.g.: "when we got the meter in our hands we at once saw that it reacted
only to light; just to be sure we also held the meter near radioactive objects and it did
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not react at all to them™). Since one of the Geiger counters produced rather sharp
squeaks, it was also unavoidable that there were interactions between groups. So when
one group held this counter near e.g. the jar with stones, there would usually be several
reactions from pupils of other groups, e.g.: "That's the one, no doubt;" "Hey, that
surely is one;" "Hey, put it in the X-ray machine." There would also be several wows
and supers (the native speaker of English may replace them by their modern equival-
ents), especially when a Geiger counter was put in the X-ray machine and the machine
switched on: the counter then not just ticked or squeaked, but rather whistled.
Furthermore, there were already some signs that the meters identified as radioactivity-
meters were accepted as such. When in one group the pupils had found out that the
meter they were carrying was a radioactivity-meter, the meter was e.g. held near a pupil
who had taken the jar with stones in his hands. When the meter did not squeak, it was
concluded: "it has already come off."

In the next task the pupils again had to fill in a table, which differs from the earlier one
in the sense that it uses the more specialized concept "is radioactive” and demands for a
way of telling whether or not something is radioactive that is guaranteed to lead to the
desired mutual agreement. This task too did not pose great difficulties to the pupils.
When the teacher e.g. reminded the pupils that they also had to do this task, some pupils
immediately said: "But then we will have to use a meter." Furthermore, all the groups
did indeed use a meter that had just been identified as a radioactivity-meter. And the
*because-answers' in the third column were all of the *it does (does not) squeak’-type. In
one group the pupils did not go round to all the objects together but let one pupil do it,
who afterwards had to report the results to the rest of the group. When this pupil
reported that the bathroom tile was radioactive, the rest found this hard to believe: "No?
That tile?" The issue was immediately settled by the reporter, however: "Oh yes, that
tile. Went really ee-ee-ee. [Imitates one of the counters, and then calls a pupil who at
the time carries a radioactivity-meter.] Aaron, have you already got round to that tile or
not? Where's that tile? Yeah, try the tile, will you. [Aaron holds the meter near the tile,
and the meter squeaks.]" The acceptance of the radioactivity-meters can further be
illustrated by the fact that in both classes several pupils asked (expected) questions such
as: "Why is it that the gas mantle is radioactive?", which were stored in the summary.

In the class discussion of the preceding tasks, the pupils were indeed able to bring
forward the main points. When discussing the table, for instance, the teacher acted more
and more enthusiastically ("Up to now we are well on our way to... and again we are in
agreement... great'), and then closed as follows:

Teacher: We are agreed. That's fantastic. But why are we now in agreement?
Why?
Peter: Because we have measured it. Because of the fact.

Several pupils: Yeah.
?: Yes, you measure it.

Teacher: So, something is radioactive... what could follow that? Something is
radioactive if...?
Peter: It is measured.
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Melvin: If it reacts near it, a Geiger counter.
Somewhere in the discussion the teacher also managed to make the pupils bring forward
the special position of the X-ray machine, in the sense that it can be switched on and
off. In both classes also some additional questions concerning the X-ray machine came
forward (some of which were stored in the summary), e.g.: "If you had held your hand
inside, then you would have to be radioactive, wouldn't you" (and another pupils added:
"Yes, that's why they wear those protective clothes™); "Can you get something from it?"

A slight modification

Concerning the modification of the agreement to something like *we call an object
radioactive if in its vicinity a Geiger counters starts ticking at a more than normal rate,"
| just want to remark that it is essential, or at least very handy, to take care that during
the above discussion it is indeed established that a Geiger counter has a ‘normal’
(background) ticking rate. For in the smaller class the teacher had forgotten to do so,
and consequently had to do so when in the next task the pupils measured nearby and
some distance away from a radioactive object. For the pupils this was an inconvenient
and rather ad hoc interruption of the task, which lead to some confusion. In the larger
class the fact that Geiger counters have a normal background ticking rate had already
been established before they were going to work on the task. When in that class the
pupils measured some distance away from a radioactive object they concluded that one
no longer notices anything from it. In fact, when the teacher objected that the counter
still ticked, the immediate answer was: "Yes, but that is normal."

9.3.3 Standing in the radiation that is emitted by a radioactive object

In the next task it was tried to make the pupils measure with a Geiger counter nearby
and some distance away from a radioactive object, by asking them whether the
radioactive things in the classroom are giving trouble to the pupils sitting nearby and
some distance away. In section 8.3.3 | have already expressed my doubts as to whether
this question, given its rather unspecific formulation, will indeed make them measure
nearby and some distance away from a radioactive object. It turned out that in both
classes my grounds for the doubts were justified. The following fragment may illustrate
this.

Teacher: Have we got it? Melvin too?

Melvin: Yeah, but still... | think it's a stupid question. You may very well
measure whether someone... whether it will squeak or not, but then
you still won't know whether it's giving you trouble.

?: Yes, you still don't know whether it makes you ill.

Melvin: Yes, then you would have to lock up someone for three months near...
make a lot of those pictures and then see whether all at once he gets
green hair. [Laughter]

Several groups had also proposed an experiment of the following kind: "You put 1
person some distance away and 1 person nearby an irradiated object and ask how they
feel." The result was that in both classes the teacher had to go through the unnecessary
trouble of bending such proposals to the proposal to measure nearby and some distance
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away from a radioactive object, which was of course unsatisfactory for the groups who
had made such proposals.

In order to prevent this it seemed useful to adjust the didactical structure and, according
to the strategy outlined in section 9.2.2, to do so on the assumption that for the reasons
given in the didactical structure it would still be a proper preparation for the sequel that
the pupils measured nearby and some distance away from a radioactive object. In fact,
what this measurement had to prepare was, on the one hand, that pupils explicitly linked
radioactive objects to the radiation they emit and, on the other, brought forward that a
Geiger counter measures the emitted radiation. The adjustment that was made consists in
the deletion of section 1-3 (Does it bother you that there are radioactive things in the
classroom?), and its replacement by the below task (as part of section 1-2 of the
textbook).

Nearby and some distance away

Last year Lara walked away from a gas mantle with a radioactivity-meter in her hand.

a Do as Lara did. That is, walk away from a gas mantle with a radioactivity-meter.

Note down below what happens.

b Lara's conclusion was: "If you are far enough away from it, the gas mantle is no
longer radioactive."
Do you agree with Lara? Yes / no

Answer part ¢ only when your answer is ""no."

¢ You do not agree with Lara. What is your conclusion?

Since in this formulation it is rather straightforwardly asked to measure nearby and some
distance away from a radioactive object, the sort of problems mentioned above are not
expected. Furthermore, it is, as it was, expected to be intuitively clear to the pupils that
the objects's being radioactive cannot be affected by walking away from it.

These expectations did indeed come out the next year, when the textbook contained
this new task. Some answers that were then given to the a-part are: "the farther away
you go from it, the less the counter ticks;" "nearby it does tick, far away it ticks once in
a while as it normally does." Furthermore, none of the groups agreed with Lara: "the
meter is simply too far away from it in order to be able to measure something (the
remote control does not work either if you stand too far away from the tv), but the gas
mantle simply is still radioactive;" "the radiation fades after such and such meter;" "the
farther away you walk from the object the less rays you catch;" "the gas mantle remains
radioactive, it's just that the radiation becomes less the farther you move away from the
radioactive source."

In the two classes that were observed in more detail, the teacher eventually managed
to lead the discussion towards such conclusions. But the road towards it had lots of
unnecessary bends and was, for the pupils, initially just a sidetrack -i.e., it took the
teacher quite some time to make it clear to the pupils that what they thought of as a
distracting sidetrack was indeed the main road he wanted to be on.
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9.3.4 Coming to recognize a problem in a particular way

Creating a classroom-situation in which pupils can act guided by what they already
know

A first thing to note is that in the discussion of the previous task (the last task of chapter
1 of pupils' textbook) quite unexpectedly one pupil made a link with what was going to
happen in the course of chapter 2. To be more precise, after in the smaller class it was
eventually concluded that "radiation does not reach far enough to measure it at a large
distance,” one pupil proposed a kind of experiment that later in chapter 2, after they had
build their "nuclear power station," the pupils were expected to carry out: "Yes, but sir,
if for instance... well, if we rather had taken that shoe and had taken off that plastic bag
and then... for instance wind machine, then that radioactive radiation would in fact have
reached that device." Now, indeed, there is this link, but I simply had not expected that
pupils themselves would bring it forward at this stage -as, in fact, most pupils did not.
But the fact that it was brought forward, if only by one pupil, was of course just the
better. It will have contributed to an increased appreciation of the coherence between
the various activities by the pupils -not only by the one pupil who had made the remark,
but also by all his classmates who saw the point of his remark. At any rate it allowed the
teacher to point at the coherence: "I think you are so... he is so eager to know it... You
know what? We are going to talk about it today." In the larger class, the teacher had to
introduce the topic of chapter 2 by linking up with the preceding in a more global way:
in the global outlook nuclear power stations and accidents with them had been
mentioned by the pupils.

The building of the small scale "nuclear power station® proceeded more or less as
expected. In both classes the analogy between the classroom situation and a real nuclear
power station was accepted in the sense that in both situations there is radioactive
material that has to be insulated (which is the word that most groups used) in such a way
that outside no radiation is measured. Lead was mentioned most often as an insulation
material that is used in real nuclear power stations. Some pupils, however, also kept an
open eye for the purpose of real power stations and noted that lead should not be applied
too close to the radioactive material, because "an enormous amount of heat is released,
isn't it" and "lead has a low melting point." Other materials that were mentioned are
concrete and graphite (of which some pupils knew that it was dumped on the power
station in Chernobyl after the accident). The fact that a few groups also mentioned
materials like polystyrene foam and foam rubber seems to be triggered by their
knowledge about insulation materials in general.

In their building plans all groups wanted to insulate the stones. Again, lead was
mentioned most often, but also bricks and, again, polystyrene foam and foam rubber.
Some groups had also written in their plan to measure with a Geiger counter. But also
the other groups must have had this in mind. For when the plans were carried out, a
Geiger counter was always used, without further comment by anyone (this is again a
clue that the pupils accepted the agreed criterion to establish whether or not something
stands in the radiation emitted by some radioactive object). When the plans were carried
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out, a little figure was used to represent the people living in the neighbourhood of the
*power station."

By carrying out the various building plans, testing the various suggested materials etc,
both classes managed to build a "nuclear power station® that satisfactorily met the
requirement that outside no radiation could be measured, e.g.: a ‘power station® in
which the radioactive stones were first shielded by some layers of lead which in turn
were surrounded by some bricks. The conclusions were accordingly, e.g.: "the thicker
you wrap it up with the right materials, the less radiation gets through;" "lead and stone
break down radioactive radiation.™

Coming to recognize the problem by acting in the classroom-situation

Subsequently the teacher focused pupils® attention on the theme of section 2-3 of the
textbook (Accidents with nuclear power plants), usually by pointing out that while they
now have built a "power station® such that outside no radiation is measured, there have
occurred accidents with nuclear power stations such that quite some distance away
radiation could be measured. If possible, the teacher also linked up with earlier remarks
of pupils, e.g. the one that "if we rather had taken that shoe and had taken off that
plastic bag and then... for instance wind machine, then that radioactive radiation would
in fact have reached that device," or the remark that a pupils made towards the end of
the "building’-task: "Does that radiation... all that radiation, does it have a velocity or
something like that? Just like... when that nuclear power station in Chernobyl exploded,
it took some time before it was in the Netherlands."

After reading some further information on the Chernobyl accident, the groups were then
set to work on tasks 5 and 6, in which they were asked to say how it could have come
about that after the accident more radiation than normal was measured in the
Netherlands and that some fresh products had become radioactive (tasks 5a and 5b,
respectively), and to devise plans to bring about similar such consequences with the
material present in the classroom (tasks 6a and 6b). In devising such plans, the groups
indeed seemed to be guided by what they knew about the Chernobyl accident (as the
below examples may illustrate). Furthermore, most answers could be interpreted as
being of the following kind: because of the explosion in the power station some
radiation* escaped; the wind carried some of the radiation* towards the Netherlands; the
fresh vegetables came to contain radiation*, etc. An example of an answer that may be
thus interpreted is the next one (of Julius® group).

5a: the wind and the rain had carried the radioactive radiation along

5b: the radioactive radiation was inside the rain, which came on the vegetables and on

the grass
6a: then the reactor would have to be open and there would have to be wind towards
that direction

6b: lay the apple up against it, or spray radioactive water into the apple
| thus take the proposal to "lay the apple up against it [one of the radioactive stones]" as
one to make the apple contain radiation*. | feel strengthened in this because later on one
of the pupils in this group added: "I've got something else: in that X-ray machine.” In
line with this interpretation | understand the group’s "radioactive water" as ‘water
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containing radiation*," just like there was "radioactive radiation inside the rain." When
asked how to make "'radioactive water," | thus expected that the group's answer would
be to lay a radioactive stone up against a beaker of water or to place the beaker in the X-
ray machine.®  Some answers, however, seem to require a different interpretation, as
e.g. the next one (of Luke's group).
5a: the radiatien dust particles is carried along with the wind and towards the Nether-
lands. or with water. (the dust particles are radioactive)
5b: because the wind has been in the vegetables and grass. the cows eat grass so
radioactive milk and radioactive vegetables
6a: make a considerable hole in the wall that is close enough to the radioactive source
and then produce a strong wind towards the Netherlands
6b: cut the apple in two and make a hollow and close it. (put the source inside)
As the deletion in the first answer may illustrate, this group had actually discussed
whether it is radiation or something else that is blown towards the Netherlands by the
wind. The result of this discussion was that, since the wind had played an important role
and radiation, like light, cannot be blown, it must have been "dust particles [that] are
radioactive™ that were carried along. So | take this group's proposal to "make a
considerable hole in the wall" and to "produce a strong wind towards the Netherlands"
as different from Julius® group's proposal that "the reactor would have to be open and
there would have to be wind towards that direction."” | expected that, whereas for Julius’
group it would be sufficient to make a hole and produce some wind, for Luke's group it
would also be necessary that particles of the radioactive source itself are able to escape
(and that it is for this reason that the group wants a hole in the wall that is ""close enough
to the radioactive source").

The above already illustrates that it is not always clear, from the groups® written
proposals, precisely what experiments they want to carry out, and perhaps the groups
themselves were not always clear about that either. How, for instance, does Julius
group think to come by "radioactive water?"; is there indeed any special reason why
Luke's group wants the hole in the wall to be "close enough to the radioactive source?";
and how does the group that proposed to “'contaminate chalk dust with radioactivity and
blow that towards the other side of the classroom with a wind machine” think to
"contaminate chalk dust with radioactivity?"

For the time being (i.e., while the groups are working on tasks 5 and 6) such
unclarities do not matter very much because, and this brings forward the importance of
letting the groups both devise and carry out their own experiments: they will naturally
get resolved when the groups are going to carry out their proposals. For then it is in
doing what it is doing that e.g. Julius® group will make clear how to come by
"radioactive water," or at any rate the group will then be forced to further think about
how "radioactive water" can be come by. All that matters for the time being is that from
the groups’ written proposals the teacher, despite some uncertainties with respect to the

6. If this interpretation is correct, it once more shows that both the a- and b-part of task 6 are required in order
that the groups in carrying out their proposals come to appreciate the central problem in the right way (cf
sections 7.4.3 and 8.3.4).
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details, gets a fair idea about the sort of experiments that the groups want to carry out
and about ways to deal with the remaining unclarities. As it was part of my activities
during and in between lessons to help the teacher get this fair idea, I can tell that pupils®
written proposals indeed served well to get it. At an appropriate time (sometimes during
a lesson, sometimes as part of the preparation of the next lesson) the teacher and | took
stock of the sorts of proposed experiments, discussed an appropriate order to carry them
out, thought about additions that might be suggested by some groups, etc. | then also
pointed at cases where tolerance with respect to pupils® use of expressions would be
required and cases where the teacher might demand some discipline in their use of
expressions. Tolerance is e.g. required concerning the use of the expression 'to contami-
nate' by the group that wanted to "contaminate chalk dust with radioactivity” -in
particular, it should not be assumed that the group uses the expression as a physicist
does. The tolerance may, as already noted above, take the form of simply letting the
pupils act, i.e., letting them do something that for them is an instance of *contaminating
chalk dust with radioactivity" or letting them say in somewhat more detail what action
would for them be an instance of ‘contaminating chalk dust with radioactivity."
Discipline may be demanded with respect to expressions on the shared use of which the
pupils have already agreed, in particular the expression ‘is radioactive." So if e.g.
Julius® group has done what it thinks had to be done to make some water radioactive, the
teacher may, if the pupils themselves have not already done so, very well ask to check
whether the water has indeed become radioactive in the agreed sense.

Concerning the carrying out of the proposals, | first want to make the general note that
it had struck both the teacher and me how very involved most pupils were (and other
people also got this impression from watching the videotape). Not only had the groups
together produced a rich variety of proposals, but they also followed the various
experiments intensively (and not just the ones they themselves had proposed). The group
that was carrying out an experiment was sometimes literally directed by the spectators to
try this or that. Lots of suggestions for additional experiments were made -some groups
were in fact still busy trying out all sorts of things well after the lesson was over. Pupils
quieted each other down to be able to listen whether the counter would tick, etc.

All this was very positive, of course, but at the same time it raised a management
problem for the teacher: how to deal with it all, how to put and keep the whole thing on
the right lines? In the smaller class the teacher did not properly handle this management
problem. What went wrong, paradoxically as it may sound, is that the teacher was too
involved and got too much carried away by it all. For what happened after the various
proposals were listed, was that the list was hardly given attention (and as a consequence
several proposals were not carried out). Rather almost every additional proposal that the
pupils made was instantly followed, sometimes even before the original proposal was
thoroughly carried out. As a consequence hardly any conclusions were explicitly drawn.
In particular, conclusions that according to the didactical structure would serve as inter-
mediate steps in pupils® coming to appreciate in the intended way the general problem
under which conditions an action does or does not lead to an object’s becoming radioac-
tive (cf section 8.4.1) remained implicit, and thus also the problem itself. I might say
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that the teacher's emphasis was not so much on problem-posing but rather, and more
and more so, on problem-solving. Instead of first taking care that the general problem
clearly came forward, he rather wanted to pull the specific solutions to tasks 6a and 6b
out of the pupils. As a consequence the teacher more and more took over and even
began to propose and direct some experiments himself. After the lesson the teacher
himself indicated to be dissatisfied over this, when he said that he had tried to pull too
much out of the pupils too soon (in ten Voorde's terms: his anticipation tension had been

too high; cf section 7.4.3).

As part of the preparation of the matching lesson in the larger class the teacher and |
talked over possible means to properly handle the management problem in the spirit of
the didactical structure. The main point was that the teacher's control should be of a
procedural nature: he should not so much make contributions with respect to content,
but provide the opportunities for an ordered process in which the groups can do what
they want to do as long as it is clear to everybody what is going to be done. Some
concrete points the teacher and | agreed on were:

- list all the proposals (on the blackboard);

- think of an appropriate order to let them be carried out;

- stick to this list;

- make sure everybody knows which experiment is carried out and why (let, if
necessary, the group that is going to carry out give a further explanation to the rest);

- try to so arrange it such that most groups get to carry out an experiment;

- take notice of suggestions for additional experiments, but do not instantly follow them
(think of an appropriate time to let them be carried out; if necessary, add them to the
list on the blackboard; when it is going to be carried out, make sure that everybody
knows why; etc);

- build in a break at the end of each performed experiment, during which the pupils are
to briefly note down what experiment has just been performed and what has happened.

In the larger class the teacher managed (as he himself said after the lesson: by making a

very conscious effort) to keep a low profile with respect to content and to mainly focus

on procedural control along the above lines.

| have already mentioned that in all observed classes the groups had together produced a
rich variety of proposals: break their *power station;" cause a draught from *Chernobyl*
towards "the Netherlands;' make it "rain® above 'the Netherlands;" lay the apple up
against a radioactive stone for a while; put the apple in the X-ray machine; put one of
the stones inside the apple, etc. Furthermore, a Geiger counter was always self-
evidently used to check whether their plans did indeed bring about what they were asked
to bring about -whether as a result of their actions it did start ticking at a more than
normal rate in "the Netherlands® or near the apple. Moreover, the Geiger counter was
accepted as an arbitrator: if it clearly did not start ticking at a more than normal rate
near e.g. the apple, the apple had not become radioactive.

Usually also several suggestions for additional experiments were made, which were
triggered by the results of those experiments. In fact, in some classes some of the above
mentioned proposals were only brought forward after earlier proposals had not lead to

200



Evaluation of the didactical structure of the topic of radioactivity

the desired outcome. In one class, for instance, after an experiment had been performed
that pupils described as something like "power station broken, fan on™ and on whose
result they noted down something like *'nothing happened at all* or "nothing happened
to the amount of radiation in the Netherlands,” it was then proposed to also make it
rain” (by sprinkling some water) above "the Netherlands.” And sometimes the experi-
ment that was concluded with something like "put the apple near a radioactive stone - it
doesn’t work, it doesn't become radioactive,” was then followed by a suggestion to put
the apple in the X-ray machine. But also some new suggestions were made. After the
brief reflection on the previous experiment (e.g.: "apple in X-ray, not radioactive™), in
one class it was proposed to first cut the apple in two and then put it in the X-ray
machine. Probably all such additions were made for the reason to now bring about the
desired outcome, which the previous proposals had not produced.

In some classes even more experiments could have been done than actually had been
done. After several experiments on the apple had been performed, which were all of the
*making an apple stand in radiation-kind, one pupil e.g. concluded that "an apple is a
kind of fruit that cannot become radioactive." If this conclusion had not been passed, it
would quite naturally have given rise to the proposal to find out whether, by applying
the same sorts of method that did not make the apple radioactive, other kinds of fruit or,
more generally, other objects than apples can in fact be made radioactive. It might have
been useful that this proposal had actually been carried out. For it would then have been
found that also the other objects cannot be made radioactive by applying the same sorts
of method. And since it obviously is absurd to conclude that no objects can be made
radioactive, it would then have been natural to try to account for the failures in terms of
something in the applied methods and to look for something that the applied methods
have in common. The following might thus more easily have come forward: the
recognition that the applied methods were all of the type 'making an object stand in
radiation,” and the formulation of the general statement that something cannot be made
radioactive by making it stand in radiation. The latter generalization, moreover, once
established, would then at the same time have been established more firmly because by
then it could be seen as supported by more instances.

The strategy just mentioned, of letting pupils actually carry out several experiments that
are all of the same type, is not only useful for the just given reasons: that thus they will
more easily be able to conjecture an appropriate generalization, and conjecture it more
confidently. The strategy is also useful to make the pupils note down what actually
happened in an experiment when what happened was not in line with their expectations.
For sometimes, and especially after the first experiment was performed, some pupils
noted down that in the experiment the Geiger counter had "reacted a little bit" or "ticked
a little bit more [than it normally does].” After additional experiments such conclusions
usually were implicitly rectified, e.g.: after the experiment "power station broken, fan
on" it was noted down that "he reacted a little bit", after the additional experiment
"exactly the same set-up, with rain" that "it doesn't work either,” in which it is
implicitly acknowledged that the first proposal too had in fact not worked. So letting the
pupils carry out several experiments that are all of the same kind and all lead to the
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same unwanted and initially unexpected result, is also of use to help the pupils in facing,
and stating, the facts as they are.

I hope that from the above it has become sufficiently clear that what pupils noted down
concerning the performed experiments are indeed the sorts of thing that according to the
didactical structure would serve as intermediate steps in their coming to appreciate in
the intended way the general problem which kinds of action lead to an object's
becoming radioactive and which do not.

In the classes in which the teacher's emphasis was on problem-posing, this kind of
general problem did indeed come forward. The way in which, and the stage at which, it
did come forward, however, varied from class to class and also within one class there
were differences between (groups of) pupils. In one class the pupils were asked to
formulate a kind of overall-conclusion after all the experiments had been carried out.
And in the discussion of those conclusions -e.g.: "The stone cannot make the apple
radioactive, but Chernobyl can. How's that?;" "If Chernobyl can actually make the shoe
radioactive, why can't we make the apple radioactive with the stone or the X-ray
machine?"- the general question how things can be made radioactive came forward,
which was then asked open-mindedly and in accordance with the agreements made
earlier. In this class most proposals seemed to have been carried out with the intention
to show that they would lead to the desired result. In another class some pupils already
quite early, after just a few experiments had not lead to the desired result, took on an
hypothetical attitude and open-mindedly suggested some kind of systematic investigation
in something like” the following terms: well, | really wouldn't bet my life on any of
those [proposals] any longer; let's just try them all out and see what will make that thing
tick. In yet another class some pupils, who already in devising their proposals had
discussed such things as whether it was radiation or something else that was blown,
consequently looked upon the experiments as means to get answers to general questions
like "Can radiation be blown by the wind?* and *Can something be made radioactive
with radiation?”

It does not matter that the way in which, and the stage at which, the appropriate kind
of general problem comes forward will differ from class to class and, within one class,
from group to group. | would e.g. not call one of the above ways better or more suitable
than the others: it's just that in this class or for this group of pupils it did come forward
in this way or at this stage and in that class or for that group in that way or at that stage.
All that matters is that it does come forward in one way or another, and not just for one
or two pupils. And for that to happen, the activity in the course of which the problem is
to come forward must be such that, if appropriately guided by the teacher (i.e., in a
problem-posing manner), it is not very sensitive to exactly what is done in the course of
it (e.g. exactly which experiments are being carried out), as long as what is done in the
course of it is sufficiently rich (as long as e.g. a rich enough variety of experiments is
being carried out). Furthermore the activity must not be very sensitive to exactly when
(groups of) pupils come to formulate the problem. So in case some pupils quite early

7. The following is not a literal quote. It is based on a note | made in one of the classes in which no recordings
were made.
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take on an hypothetical attitude, the sequel of the activity must still be worthwhile for
them (and the pupils they have ‘infected" with their hypothetical attitude) as well as for
the other pupils. | hope to have made clear that the activity discussed above sufficiently
met these requirements. Both for the pupils who had not (yet) taken on an hypothetical
attitude and for those who had it was e.g. worthwhile to do more experiments: for the
former to show that the new experiments will lead to the desired result; for the latter to
open-mindedly and somewhat systematically find answers to the general problem.

Apart from the way in which the problem did come forward, the final results of the
above activity also differed in the different classes. In one class it ended with the
formulation of the general problem. Another class already arrived at substantial
contributions to its solution. There the experiment in which a radioactive stone was put
into an apple that had been hollowed out gave rise to the suggestion that something
similar might have happened in the Chernobyl-case: (parts of) the source might have
arrived on or in the fresh products in the Netherlands.? It was not always the case,
however, that possible contributions to the solution of the problem were recognized as
such. In yet another class, for instance, after several experiments on their ‘power
station® had been performed, none of which had lead to the counter's ticking at a higher
rate in "the Netherlands,® one pupil, as if to relieve his frustration by means of a joke,
picked up the piece of cardboard with the radioactive stone on it, carried it along and
put it down in "the Netherlands." Even though this made the Geiger counter tick, it did
not ring a bell for the pupils.

Again, the fact that the final results of the above activity differed in the different
classes does not matter. For in each class the final result was such that it could be
meaningfully further built on in the sequel, though in each class in a somewhat different
way, of course.

9.4  From ground level to qualitative descriptive level

9.4.1 Finding some general statements by looking back at how the problem
has come about

The point of chapter 3 of the textbook was that, by studying the three applications

treated in there (food irradiation, sterilization of syringes, radiation treatment of

cancer), answering the questions about them and, if they thought that might help them in

answering the questions, carrying out experiments, the groups would come to explicitly

formulate the following general statements:

- by means of irradiation organisms or cells can be killed;

- an object does not become radioactive by irradiation.

It was expected, moreover, that their explicit formulation of the first general statement

would not be problematic at all. The discussion of the a-parts of the questions (What is

8. It also gave rise to an agreement concerning the term ‘is contaminated," and, as expected, to the protest that
"then you can make everything radioactive: hollow them all out" and the question "how then has the stone
become radioactive?"
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the aim of ...?) indeed came up to this expectation. After the discussion of task 1, for
instance, in one class the teacher began the discussion of task 2 as follows.

Teacher: If you now once more look at those a-questions, right, that 1a, 2a and
3a...

Aaron: That are really all the same...

Teacher: Yes. Why, then, are it all the same things?

Aaron: Because the point is always... will kill bacteria... so to...

Teacher: So the point is always to Kill... bacteria, mould, cells, isn't it. We

have got that right, haven't we, because | do not know much about it.
But to kill mould, bacteria, cells, that's what the point always is. Shall
we from now on just skip question a? For it is always the same.
[The pupils agreed. Almost all of them had indeed already written down uniform
answers to the a-parts of questions 2 and 3. That is, answers that were all of the kind
"to kill ...," "to counteract ...," or "to make disappear ...," and that differed only with
respect to what replaced the dots.]
Concerning the second general statement above it was expected that the groups® coming
to explicitly formulate it would be guided by the order in and the formulation of the
tasks. First of all, it was expected that they would, for each application, understand the
b-part of the question as a variation on the question whether or not something has
become radioactive. Furthermore it was expected that, since the first application
(irradiation of food) is so similar to some of the things they had done in the preceding to
make the apple radioactive, the pupils would be strongly tempted to use here what they
had found there, and that, once this generalizing step was taken concerning the first
application, they would also be more inclined to do the same concerning the other two
applications. The temptation and inclination, finally, were expected to be further
triggered when, in thinking of ways to imitate the applications, they would notice that
those imitations (and, again, especially the one corresponding to irradiation of food) are
rather similar to some of the things they had done when trying to make the apple
radioactive.

Below | try to say why the evaluation concerning pupils’ arrival at an explicit
formulation of the second general statement above amounted to a modification of the
didactical structure. And in line with the procedure outlined in 9.2.2, also in this case
the main line of the didactical structure was not questioned: it was still assumed that it
would be desirable that the pupils would come to explicitly formulate the general
statement. Rather it was tried to reformulate the tasks and to give an account why it is
reasonable to expect that the reformulated tasks will not give rise to the problems that
made the modification necessary. The need for the modification clearly came forward in
the larger class.

But before discussing the problems in the larger class that gave rise to the modification,
| first briefly discuss what happened in the smaller one. None of the groups wanted to
stick the radioactivity-sign on irradiated food, because "that sticker means that the food
is radioactively contaminated” and "the food is not radioactive.” None of the groups
agreed with the statement that a patient gets irradiated a bit by an irradiated hypodermic
needle. Some groups already explicitly used the general statement in their answers, e.g.:
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"the needles are being irradiated and if something is irradiated it is not radioactive."
Only one group found that, when taking care of irradiated patients, the nurses need to
wear lead aprons, because "the tumour has absorbed radiation, and emits that." In the
discussion of the task, however, this answer was immediately withdrawn.

Teacher: But now b. Does that nurse [...], does she have to wear a lead apron
because she's standing near that bed all the time, near that irradiated
patient?

Peter: Yes.

?: No.

Peter: [As if suddenly struck:] What?! No. Oh! No, no, no, no, no.

Teacher: What? Peter, read aloud...

Peter: No.

Teacher: ...for now you are just saying something. Read aloud.

Peter: [As if ashamed:] Are needed, because the tumour has absorbed
radiation and emits that. But...

Teacher: But are you going to cross that out now?

Peter: Yes, because...

Teacher: What are you going to write down? Luke, what do you think is Peter
going to write down there?

Luke: That it is not needed and... because he is not radioactive.

Julius: [Julius is a group mate of Peter.] If he is irradiated, he is not radioac-
tive.

I now address the problems in the larger class, and argue why it is reasonable to assume
that it were unclarities in the formulations of the tasks that delayed pupils® arrival at the
second general statement above. In this class the tasks of chapter 3 of the textbook were
given as homework. | now first summarize the answers. Fifteen pupils had answered the
question whether or not a sticker with the "radioactivity-sign® should be used on irradi-
ated food. Ten pupils had answered that the sticker should not be stuck on irradiated
food. Four of them for the reason that the sticker doesn't clearly show that the food is
irradiated, e.g.: "such a thing doesn't attract attention and besides nobody knows what a
sign like that means." The other six indicate that "people™ will draw all sorts of
conclusions from the sticker, e.g.: "it will deter people and then they won't buy it."
Four pupils had answered that the sticker should be stuck on irradiated food in order to
indicate that the food is irradiated, because "people may want to eat food that is not
irradiated” or because "that is the sign of radiation and then one knows that it is
irradiated to make it keep longer." One pupil, finally, indicates that with some imagin-
ation one could see the sign as a representation of the room in which the irradiation of
food takes place (and of which the textbook contains a drawing): "the circle the source,
the things around it the food." So many pupils had not used in their answer that the sign
stands for ‘is radioactive.” Rather some of them had seen it as some sort of dummy
symbol that is therefore not useful because it does not give any information. Others
seem to have plainly accepted it as a sign for "is irradiated,” and have thus found it
useful.

The important thing, however, is that none of the pupils seems to have understood this
question as a variation on the question whether or not irradiated food is radioactive. The
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question had thus not challenged the pupils to think about the question whether
irradiated food is radioactive. Consequently it cannot be said whether, if they had
thought about it, they would have used here what they had found in the preceding, when
they tried to make the apple radioactive.

With regards to the question on the hypodermic needles, there was the same sort of
problem: the task had not challenged the pupils to think about the question whether or
not irradiated hypodermic needles are radioactive. Let me first of all repeat the task.

Joke says: "'l simply do not understand that they irradiate syringes. It may well be that

a patient does not get infections since the bacteria are killed. But the patient does get

irradiated a bit by the syringe. And that too isn't really healthy, is it?"

We do / do not agree with Joke, because..
Fourteen pupils had answered this question, ten of them did not agree with Joke, two of
them did agree with her and two pupils took up some sort of intermediate position. But
no matter whether or not they did agree with Joke, I think all of them really agreed with
each other, namely on something like: receiving just a little bit of radiation will not do
much harm, but receiving much may. The pupils who did not agree with Joke focused
on the first part, e.g.: "a human being can surely stand such a little bit of radiation;"
those who disagreed with Joke focused on the second part, e.g.: "if every day you have
3 injections (the rest of your life) you get additional symptoms;" those who took up an
intermediate position disagreed with Joke "as long as it does not happen too often." So
the task was unclear as to what pupils were to agree or disagree on. They seem to have
reacted to the last sentence of what Joke said (And that too isn't really healthy, is it?),
and not, as intended, to the sentence before the last one (But the patient does get
irradiated a bit by the syringe). They simply seem to have taken for granted that the
patient does get irradiated a bit by the syringe, and have thought about whether that will
do much harm. Now, of course, someone who is in command of the second general
statement above cannot take for granted that a patient gets irradiated by an irradiated
syringe. In fact, not taking that for granted is a sign of being in command of the general
statement. The above question, however, was not directed at someone who is well in
command of the general statement but was, conversely, meant as a contribution to
pupils® arrival at the general statement. And viewed in that light it did not clearly
enough direct pupils® attention to what they were to agree or disagree with.

Again it cannot be said whether, if they had thought about the question whether or not
irradiated hypodermic needles are radioactive, the pupils would have used here what
they had found in the preceding, when they tried to make the apple radioactive. | do
think, however, that the inclination to take this generalizing step would then still have
been decreased by the fact that concerning the first application (irradiation of food) they
had not already taken a similar step. If such a step had been taken there, that might
perhaps also have contributed to their understanding the task, despite its unclarity, as
asking whether or not irradiated hypodermic needles are radioactive. That is, that might
have helped them in appreciating that the needles too, like the apple in some of their
own experiments and the food in the first application, are only irradiated. It might have
made the information that the needles were irradiated a relevant piece of information (as
it probably had been for the pupils in the smaller class). In fact, viewing that piece of
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information as a relevant piece of information is part of the generalizing step that the
pupils were expected to take. But given that their thinking about the previous application
had not resulted in such a step, it will then also not have made them appreciate the
relevance of a piece of information of that kind. And consequently it will also not have
made them more inclined to take a generalizing step now.

With regards to the question on the irradiated patients the situation was somewhat
different. This question actually seems to have challenged four pupils to think about the
question whether or not the patients are radioactive (emit radiation) -i.e., about the
question whether or not patients who are only irradiated emit radiation. They did not
find that lead aprons are needed when taking care of irradiated patients, e.g. because
"you no longer can get irradiated™ or because "they absorb the radiation, but do not give
it off." For the other nine pupils who had answered the question, however, it seems that
the same sort of comments can be made as above (concerning the irradiated syringes). |
believe they had not actually thought about the question whether or not patients who are
only irradiated emit radiation, but rather had simply taken for granted that the patients
do emit a bit of radiation. What they had thought about was whether that will do much
harm to the nurses. Their conclusion was that it might (e.g.: "if they are standing in the
ward the whole day they will catch much too much radiation;" "too much radiation is
not good (from several patients)"), and that therefore lead aprons are needed. For them
the information that the patients were irradiated had not served as a relevant piece of
information.

Finally, I think it is reasonable to assume that the pupils had not thought of ways to
imitate the applications, which was expected to further trigger the temptation and
inclination to take generalizing steps. First of all, the pupils were not asked to think of
imitations in the tasks on the applications themselves. Rather, at the end of the
introduction to chapter 3 (section 3-1 of the textbook), they were invited to carry out
experiments:

Read the next sections and do the exercises.

If you find it necessary to perform experiments, you can do so. But do consult the

teacher before you start.
Secondly, because the pupils worked on the exercises of the next sections (in which the
three applications were successively treated) at home, there was not much to
experiment.

I hope the above suffices to illustrate the problems in the larger class, and that these
problems prevented that the pupils took the required generalizing steps. This is also how
| analyzed the situation when, at the beginning of the lesson, the pupils had to gear their
answers to those of their group mates, and from walking around I got an impression of
the sorts of answers they had given. In order to set the required process of generalization
in motion, | then advised the teacher to begin the discussion on the task whether or not
the radioactivity-sign should be used on irradiated food with the question what that sign
really stands for, as a means to get them thinking about the question whether irradiated
food is radioactive. It could then be seen whether they would then use what they had
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found when they tried to make the apple radioactive, i.e. whether they would take the
first generalizing step, and whether, once this first step had been taken concerning the
application in which it was most likely that they would take it, they would take similar
steps concerning the other two applications. It turned out that by this move the process
was indeed set in motion.

The experiences in the larger class have lead us to the following suggestions for

adjustments to the didactical structure:

- better challenge the pupils to think about the question whether or not irradiated food is
radioactive, for this is to trigger the whole generalizing process;

- challenge them more directly to think of ways to imitate the applications, for this may
further trigger the temptation and inclination to take generalizing steps;

- replace the formulations that, because of their ambiguity, hindered pupils® arrival at
the general statement by formulations that more clearly focus pupils® attention in the
desired direction.

The first suggestion was further worked out by adding a task in chapter 1 of the textbook

and adjusting the task on irradiation of food. The point of the additional task, to be fitted

in after task 6 of chapter 1 (cf section 8.3.2), is to explicitly focus pupils® attention on
the radioactivity-sign. The task reads as follows.

A sign to indicate whether something is radioactive

On objects that are radioactive this has to be indicated.

All countries have agreed to use a sign for that. (See alongside.)

So that sign has to be used on radioactive objects.

But it is not allowed on objects that are not radioactive.

a Which of the objects in the classroom carry that sign?

b Which of them carry it rightly?
¢ Which of the objects really ought to carry the sign too?

In order to challenge the pupils to actually think about the question whether or not
irradiated food is radioactive, in the task on irradiation of food the following question
was added (with a reference back to the above task of chapter 1): On what kind of
objects must a sticker with that sign be stuck?

In order to challenge them more directly to think of ways to imitate the applications,
the following was simply added to the tasks on each of the applications: Note down an
experiment that can be carried out in the classroom and that imitates this application.
Carry the experiment out if you think that will help you to answer the below questions.
But do consult the teacher first.

Concerning the reformulations of the tasks I just give one example. In order to more
clearly direct pupils' attention to what they were to agree or disagree on, the old
formulation of the task on the hypodermic needles (We do / do not agree with Joke,
because...) was replaced by: Joke says that a patient gets irradiated by an irradiated
needle. We do / do not agree with that, because...

With these adjustments, the problems that occurred in the larger class did not return
the next year. Rather things then went as they had gone in the smaller class. The
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required generalizing steps were then taken by nearly all groups, and some of them
already used the general statement in their answers quite explicitly. And the solitary
group, or pupil within a group, that had not taken the generalizing step concerning some
application, needed just one or two words to take it (like Peter in the smaller class).

9.4.2 Solving the problem by finding more general statements

Tackling the problem

Since the final result of the activity in which the problem had come forward varied from
class to class, the starting point for the present activity varied accordingly. Whereas in
some classes the problem was already nearly solved, in other classes or for some groups
of pupils within a class it still stood open. In the former cases the task how some fishes
in the Irish Sea could have become radioactive (cf section 8.4.2) was rather an easy
exercise. But the main point is that in the latter cases the task turned out to be very
useful. In fact, most groups almost immediately saw their answer to this task (e.g.: "the
fishes have eaten the radioactive waste;" "the bits stick to the fishes™) also as a contribu-
tion to the question how e.g. the *"Chernobyl-shoe' might have become radioactive. For
some groups, however, it was really a two-step process. They could understand how the
fishes might have become radioactive: they might have eaten (bits of) the radioactive
material. But then, so they would begin the second step, what about the shoe: it cannot
eat, can it? It would then usually not take a long time before they finished the second
step by noting that the ‘eating-part" of the story is not very essential: all that matters is
that the shoe had somehow got (bits of) radioactive material on or in it. In order to let
the pupils, at least implicitly, use the generalization that an object becomes radioactive
by putting radioactive material in or on it, and in order to make them explicitly realize
that they have solved their problem, the teacher usually also asked them to have a
second look at task 5 and/or task 6. The pupils then were indeed able to say, e.g., why
their attempts to make it the case that more radiation is measured in *the Netherlands®
had not worked.

Explicit formulation of generalizations

The task in which the pupils were asked to form true statements containing two of the
terms ‘radiation," ‘radioactive," ‘radioactive material," *contaminated” or "irradiated" did
indeed challenge them to explicitly state the sorts of general statement they had, at least
implicitly, used in the preceding.

What | think is still lacking here, and what | now” propose as an addition to the
didactical structure, is a task in which the pupils come to explicitly recognize that their
use of words like ‘radioactive,” ‘contaminated’ and ‘irradiated" has changed as
compared to the beginning of the series of lessons, and once more come to explicitly
state the agreements that have been made concerning the use of such words. In the
present didactical structure these things remain pretty much implicit. Given that at the

9.As | have already noted, thinking about improvements of the didactical structure is still going on today.
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beginning of the series of lessons pupils already used words like "radioactive,” *contami-
nated* and ‘irradiated” (as | have illustrated towards the beginning of section 9.3.2), a
task that might lead to the desired explicit recognition and statements suggests itself:
make the pupils compare their then use of such words with their present use.

9.4.3 Getting at home in the established system of generalizations

The aim of chapters 4 and 5 of the textbook was to gradually make the groups feel even
better at home in the system of generalizations and, to some extent, add to it. This was
tried by challenging them, and more and more indirectly so, to apply the relevant
generalizations in order to give explanations or to make predictions concerning some
new situations. From the fact that they were e.g. largely able to base their judgement as
to whether and which protection measures are needed in a particular situation on a sound
analysis of that situation in the relevant terms (‘contaminate,” ‘irradiate," etc), even
when the situations themselves were not formulated in these terms, it can be concluded
that indeed they did begin to get rather well at home in the system of generalizations.
Sometimes this was also indicated somewhat more explicitly. Some groups, for instance,
had in the summary of chapter 4, under the heading ‘Important to remember," noted
down something like "What the difference is between contaminated and irradiated.” At
least for these groups the difference must have become clearer or more relevant than at
the end of chapter 3 of the textbook.

Instead of discussing in more detail the groups® answers to the tasks of chapters 4 and 5,
I will now rather give some other examples from which it may become clear that the
pupils began to feel at home in the system of generalizations. The examples concern
new situations that were not brought up by the textbook, but were brought up by a pupil
in the form of a question. In the discussion of that question it can be noticed that pupils -
some of them immediately, others after some hesitation and with some guidance by the
teacher- begin to apply what they have learnt before to the new situation in order to
answer the question. Both of the examples took place during the discussion of the tasks
of chapter 3 and the last task of chapter 2 (i.e., before the task in which the pupils were
challenged to explicitly state generalizations).

The first example relates to a story that a pupil (Aaron) had read in Reader's Digest.
The story was about a Soviet pilot that "had flown about six times over the nuclear core
[of the exploded power station in Chernobyl]" and "later died of leukaemia." (Recall
that the pupils were asked to collect articles on the topic of radioactivity. The teacher
would then usually ask a pupil who had found such an article to tell something about it.)
While telling the rest of the class about this pilot, Aaron had said, among other things:
"First they wanted with military airplanes to just pour sand on it, on the core, but that
did not work because... They wanted to smother that thing, that core, but that didn"t
work because nucl... radioactive substances kept coming out, or something like that."
Later on, another pupil came back on this:

Melvin: Why did it say there a while ago... that there... with sand, or
something like that, that they wanted to let it smother, or so, that
core... in that book [points to Aaron’s Reader's Digest].

Teacher: Yes.
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Melvin: Well, how can that be?

?: Yes, we just have...

Lawrence: Yes, it will no longer blow away then, that...

Teacher: Yeah. Why was that? Do you [Aaron] still know? In order to let it
smother? Is it to make that hot core...

Aaron: Yes, for what else?

Teacher: ...smother?

Lawrence: No.

Peter: Because there [unintelligible] no longer goes through.

Melvin: No, because you can never put it out.

[There follows a brief exchange, the conclusion of which is that the sand was not
poured on the core to put the fire out.]

Teacher: But why then do we still pour sand on it? And | believe | have already
heard the answer.

Peter: In order that the radiation... [in his hurry to correct himself, he begins
to stutter] radioactive-ive...

Melvin: [joking] Radioactive-ive-ive...

Teacher: [to Peter] Yes. [to Melvin] No.

Peter: ...substance no longer can... let escape from it.

[The teacher and several pupils are speaking at the same time.]

Teacher: That the substance can no longer get out, that the particles... that the

substance can no longer get out. And for the people living nearby.
Would that make some difference?

?: No.
?: Yes.
?: Less radiation gets through it.

[Several pupils are speaking at the same time. The teacher interrupts them. He reminds

the pupils of the experiments they performed when they tried to build their own

‘nuclear power station." The conclusion is that radiation goes through sand.]

Teacher: Now, does it make sense to pour something on it or does it not make
sense to pour something on it?

[Several pupils are speaking at the same time.]

Julius: If you do it with lead, it does.

Lawrence: But if you pour sand on it, it does not make that much sense. It just has
the advantage that there is no further contamination.

Melvin: And why then didn't it work?

Luke: Too little sand.

?: Yes, then you would have to have another helicopter pilot that did not
die.

Teacher: I thought there was also a little story in... Page 32. Why do | want you
to cast a glance at page 327 [...] | look at the biggest letters on 32.

?: Bombardment with sand and lead on power station in Chernobyl.

Teacher: We are still going to talk about it. Agreed?

The discussion thus also allowed the teacher to give a preview at chapter 4. Again it is
likely that this will have contributed to pupils® increased appreciation of the coherence
in the series of lessons.

Although the teacher had not done so explicitly, also at the end of the discussion given
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in the next example there was the opportunity to give a preview at chapter 4 of the
textbook. The example begins with a pupil (Peter) who had watched and videotaped a
documentary on the Chernobyl accident. (The class watched the videotape at the end of
the series of lessons.)

Peter: But what in that film they also did with those people, right, they did
push such a stick in their stomach, then they did some measuring,
didn't they.

Teacher: Right.

Peter: Now what are they doing that for?

Lawrence: In their stomach?

Peter: Yes. Well, they had to... here... such a thing... then they had

to sit right like this [he gestures how "such a thing™ was held
near the gastric region of "those people™].

Lawrence: Oh, yes. Yes, | see. | see, | see.

Teacher: And then they did some measuring with that thing [points at a Geiger
counter]?

Peter: A thing like that, right, but much bigger.

Teacher: And what did they measure then?

Lawrence: Well, that they don't...

Teacher: What does that thing measure?

Peter: Well, the radioactivity.

Teacher: Right. So what do they measure?

Peter: Whether they are radioactive.

Teacher: Right. And where in the body would that pile up? Look, because...

Peter: Oh, it is inside the stomach...

[The teacher and several pupils are speaking at the same time.]

Peter: ...because maybe they eat radioactively contaminated food.

The teacher might have given a preview by noting that in chapter 4 the question will be
treated whether there is still something that can be done when someone has got
contaminated.

9.5 The extension in quantitative direction and the transition to
theoretical level

I have already said that the extension of the descriptive level in quantitative direction
and the transition from descriptive level to theoretical level were evaluated more
loosely. In fact, the evaluation of these parts did not go much beyond the global
impression | gathered during the series of lessons as to whether the sort of things the
pupils did say and do could indeed be interpreted as more or less in line with what they
were, according to the didactical structure, expected to say and do. And this global
impression was, as | have already noted as well, that the didactical structure concerning
these parts did indeed serve as a valuable guideline and on the whole seemed good
enough.

Below | mainly indicate why | have not felt the need to also further evaluate these
parts in somewhat more detail, as had been done for the preparatory period and the
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transition from ground level to qualitative descriptive level.

I do not see much worth in a detailed evaluation of the extension of the descriptive level
in quantitative direction, precisely for the reason that indeed it is an extension -a rather
straightforward continuation of the process that had already been set on the right tracks
in the preceding. This "setting on the right tracks" deserves most attention, because it is
the hardest and most interesting part of the educational challenge. It is harder and more
interesting anyway than keeping the process on the right tracks, once it has been
properly set in motion. Indeed, the parts of the didactical structure that correspond to
the later stages of the transition from ground level to qualitative descriptive and to the
extension of the descriptive level in quantitative direction had been relatively easy to
construct (given that we also wanted to treat protection measures, effects, and further
applications).

If a further evaluation of the extension in quantitative direction had been carried out,
it would without doubt have lead to e.g. somewhat better formulations of some tasks. |
think, however, that such modifications would have been rather minor and thus not
worth all the trouble. But of course | may be wrong.

I do not see much worth in a detailed evaluation of the transition from descriptive level
to theoretical level either. The main reason is, in line with the expectations presented in
section 8.6, that there really was not much to evaluate. Of course | could further
evaluate pupils® difficulties with mastering the nuclear model that, according to the
examination syllabus, they had to know. | could also mention that initially it was very
confusing for them that all at once everything was "particles:* radiation consists of
particles, which are shot away by a particle that in turn consists of particles and around
which circle yet other particles, and so on. But the most important thing to note is that
pupils® mastery of the nuclear model was and remained pretty much an activity in itself,
which, on the one hand, demanded pretty much of them but which, on the other, most
of them also seemed to like. The link with the preceding, the model's function in
answering unanswered questions, did not really come forward, probably because of the
mismatch between that model and the theoretical need induced by the unanswered
questions (cf section 8.6). So there was not really a transition, but rather an isolated
activity.

On the basis of such experiences, the teacher has decided for a different way to round
off the series of lessons. What has remained the same is that the pupils are given the task
to collect all the questions that have arisen in the preceding. Below | have listed
examples of such questions.

Why is there a bag around the shoe?

Does the meter in the great hall tick as fast as in the classroom?

Do the rays break down cells?

Can radioactive radiation glance off at some particular material?

Does the temperature have got something to do with contamination?

Does radioactive radiation penetrate glass?

Is a part of the body radioactive if it has been in an X-ray machine?
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Can radiation be inside rain?

How can materials get radioactive?

Why is lead a stopper?

Why does iodine help in case of contamination?

Where have the X rays gone to?

Why is the gas mantle radioactive?

Does radiation get broken down?

Why is it that radioactive particles are radioactive?

Is there a radiation magnet?

Do the cells in the body break down radioactive particles?

Why are there so many cancer patients in Chernobyl?
What has also remained the same is that the pupils are asked whether they can now
answer some of the questions and that, if they can, the teacher once more points out that
they already have learnt quite a lot about the topic. Concerning the questions that still
remain unanswered, however, the teacher’s present strategy is different. Depending on
what those questions are, the teacher will e.g. go a bit further into one or two of them
(in relation to the question "Why does iodine help in case of contamination?* the teacher
may e.g. explain in what way non-radioactive iodine does prevent contamination with
radioactive iodine), or may perhaps still find it useful to introduce the ‘radiation is
nothing but very fast moving particles'-hypothesis in order to answer some of the
questions. After a while the teacher then rounds off with the moral that, although they
have learnt quite a lot about radioactivity, there still is a lot more to be found out about
it: but that is the way things go, physicists too are never finished.

The teacher pushes the treatment of the facts about the nuclear model forward to the

training for the examination. Thus it is quite clearly separated from the rest of the series
of lessons on radioactivity -as, in fact, it really already was when it was still part of it.

9.6  Pupils® comments on the series of lessons

Below | discuss what 24 pupils (of the smaller and larger class, one pupil was ill at the
time) had written in response to the below question(s) after the series of lessons was
over.
What | think about this unit
Only a few pupils have worked with this unit. We are therefore very curious about
your experiences.
So tell us something about working with this unit. What did you like and what not?
What was good about it and what bad? What would according to you have to be
improved or changed? Did you learn a lot or not that much? What is the most
important thing you have learnt? What did you find unimportant?
Note down below your views about this unit. We will use your comments to improve
it.
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Global overview

In their response, 13 pupils used the word *nice" or indicated to have enjoyed it, 9 used
the word ‘instructive® or indicated to have learnt a lot, 8 used the word ‘interesting."
Some pupils did so in the form of a comparison, e.g.: "It does work nicer than an
ordinary school book I think;" I think this was a nicer unit than normal." Of the 24
pupils, 21 used at least one of the three key words "nice," "instructive® or "interesting,"
of which 7 pupils used at least two, of which, finally, 2 pupils used all three (e.g.: "On
the whole | think was a nice interesting and instructive unit."). Two pupils indicated
how their finding it nice, instructive and/or interesting had had a positive influence on
their (and other pupils®) attitude: "[The unit] simply is terribly nice very interesting
you could also tell that by the other boys [this pupil was in the small, all-boy class, KK]

we all took part and listened very concentratedly;" "l've got the feeling that with this
subject | paid more attention than with other units.”" Four pupils noted that, as far as
they were concerned, there was no need for improvements, e.g.: "I really would not

know what had to be changed."

The responses of the 3 pupils who did not use any of the three key words are as follows:

I think it was important to discuss in a group what we thought and did not have to do

this individually. It would have been handier if these tasks that are now in a ring

binder had been in a smaller exercise book because such a big ring binder is awkward.

I've had enough of it!!! (Dennis)

Too tedious. Sometimes you get fed up with it. | do think it was well done so | do not

know many bad things. (Michael)

I sometimes did like working with the class but in a small group it is nicer because

then you can better consult. | think the subject matter we have treated was a bit tedious

and | don't think much of those postponed questions at all. Nuclei atoms and so on at

the end of the unit | did again enjoy. Because then you've got somewhat more to do.

(Frank)
Dennis® practical point about the awkwardness of the ring binder, which was also
mentioned by two other pupils, has been taken care of: the textbook now has a handier
cover. Although Frank would have liked more small group discussions, both he and
Dennis make the point that "it was important to discuss in a group.” Since also many
other pupils made this point, and often did so in relation to why they thought it was
nice, instructive and/or interesting, | will come back on it presently. Both Michael and
Frank thought it was tedious. An indication of why they thought so might be contained
in what the one pupll who wrote that it was not tedious crossed out: "The Iessons were
not tedious, 3
bering=" So although it is nice to talk about somethlng for a Whlle if |t takes too Iong
you may "'get fed up with it," as was the case for Dennis and Michael. Frank did enjoy
the end of the unit about "nuclei atoms and so on," probably because that part was more
difficult and so gave him "somewhat more to do." Several other pupils also commented
on the difficulty of the unit. There were also other pupils who commented on the post-
poned questions, which Frank did not think much of at all. On both these points | will
come back presently, as well as on the remarks that were made on the textbook itself
and on what was the most important thing they have learnt.
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Why it was nice, instructive and/or interesting
About half of the pupils wrote, more or less elaborately, that working/discussing in a
group was an important feature of the series of lessons that contributed to their finding it
nice, instructive and/or interesting, e.g.:
"You have to kind of find it out yourself with your group, but once you understand it
you ever want to find out newer things."
"I find it good to discuss things in a group, you learn a lot from it."
"I think this was a nice unit because you worked a lot with the whole group [probably
means: class, KK] and thus different and/or new ideas were suggested."
" think the disc. were interesting and instructive and also the going more deeply into."
"It was nice to have lessons in this way because it was pleasant to discuss and things
like that. You go more deeply into some things until you really knew everything. You
noted things down that you did not know and on which you yourself can then later give
an answer on the basis of more information. Otherwise you worked more on your own
now in a pair or with the whole group that was always pleasant and instructive."
"It was a terribly nice experience because you discuss about something you at first
knew nothing or little about and now know quite a lot about. if you had a question you
could discuss it with your classmates. sometimes there were several answers and then
you answered it when everybody agreed. [...] You could also learn a whole lot from
each other. if the one (e. Melvin) knows very much about something and | don't he can
explain it and if Melvin didn't know anything about something you can also do it the
other way round. so in a group you can put forward your opinions but also your
knowledge and thus you learn much more."
So these pupils not only experienced working/discussing in a group as pleasant in itself
but also as instructive, probably because it provides the opportunity to learn from each
other and to go more deeply into things.

As the pupil that is quoted last, two other pupils claim something like: "I think the unit
was interesting, because you find out something about radioactivity, about which before
you knew nothing at all.” For those three pupils their finding it interesting or nice was
stimulated by the fact that they thought they had learnt a lot, which for them was clearly
visible because before they "knew almost nothing about it." Another pupil gave another
(or additional) reason why it is clearly visible that "from this unit you learn something,"
namely: "because you don't have as much to do with it as with those things from the
other units." So the fact that the topic of radioactivity is somewhat remote, in the sense
that you do not have that much to do with it and thus know little or nothing about it,
may have made it more easily visible for the pupils that they had learnt something.

Apart from this peculiarity relating to the topic of radioactivity itself and the work-
ing/discussing in a group, just a few scattered remarks were made that might count as
further explanations of why some pupils thought it was nice, instructive and/or inter-
esting, e.g.: "It was also nice that pupils were allowed to carry out experiments in front
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of the class;" "At least it is something else than all those experiments with metals and
things like that;" "it was a nice subject to close the year with;" "It was also not too
difficult."”

Difficulty of the unit

Apart from this "It was also not too difficult” several other general remarks were made
concerning difficulty: it was an interesting but difficult subject it also was an extensive
subject, lot of work;" "[The unit] is well built up from easy to difficult." One pupil
made a comparison with the PLON-material, which contains a unit on radioactivity with
the common structure that has been set forth in chapter 3 of this thesis: "I think this was
a much better made unit, because I recently had a look at our other physics book and
that | found far more difficult.”

The other remarks on difficulty concerned specific things that one pupil or another
found difficult, e.g.: "some things | did find difficult like: when you have to know a
certain substance for a patient;" "I only find that they about those protons neutrons
isotope electrons not so clear. It was too difficult to read."

Postponed questions
Six pupils wrote something on the postponed questions (the ones that were stored in the
summary under the heading *Questions we still have to find an answer to"):

I don't think much of those postponed questions at all. (Frank)

What | did regret is that you have to wait too long for an answer to some questions.

Then it is like: just note it down on the yellow page [the summaries were printed on

yellow paper] and later on you yourself give a vague answer to it of which in fact you

do not really know whether or not it is right. (Iris)

It's just that at the beginning you've got many unanswered questions that only much

later get answered, that just makes it hard at the beginning, because you do not know

whether your answer is correct. (Mervyn)

You noted things down that you did not know and on which you yourself can then later

give an answer on the basis of more information [...] It's just that sometimes | did not

quite like it if a question was asked that could not yet be answered. (Melvin)

It was useful to yourself ask your questions and later solve those yourself. (Peter)

It was also nice that you yourself found the answers by thinking logically. (Lawrence)
Mervyn and Melvin brought forward that sometimes it is not nice for pupils, and
especially at the beginning may even make it hard for them, that some questions are not
immediately answered. This is a point we had not taken into account. It did even more
clearly come forward the subsequent year, when in one class the pupils seemed sort of
reluctant to ask questions. The teacher had the impression that this was due to the fact
that too often when a pupil had asked a question his reaction had been something like:
that's a good question, let's all note it down on the yellow page. This might indeed
explain the reluctant attitude of the pupils: let's not ask any questions, otherwise we
only have to note them down.
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Anything that makes pupils reluctant to ask questions should of course be seriously
reconsidered, given that it is an essential ingredient of the didactical structure that pupils
are challenged to ask questions. In fact, the reason why many tasks also have the
function to make pupils ask questions is that this will help them in appreciating the
coherence between the various activities. They may e.g. appreciate the coherence
between subsequent activities if a question they ask during a particular activity more or
less coincides with one of the next tasks or at least makes clear the point of one of the
next tasks. In the evaluation of the didactical structure | have given some examples of
questions that are likely to have contributed to pupils® appreciation of such a ‘local
coherence.” The postponed questions, on the other hand, are supposed to give some sort
of *global coherence' -a coherence between activities that are separated much wider
(with respect to time, subject, etc). The fact that the above pupils (except Frank and
Iris) indicated that the initially postponed question did eventually (be it "only much
later') get answered, thus is a sign for their appreciation of the global coherence.
Melvin and Lawrence can then be taken to have explicitly stated the coherence, by
having noted that the questions got answered "on the basis of more information” and "by
thinking logically.™

But since storing questions in the summary is not something that pupils really seem to
like and may even result in an attitude to no longer ask questions, we have been forced
to rethink the activity of postponing questions. As before, in rethinking this we have not
cast any doubt on the usefulness (for the above reasons) of postponing some questions.
Below | indicate how the teacher nowadays tries to deal with questions.

For one thing, the teacher tries to better explain why, even though they may not like
it, it is still inevitable that some questions cannot immediately be answered, and why
this is most likely to happen at the beginning: those questions can only be satisfactorily
answered once you have learnt enough about the topic. Furthermore, the teacher also
tries to postpone questions in other units. Indeed, pupils may thus get used to the
phenomenon, and also find out that postponing questions is not an end in itself or a form
of parrying questions, when in fact later on they manage to answer (at least some of)
those questions. All this may help, of course, and the teacher claims it does. But it is not
sufficient. The most important change that the teacher has made, is that he now tries to
make a more balanced use of the possibility to postpone questions. First of all, only
those questions that can indeed be better dealt with once the pupils have learnt more are
candidates of questions to be stored in the summary. The teacher tries, in one way or
another, to immediately deal with other questions, e.g.: is uranium expensive? (yes);
how does a Geiger counter work? (no idea, but | do not know that of a great many
things). Furthermore, the teacher does not actually let store all the candidates. He may
also use another method to point at the coherence between various activities, e.g. by
concretely showing that a question will be treated further on. And if the teacher thinks it
is best to actually store a question, he does not let it automatically store by all pupils. In
this way the questions that are actually stored will be more surveyable, not only for the
pupils but also for the teacher. The teacher tries to make use of that overview by coming
back on a question whenever the time is ripe, in order to prevent Iris' complaint that
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"you have to wait too long for an answer to some questions." Of course, the question
should then also be dealt with satisfactorily and the result should not be "a vague answer
to it of which in fact you do not really know whether or not it is right." Only then can
pupils, like Peter and Lawrence, come to find it useful or nice "to yourself ask your
questions and later solve those yourself."

By finding the right sort of balance along the above lines, the teacher now claims that
in recent years the pupils have hardly complained about the usefulness of postponed
questions (and certainly have not showed an attitude of no longer asking questions),
even though through the years he has grown ever more sensitive to such complaints.

The textbook

Seven pupils made a comment on the textbook itself, or on working with the textbook.
Some did so in quite general terms, e.g.: "The textbook was quite nice;" "Everything
was well and clearly explained.” Some made more specific remarks, e.g. concerning the
fact that the textbook mainly consists of tasks: "In some parts of the text were more
questions than answer;" "Things are clearly described in the textbook and you can easily
look up again the exercises, the answer is there;" "I think it was good that you write it
yourself because you can then write in your own words so is easier for yourself."
Concerning the tasks themselves, finally, one pupil remarked that they "were easy to
understand."

The most important thing

For the sake of completeness | finally mention that two pupils indicated what for them
was the most important thing they had learnt. For the one it was "the difference between
contaminating and irradiating;" for the other "what radiation really is." The latter pupil
also wrote: "I myself wanted to go somewhat more deeply into what b and what g radi-
ation was (but otherwise you very likely are occupied with this subject for a full year
and that’s not really necessary either)."

9.7 Conclusions

Let me now summarize what | take to be the major outcomes of the evaluation. | think
that on the whole the didactical structure (at least up to and including the extension of
the descriptive level in quantitative direction) can be judged as ‘good enough.’
Concerning the few cases in which what pupils did say and do seemed too far out of line
with the sort of things they were expected to say and do, moreover, it was possible to
account for the deviation in terms of pupils’ not understanding some task or teacher
intervention as intended. It was then also possible, on the basis of that account, to so
adjust the didactical structure that its main line was not touched and the adjusted
didactical structure could reasonably be expected to come out as ‘good enough® if it
were tried.

Apart from these rather local adjustments, | have also suggested a few improvements
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that relate to the major aim of a problem-posing approach: to enable pupils to
themselves perceive their process of learning science as an internally coherent one with
a certain direction, which in important respects is being driven by their own questions
and over which they have some control.

It is part of meeting this aim that pupils are provided sufficient opportunities, at
appropriate times, for reflection: on what has been done, on what has been established,
on the reasons for what is going to happen next, etc. | think that in some respects
insufficient opportunities for reflection were built into the didactical structure. What
remained very much implicit, for instance, is that pupils® use of words like ‘radioac-
tive," ‘contaminated,” and ‘irradiated" had undergone a change. Therefore, | have
suggested the addition of a reflective activity in which pupils come to explicitly
recognize that their use of those words has changed as compared to the beginning of the
lesson series. | have also suggested that the beginning and end of a lesson provide
suitable opportunities for reflective activities of the kind: what have we done, and why,
and what are we going to do next, and why?

I have also noted that a reflective activity should not follow too closely after what is to
be reflected upon. In order that pupils come to explicitly recognize that their use of
some words has changed, for instance, a reflective activity in which they are to compare
their present use of those words with how they used to use them, should be built in when
they are already somewhat at home in the new use. Or, to take another example, if the
reasons for doing a given task (e.g., select radioactivity-meters out of a collection of
measuring devices) are properly prepared by preceding activities (pupils want to reach
agreement on whether or not something is radioactive and believe this must be possible;
they do not seem to be able to reach it without additional help; they know that some sort
of device might provide the desired help), it would be silly to let the pupils, before
going to work on the task, explicitly bring forward their reasons for going to work on it.
It simply would take the momentum out of the lesson.

It is also in line with the above mentioned general aim of a problem-posing approach,
that pupils’ questions contribute to it. Recall, for instance, that many tasks had the
function to make pupils ask a question that more or less coincides with one of the subse-
quent tasks or at least makes clear the point of one of the subsequent tasks. Such tasks
often functioned as intended, i.e., the intended *local questions® were indeed often asked
by pupils, which will have contributed to their appreciation of a ‘local coherence’
between subsequent tasks.

It was also expected that pupils would ask questions that cannot appropriately be
answered at the time they are asked and also cannot be used to make clear the point of
one of the subsequent tasks, but that could be answered further on in the process or
make clear the point of tasks far further on in the process. Such questions were expected
to contribute to pupils® appreciation of some sort of ‘global coherence,” i.e., a
coherence between activities that are separated rather widely. It turned out that pupils
did indeed ask such questions and that that did indeed contribute to pupils® appreciation
of a global coherence. Pupils indicated, for instance, that such questions eventually (be
it much later) got answered on the basis of more information. It also turned out,
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however, that the procedure that was built into the didactical structure in order to deal
with such questions, namely to *postpone’ them (to let pupils note them down for the
moment in order to later come back on them), was not very stimulating. Pupils
indicated, for instance, that it is not nice that they did not always get an answer,
especially at the beginning of the series of lessons, when they had quite a lot of
questions. In some cases the procedure was even counter-productive, in the sense that
pupils were reluctant to ask questions.

So with respect to the procedure of postponing questions a similar remark has to be
made as concerning the use of reflective activities: in order that the procedure functions
as intended, a balanced use will have to be made of it. | have suggested that the
following points are useful for a teacher to bear in mind, in order to find the right sort of
balance. First of all, to only take questions that can indeed be answered once the pupils
have learnt more as candidates of questions to be stored, and to deal immediately with
other questions. Secondly, to not actually let store all the candidates, and to also use
other methods to point at the coherence between various activities, e.g.: to concretely
show that a question will be treated further on. Thirdly, to not automatically let all
pupils note down a question that is worth being stored. In this way the questions that are
actually stored will be more surveyable for the pupils. But also for the teacher it will
then be easier to keep track of the stored questions and to come back on them whenever
the time is ripe.

What has also come forward from the evaluation, | think, is that it would be good to not
just plan and evaluate a didactical structure as a class process (as | have done). Indeed,
if it is to be expected that the process will proceed somewhat differently for different
(groups of) pupils, one will have to appropriately take that into account in the
construction of a didactical structure and have to pay special attention to that in its
evaluation. As already indicated, |1 have not systematically done so. Nevertheless it
turned out that in some cases the didactical structure appropriately supported a process
that proceeded somewhat differently for different (groups of) pupils. So let me now
review one of these cases in order to find some clues about how to appropriately
anticipate, in the construction of a didactical structure, that the process will proceed
somewhat differently for different (groups of) pupils.

The case | have in mind relates to the activity in which pupils were asked to make an
apple radioactive. Recall that the point of this activity was that pupils came to see
something like the following as a problem worth a further systematic investigation: how
things can be made radioactive (and how not). As illustrated in section 9.4.1, this kind
of general problem did indeed come forward. The way in which, and the stage at which,
it did come forward, however, varied from class to class, and also within one class there
were differences between (groups of) pupils. In one class most groups, even though all
their proposals to make the apple radioactive failed, seemed to have carried out those
proposals to the very end with the intention to bring about the desired result (a
radioactive apple). In another class some pupils already quite early, after just a few
proposals had not lead to the desired result, took on an hypothetical attitude and open-
mindedly suggested some kind of systematic investigation. In yet another class some
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pupils® proposals already were attempts at a systematic investigation. Furthermore, the
final results of the above activity also differed in the different classes. In one class it
ended with the formulation of the general problem. Another class already arrived at
substantial contributions to its solution. In yet another class, possible contributions to its
solution were not yet recognized as such.

It did not matter, however, that the process proceeded differently for different (groups
of) pupils in the indicated ways. One reason is that the activity itself, which is basically
of the "devise - carry out - conclude' type, is not very sensitive to these differences as
long as it is appropriately managed by the teacher (see section 9.4.1 for the importance
of this proper management). It is not very sensitive, for instance, to the intentions with
which the various experiments are proposed and carried out, as long as a rich enough
variety of experiments is proposed and carried out. Both for the pupils who had not (yet)
taken on an hypothetical attitude and for those who had, it was worthwhile to carry out
more proposals to make the apple radioactive: for the former to show that the new
experiments will lead to the desired result; for the latter to open-mindedly and somewhat
systematically find answers to the general problem. The activity is also not very
sensitive to when (groups of) pupils come to draw which conclusions or ask which
questions. Another reason why it did not matter that the process proceeded differently
for different (groups of) pupils, is that the activity was followed by activities that are not
very sensitive to its outcomes. The task in which it was asked how fishes in the Irish Sea
could have become radioactive, for instance, simply was relatively easy for the pupils
who had already arrived at substantial contributions to the solution of the problem, while
it was very useful for those who had not yet recognized possible contributions as such or
had only arrived at the problem itself.

So a general, and perhaps obvious, suggestion is the following. If there are good
reasons to expect that the process will proceed somewhat differently for different
(groups of) pupils, one will have to take that into account in the construction of a
didactical structure by choosing an appropriate activity (or a sequence of activities) that
is not very sensitive to the expected differences. A more concrete suggestion is that
suitable such activities may be ones of the type "devise - carry out - conclude."

My final conclusion is that the didactical structure that has been evaluated and presented

in this chapter and the preceding one, with the suggested adjustments and improvements
incorporated in it, is a worthwhile piece of empirically based science educational theory.
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10 The teacher’s role

10.1 Introduction

In the preceding I have repeatedly pointed at (the importance of) the role of the teacher. In
chapter 8 T have noted that the teacher's role in working with a didactical structure as the
one outlined there is different from the teacher's role in more traditional approaches. For
example, giving pupils more control over, and thus more responsibility for, their progress
with respect to content implies a shift in the teacher's control and responsibility: a shift
towards procedural control and responsibility for managing the process. In section 7.4.3 1
have noted that it also involves a shift from wanting to make pupils say and do particular
things (with the associated danger of 'hearing and seeing much more' in what the pupils say
and do), towards the teacher's being more prepared to find out what the pupils actually do
say, believe, want, etc and to (re)determine his or her goals on the basis of what they
actually say, believe, want, etc. In section 7.3 T have noted that even if a didactical structure
as such can be judged as 'good enough,' which is the maximum attainable, it still needs the
creativity of a good teacher for it to lead to successful education.

In section 7.3 I have also noted that at least the evaluation of a didactical structure should
take place in cooperation with the teacher that has worked with it. In section 9.2.1 I have
mentioned that I cooperated quite closely and intensively with one teacher. He not only
worked with the second version of the didactical structure outlined in chapter 8, but had also
worked with the first version, and was involved in the construction and evaluation of both
versions. By this cooperation it was tried to secure as well as possible that the teacher had
made himself so familiar with the essence of the didactical structure and his role in it that
he would not deviate essentially from it.

In this chapter I somewhat elaborate the above themes. But I now first briefly report on
some experiences during the first year of my research, which have made me realize that a
cooperation with a teacher should be very carefully set up and that it should be set up with
a teacher that has good managing qualities.

In the first year of my research I observed two series of lessons in middle ability classes that
used the unit Radiation, you cannot evade it... (Knoester & Lancel, 1988; cf section 3.3 for
some findings of the observations). One of these series was taught by a teacher that possibly
was to further participate in my research, and the main aim of my observation of the series
of lessons taught by her was to find out whether there was a basis for further cooperation.
Before the series of lessons I told her my at that time still very vague ideas about the aim
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and nature of my research: I wanted the pupils to meaningfully learn about the topic of
radioactivity, and for that purpose one should somehow start from pupils' existing
knowledge; I later was going to write a series of lessons on the topic myself, and to get some
ideas for that I would like her to try out some additional activities while teaching the unit
Radiation, you cannot evadeiit. .. . The teacher then indicated that she was somewhat sceptical
about my aim. Her scepticism did not so much consist in a denial that pupils have ideas of
their own, but rather in her experience that the gap between their own ideas and those of
physics was rather large and hard to bridge. In fact, she indicated that in her worst moments
she sometimes sighed that all that can be achieved is that pupils learn to solve standard
exercises for examinations. Nevertheless, she said that she herself constantly tried to bridge
the gap and so she was quite prepared to participate and to try my proposals. In fact, she
already saw the unit Radiation, you cannot evade it..., of which she was one of the authors,
as making a serious attempt to bridge the gap.”

During the series of lessons her scepticism was not noticeable at all (at least not by me). She
was enthusiastic, put quite a lot of time in it, tried to carry out my proposals for additional
activities as well as possible, and regularly indicated to enjoy it all. I too was satisfied about
the series of lessons in the sense that I was confirmed in my suspicion that the structure of
the unit I was going to write myself had to be quite different from the structure of the unit
Radiation, you cannot evade it.... Moreover, from how the tried out additional activities
worked out I got some ideas about activities that might be useful for the unit [ myself was
going to write.” There was also a source of trouble, however, relating to the teacher's order-
keeping abilities. The situation in her classroom could most of the time best be described
as a 'mon-aggressive disorder' (cf Créton & Wubbels, 1984). She did not show much
leadership, and quite often the lessons were poorly structured. She generally tolerated quite
some disorder, and the pupils very often were not task-oriented. Although she was quite
concerned about the class and willing to explain things over and over to pupils who had not
been listening, the whole situation was usually so unstructured that only the pupils in her
direct neighbourhood were attentive, while the others would do other things such as talk with
each other or make some homework. They were not provocative, however, i.e., their other
activities were not directed against her, and she usually ignored them while talking loudly
to the pupils near her. Her few efforts to also involve the other pupils were usually delivered
without emphasis and mostly had little or just a short-term effect. Though most of the pupils
seemed to like her and she certainly liked most of the pupils and took a great deal of interest
in them, the interaction between her and the pupils very often resulted in a non-productive
equilibrium in which all of them sort of seemed to go their own way. The teacher's limita-
tions especially came forward during the additional activities, most of which were of the
'class discussion'-type. For even though the teacher really attempted to involve all pupils,
she mostly did not succeed. The result was that the discussion was also hard to follow for
the few pupils that were attentive, because of the many times that it was interrupted by the
teacher's (vain) attempts to call the other pupils to order. The teacher was well aware of all

1. Because the unit is based on micro-level explanations (cf section 3.2), I myself could not see it that way.
2. Some of the tried out additional activities are indeed precursors of activities that figure in the first and/or second
version of the didactical structure.
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this, and although she herself also did not find her teaching style particularly good, she also
maintained that, at least for the time being, it reflected her best way of surviving in the class-
room. So if there was to be a further cooperation with this teacher, it would have to be
accompanied by an in-service training in managing order problems.

However, and at the time quite unexpectedly for me, the teacher herself decided that there
was not going to be a further cooperation. The results of the test that followed the series of
lessons had reawoken her old scepticism. The test consisted for about two-third of rather
standard tasks (about half-life, the different penetrating power of the different kinds of
radiation, the number of protons neutrons and electrons that a given isotope consists of, etc,
i.e., exercises of the type that could come up in the examination), and for about one-third
of tasks that demanded some insight (in e.g. the point of distinguishing between con-
tamination and irradiation). It turned out that generally the pupils answered the standard tasks
sufficiently well, though not overwhelmingly so, but the insight-tasks rather poorly. I did
not make much of those test results, or at any rate I found them quite understandable. For,
as I have already noted, the additional activities, which explicitly aimed at insight, went past
most pupils. Furthermore, the additional activities were not backed up by worksheets and
also did not fit nicely into the unit Radiation, you cannot evade it.... For me, all this meant
that adding just a few activities was not sufficient. Although some of them might be useful,
they had to integrated in a structure that was quite different from the structure of the unit
Radiation, you cannot evade it.. ., and had to backed up by written material that would serve
as a hold for pupils. In short, I would have to write my own series of lessens and that was
precisely what I was going to do. For the teacher, however, the results of the tests confirmed
her earlier scepticism. Below I give some fragments of her verbal explanation of her decision
to quit.

If I look at the enormous amount of time I have spent on it and that the part that does later

come up for examination, that already that part is not really right, and that this [the part

relating to insight, KK] apparently also has not got across, then I say... well, this is wrong,

this is a waste of my time, period.

These pupils [middle ability pupils, KK] have been taught tricks and memory aids from

primary school on, otherwise they do not make it through that school. And then you cannot

in six weeks all at once aim at insight... and forget that there is something like an examin-

ation waiting for them that they will have to do. So I think that in this context it is indeed

unfeasible [to aim at insight, KK].

I have followed your road all along, and if I now look at what it has yielded then I think...

well, if I had done it my way it would have taken me, a, less time and the test would have

been made better. [...] Not the second part [the insight-tasks, KK], the multiple choice [the

standard tasks, KK]. Then I would have shifted the emphasis. And then I think, simply from

the point of view of my pupils, that is what they have to know. And then I will do my best

to also bring in those other things, but already beforehand I accept that that will largely be

a wasted effort. I told you so at the beginning: you can try it, but I don't think that it will

work. And then I am working on it and then I am really enthusiastic and then... and I did

terribly enjoy doing it, I would like to always work like this, but... well, I just notice that

it has had little or no effect up to now.

I think we have done all that we could have done in this context [she later specifies this to:

with these pupils, in these times, with this previous education; KK]. I would not know what

else you should have done.
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Whereas for me the whole thing still had to begin, for the teacher it was all over; whereas
I thought the time was ripe to lay my own road, she thought she had already followed my
road all along, and with little or no effect.

In order to find a new teacher some heads of physics were approached with the question
whether they knew a good and experienced teacher that might be willing to participate in
an educational experiment. In this process the teacher that I worked with for the rest of my
research came forward. In section 10.2, this teacher is characterized. In order to carefully
prepare a productive working relation, the teacher and 1 took quite some time to get
acquainted. In section 10.3, I report on this preparatory period. In section 10.4, I go into
some aspects of our cooperation during the (re)construction of the didactical structure. In
section 10.5, finally, I try to go beyond this one teacher and more generally address the
question what it means for a teacher to work with a didactical structure that is 'good
enough.'

10.2 Characterization of the teacher

The teacher I worked with was born in 1945. He graduated from a college of education in
1967, but only taught for about two months at a primary school. By means of some refresher
courses he in 1969 acquired a qualification to teach physics and chemistry at the LBO and
MAVO types of education and at the first three years of the HAVO and VWO types of
education (cf section 9.2.1). From 1969 to 1984 he taught physics and chemistry at a school
which consisted only of a MAVO-stream. In 1984 this school merged with another school
to form a school for MAVO, HAVO and VWO. It is at this school that up to this day he
has taught physics and chemistry at the levels he is qualified for. It is thus also the school
at which he has worked with the various versions of the didactical structure. The above may
suffice to illustrate that he is a very experienced teacher.

The head of physics that recommended him also assured us that he is a good teacher, i.e.,
a teacher of whom pupils say that he is a good teacher. I also got this impression by
observing some of his lessons in the preparatory period (cf section 10.3). There was a
pleasant and productive working atmosphere in his lessons, there were hardly any order
problems and if some cropped up the teacher usually managed to immediately and effectively
deal with them. I would have characterized him as 'strict, but nice' or 'nice, but strict.' In
order to somewhat further substantiate these claims, the so called Questionnaire on Teacher
Interaction (QTI) was administered to the teacher and several of his classes. The QTI, which
was developed in the early eighties by Créton & Wubbels (1984), is an instrument to
characterize the affective climate of the learning environment, as perceived by the
participants (pupils and teacher). If we roughly discern two aspects of teacher behaviour,
a methodological one that relates to content presentation and instructional methods and an
interpersonal one that has to do with the teacher's interpersonal actions that create and
maintain a positive classroom atmosphere, the QTI can be said to capture the latter aspect
of teacher behaviour. By discerning these two aspects I do not mean to deny, of course, that
they are interconnected. Wubbels & Levy (1993b) note in this respect that "[i]f the quality
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of the classroom environment does not meet certain basic conditions the methodological
aspect loses its significance. " In fact, concerning the teacher whose lessons I observed during
the first year of my research I have made a similar remark (cf section 10.1).

The QTI leads to a characterization of interpersonal teacher behaviour in terms of eight
different types of interpersonal behaviour, which can be represented in a two-dimensional
plane (cf figure 10.1).
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Figure 10.1 The model for interpersonal teacher behaviour. (Figure 2.2 in Wubbels & Levy, 1993a.)

The two dimensions of the plane have been labelled 'proximity' and ‘influence." The
'proximity-dimension' indicates the teacher's degree of cooperation with or closeness to
pupils, on a scale between Opposition (O) and Cooperation (C). The 'influence-dimension’
indicates the extent to which the teacher directs or controls the interaction with pupils, on
a scale between Submission (S) and Dominance (D). In figure 10.1 the eight different types
of behaviour are represented by the eight sectors DC, CD, etc, "according to their position
in the coordinate system (much like the directions on a compass). For example, the two
sectors DC and CD are both characterized by Dominance and Cooperation. In the DC sector,
however, the Dominance aspect prevails over the Cooperation aspect” (Wubbels, Créton,
Levy & Hooymayers, 1993). In figure 10.1, each of the eight sectors is also characterized
in words, both briefly (DC by 'leadership,' CD by 'helping friendly,' etc) and somewhat
more elaborately in terms of characteristic teacher behaviour.
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The questionnaire itself, the QTI, of which there is a Dutch and an American version, "is
divided into eight scales which conform to the eight sectors of the model. In the Dutch
version each sector scale consists of about ten items (seventy-seven in total) which are
answered on a five-point Likert scale. The American version has sixty-four items and a
similar response scale” (ibid). For a discussion of the reliability and validity of the QTI, I
refer to Brekelmans er al (1990).
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Figure 10.2 Average teachers' perceptions of ideal teacher behaviour and average students' perceptions
of best and worst teachers in the United States. (Figure 3.7 in Wubbels & Levy, 1993a.)

"Each completed questionnaire yields a set of eight scale scores which are then combined
into a profile ... Scale scores equal the sum of all item scores and are reported in a range
between zero and one. A scale score of 'one' indicates that all behaviours in a scale are
always (or very much) displayed. A 'zero' is the opposite: the absence of scale behaviours.
The profile represents the teacher's communication style as perceived by the teacher or his
or her students. It is usually depicted in a graph with scale scores represented by shading
in each sector" (Wubbels, Créton, Levy & Hooymayers, 1993). Figure 10.2 contains three
examples of such graphically represented profiles. They derive from three different types
of data. "Students in The Netherlands, the United States and Australia were asked to rate
their best teachers on the QTI. Also, teachers in the three countries provided self-perceptions
about their ideal behaviour. Finally, a smaller group of Dutch students completed the QTI
for a teacher they thought of as their worst. Figure [10.2] shows the average scores for these
three groups in the United States. The results are similar for the other countries” (Levy et
al, 1993). Figure 10.3 may be another profile of interest. It "shows the average of 463
students' perceptions for a random sample of 118 Dutch teachers.” (ibid). So in a sense it
represents the communication style of the mean Dutch teacher, as perceived by students.
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Figure 10.3 Average students' perceptions of random sample of Dutch teachers. (Figure 3.2 in
Wubbels & Levy, 1993a.)

By using a variety of clustering procedures and similarity measures, Brekelmans (1989) has
established a reliable and stable typology of eight types of communication style, such that
each profile out of a large number of profiles of Dutch, American and Australian teachers
belongs to one of these eight types. By combining QTI data with descriptive data of class-
room atmosphere, Brekelmans has also given a description of each of the eight
communication styles in terms of teacher/student behaviours and learning environment
characteristics. Brekelmans ez a/ (1993) contains, for each of the eight communication styles,
both the mean profile corresponding to it and its description in terms of learning environment
characteristics.

I hope the above gives sufficient information on the QTI. As I have already noted, the QTI
has also been administered to the teacher and to several of his classes that worked with a
version of the didactical structure.

Figure 10.4 The teacher's perception of ideal teacher behaviour (a); the teacher's perception of his
interpersonal behaviour in one of his classes (b); that class' perception of the teacher's
interpersonal behaviour (c).

The profile in figure 10.4a is the result of the teacher's completion of the QTI in terms of

his ideal behaviour; figure 10.4b is the resulting profile of the teacher's completion of the
QTI for his behaviour in one particular class (in fact, one of the classes in which the first
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version of the didactical structure was tried); figure 10.4c represents the teacher's
communication style as perceived by the pupils in that particular class (it corresponds to the
class means of their completion of the QTT). The profiles corresponding to the teacher's
perception and the pupils' perception of the teacher's communication style in other classes
are similar to figures 10.4b and 10.4¢ respectively. In fact, in terms of Brekelmans' typology
all those profiles are of the type that she has labelled 'Authoritative.' In Brekelmans ez al
(1993) it is characterized as follows.

The Authoritative atmosphere is well-structured, pleasant and task-oriented. Rules and

procedures are clear and students don't need reminders. They are attentive, and generally

produce better work than their peers in the Directive [another category in the typology, KK]

teacher's classes. The Authoritative teacher is enthusiastic and open to students' needs. He

or she takes a personal interest in them, and this comes through in the lessons. While his or

her favourite method is the lecture, the Authoritative teacher frequently uses other tech-

niques. The lessons are well planned and logically structured. He or she is considered to be

a good teacher by students.
The teacher's ideal communication style (i.e. the one that corresponds to the profile of figure
10.4a) is of the type that Brekelmans has labelled 'Tolerant and Authoritative.'® In
Brekelmans ez al (1993) it is characterized as follows.

Tolerant/Authoritative teachers maintain a structure which supports student responsibility

and freedom. They use a variety of methods, to which students respond well. They frequently

organize their lessons around small group work. While the class environment resembles Type

2 [the above 'Authoritative’ type, KK], the Tolerant/Authoritative teacher develops closer

relationships with students. They enjoy the class and are highly involved in most lessons.

Both students and teacher can occasionally be seen laughing, and there is very little need to

enforce the rules. The teacher ignores minor disruptions, choosing instead to concentrate

on the lesson. Students work to reach their own and the teacher's instructional goals with

little or no complaints.

Hereby I hope to have sufficiently characterized the interpersonal aspect of the teacher's
classroom behaviour. Let me close this section by noting that the quality of the classroom
environment that he manages to create is such that the methodological aspect, on which my
research mainly focuses, could indeed be given full consideration. In devising the didactical
structure we have been in the luxurious position that whatever technique or instructional
method we proposed (be it group work, class discussion, experimental work, or complex
combinations of these), we could always count on the teacher's ability to satisfactorily handle
them.

10.3 A preparatory period

3. I'want to thank Rob Houwen for the analyses of the QTI data: for producing the profiles like those in figure 10.4,
and for determining the type of communication style to which each of them belongs.

228



The teacher’s role

Before the teacher and I decided to cooperate on an educational experiment, we had an
exploratory talk in which I told something about my ideas concerning the experiment and
the teacher about his attitude towards it. I told him that I wanted pupils to meaningfully learn
about the topic of radioactivity, that recent research had shown that this aim was very often
not reached (not just for the topic of radioactivity, but for almost any topic), and that part
of this failure might be due to the fact that most approaches do not start from where pupils
are. It almost seems as though for pupils the scientific knowledge they 'learn’ is something
alien that only has application in the science classroom. I also told him about the cause of
our having this exploratory talk: another teacher's decision to quit, and why that other
teacher had decided so (cf section 10.1). Of course, I would like to prevent a repetition of
that situation. In order to do so I told him I had first of all planned a quite extensive period
to carefully prepare a productive working relation. So taking an active part in this
preparatory period would be one thing I expected him to do, if he decided to cooperate.
Other things would be that he helped in writing new teaching materials (in the first instance
in a commenting role), worked with these new materials (while the relevant lessons were
being videotaped), etc. What he would get in return were two non-teaching periods and a
piece of in-service training that, hopefully, was going to be useful for him.

Of course I also wanted to know how he felt about the aim of my research, however vague
it was. In particular I wanted to know, in the context of preventing a repetition of the
situation with the previous teacher, whether or not he shared her sceptical attitude. The
teacher said to recognize that knowledge does not always function, in the sense that pupils
cannot apply it. He told that he thinks that is a problem: it frustrates. So he suspected that
he somehow worked on that problem, although it was not a conscious element of his teaching
practice. At any rate, from what I had told him he said to have gathered that participating
in my research would give him the opportunity to explicitly think and learn about an attempt
to tackle that problem, and he certainly did not already beforehand consider such an attempt
to be a lost cause. In fact, he said to see no reason why insight would be impossible for
middle ability pupils. Finally, the teacher said to hope that by participating in my research
he could learn something that might also be of use for other topics than the topic of
radioactivity. From this I gathered that at least he had a non-negative attitude towards (the
aim of) my research.

On the basis of this exploratory talk the teacher and I decided to cooperate. In this section
I report on the first stage of our cooperation: the preparatory period. In section 10.3.1, I
sketch the aims, procedure and outline of this preparatory period; in section 10.3.2, I sketch
the way it developed and mention some of its main outcomes.

10.3.1 Aims, procedure and outline

The main aim of the preparatory period was to prepare a productive future working relation
with respect to writing, trying, etc new teaching materials. In a process in which he came
to familiarize himself with (the aim of) my research and I came to familiarize myself with
his way of teaching we would have to develop a common way of talking about teaching and
learning in general, and about teaching and learning the topic of radioactivity in particular.

The preparatory period took place during the fall of 1989. In that period I visited about one
lesson per week, mostly in one of the classes in which later in the school year the first
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version of the didactical structure was going to be tried. Furthermore, the teacher and I had
eleven meetings of about two hours each. The teacher's preparation of a meeting consisted
in his doing some homework (of about two hours per meeting). Mostly the homework tasks
were given by me, e.g.: study the similarities and dissimilarities between two units on the
topic of radioactivity; study some transcripts of interviews with pupils about molecules or
radioactivity and relate these to your own teaching about those topics; study some transcripts
of fragments of lessons on the atomic model (what are pupils' difficulties and do you
recognize these difficulties from your own experience?); study a description of pupils'
existing knowledge about radioactivity (along the lines of section 2.5 of this thesis) and
comment on it. Occasionally the teacher also set his own homework task, e.g.: carry out
a small scale questionnaire study in one class at his school and analyze the results. My
preparation usually took me about one working day. It consisted of things like: selecting
useful homework tasks for the teacher; anticipating his reactions to it and thinking of ways
to build on that in order to clarify some of my ideas about teaching and learning (the topic
of radioactivity); studying the conversation we had during a previous meeting (the meetings
were recorded on audiotape), and making a reflective report of it in order to identify themes
that deserved a further treatment in later meetings; thinking of ways to integrate what I had
noticed during visits of lessons in our meetings.

Some of the themes that came up during the meetings were: the aim of the preparatory
period and an outline of it; the tendency to base units on the topic of radioactivity on particle
models (cf section 3.2); the way such 'models’ are often understood by pupils and its
consequences for their learning about radioactivity (cf section 3.3); parallels between the
teacher's and my learning process during the meetings on the one hand, and pupils' learning
on the other; the teacher's role with respect to content: holding back versus steering; the
knowledge that seems to be required for an adequate understanding of (the possible dangers
of) daily life situations having to do with radioactivity; the usefulness of the meetings.

The teacher's homework for the final meeting of the preparatory period was to write a
review of it: on what he had learned from it, on whether through it he felt prepared for a
further cooperation, etc. In the final meeting we discussed his review. The totality of my
reflective reports of each meeting can be seen as my review of the preparatory period.
Section 10.3.2 is based on it.

10.3.2 Development and outcomes

At the beginning of the preparatory period I had some ideas about themes that I wanted to
bring up for discussion (cf the previous section), but I did not really have much ideas about
how to structure each of the meetings, about a suitable order in the themes I wanted to bring
up for discussion, about useful homework tasks for the teacher, etc. In fact, the latter ideas
gradually developed during the meetings and also as a result of my making reflective reports
of each of the meetings. Below I sketch and exemplify these developments, the use of my
regular visits to lessons given by the teacher, and some of the main things the teacher and
I have learned from the meetings.

The structure that the meetings gradually assumed
After a while the structure of the meetings between the teacher and me was based on our
awareness that we approached educational matters differently and with different experiences,
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and took the form of trying to make explicit each other's approach and experiences while
discussing concrete material (transcripts of lessons and interviews with pupils, results of
questionnaires, textbooks, things that happened ina lesson I visited, etc). Below I exemplify
how an analysis of the earlier meetings gave rise to this structure and how this structure was
made explicit.

The first meeting was a brief one and concerned the procedural aspects of future meetings
(how often, how long, how much preparation, etc). The second meeting was the first one
in which we discussed issues. The theme I wanted to bring up then was the obviousness of
the tendency to base a unit on the topic of radioactivity on particle models. In order to first
of all make clear this tendency, I selected two such units (the unit in the textbook the teacher
normally used and the unit Radiation, you cannot evade it...), which, although they are quite
different with respect to e.g. content presentation, essentially have the same structure. So
the homework task I gave to the teacher was to study those two units and capture the main
lines of the way each of them is build up. I expected that thus he would also find that the
two units are essentially the same and, in particular, both begin with the presentation of a
nuclear 'model.' (This would then allow me to ask whether it is obvious to begin in that
way.) More or less for the sake of completeness I added to the homework assignment the
question what the differences between the units are. It turned out that the teacher had indeed
noticed the similarity in structure, which he framed as 'what atoms are; what radiation is;
how radiation emerges; what the effects of radiation are,' but that he was most struck by
the differences between the two units. He found the unit Radiation, you cannot evade it...
much more pupil-friendly, especially for middle ability pupils: better geared to them and
more surveyable for them. For it consists of relatively short and easily readable pieces of
information, each of which is followed by some questions that directly refer to it, it contains
regular and short summaries, etc. The other unit, in contrast, contains many long stretches
of text with too high a level of difficulty, which, as was the teacher's experience, a middle
ability pupil simply cannot get through.

Our different approach can in this case be characterized as our laying a different emphasis.
Although I noticed the difference in content presentation (and had, in fact, selected the two
units because of this difference), [ emphasized the similarity with respect to structure. And
although the teacher noticed this similarity, he emphasized the difference in content
presentation. The teacher's emphasis can be said to reflect his practical and pragmatic
approach, with an immediate link to his everyday teaching experience. One of the first things
he asked me when discussing the two units was: what do you have in mind, something like
this unit or something like that one? My own emphasis can be said to reflect my more
theoretical approach, which is also related to existing teaching practice but more in the sense
of looking at it from some distance and bringing it up for discussion -in this case, the
obviousness of the existing tendency to base a unit on the topic of radioactivity on particle
models.

What enabled the teacher to also bring in his points was the part of the homework assignment
that asked for dissimilarities between the two units. [ have already mentioned that at the time
I more or less accidentally included that question in the homework assignment, or had at
any rate not included it in order to allow the teacher to bring forward his points. If only for
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the reason that in a period of getting acquainted the teacher should also be given the
opportunity to bring forward his own points, for future meetings I very consciously tried
to devise such homework tasks, that the teacher, with his more pragmatic approach, and I,
with my more theoretical approach, could each bring forward our own points, thus make
explicit each other's approach and experiences, and thus also learn from each other. Indeed,
it was not just out of politeness that the teacher was given the opportunity to bring forward
his own points, and the fact that in the meetings I naturally had to take the initiative did not
imply that only the teacher was supposed to learn something. I also learned from the teacher.
The teacher's comparison of the two units, for instance, made me realize that in the later
writing of new teaching materials I would have to seriously deviate from my normal writing
style. Instead I would have to write relatively short and simply constructed sentences that
would have to be organized in a whole that is easily surveyable for middle ability pupils.
At least in that respect, so I learned from the teacher, I should take the unit Radiation, you
cannot evade it... as an example.

In later meetings I also tried to make this structure of our meetings explicit: by illustrating
it at examples like the one above; by explicitly telling one another what each learned from
the other and how that relates to the other's approach; by drawing parallels between our
learning from each other and pupils' learning from their teacher (or teacher's learning from
his or her pupils). In the fifth meeting, in which among other things we looked back on the
previous meetings, the teacher also recognized the structure that the meetings had assumed:
I do also sense it like that. That we are feeling out, catching up from each other. I hear new
things, you learn new things. Obviously you take the initiative. Well, that's how I see it: you
are... I'm here for you. I think you have to take the initiative. I think I get all room. If I
dwell on something, then there simply is time for that, then we simply keep on talking about
that subject. I... up to now... I actually think it's getting easier and easier for me. The first
time I thought: Jesus, it looks like an examination or it looks like... I have the feeling that
I'm being interrogated about what I do and do not know. And now I don't have that at all.
We're simply feeling out: how do we think about some things?
Later on the teacher told me that his initial feeling also derived from his not feeling very
safe at the time. He, the dumb teacher, had to go to a place where he did not really belong:
The University.

Of course the teacher and I gradually grew closer to each other. When in later meetings we
e.g. discussed some transcripts of lessons, the teacher would bring forward points that I also
found relevant, and for very much the same reasons. The main difference between us then
was that T usually brought forward more similar such points, which the teacher, after I
brought them forward, mostly also recognized as similar. At first this difference in quantity
gave the teacher the impression that he had not done his homework well enough and, in fact,
made him feel sort of guilty. Of course, I then told him that there was no need for such
impressions and feelings. On the contrary, the fact that he focused on very much the same
points as I did was evidence for the fact that our approaches converged with respect to some
themes. The difference between us then no longer was a matter of different approaches, but
rather of different amounts of time spent on homework assignments.

Shifts in theme: from content to didactics
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There usually also was a shift in theme in each meeting, which at first again occurred rather
accidentally but, after I had noticed it in earlier meetings, was planned more consciously
in later meetings. I would characterize the shift as one from content to didactics. Let me
again try to illustrate this at the meeting in which the two units were compared. The question
concerning the similarity between the two units can be said to deal with content, in the sense
that its answer is that with respect to content the two units are essentially the same. On the
basis of that answer, which as already noted the teacher had also given, our discussion
gradually developed in a didactical direction in the sense that the structure of the content
presentation was related to teaching and learning. To my question why the units begin with
atomic models, the teacher's initial response was as follows.

This book simply assumes that... I later have to tell about those isotopes with which

something special is up, so I first have to tell what isotopes are. [...] In order to teach the

concept 'isotope’ they first have to know something about atomic models, otherwise you can't

explain it. But you think it can be done differently?
The teacher's argument is of course valid within the existing structure of the units. But it
was this structure that I wanted to bring up for discussion. I tried to do so by noting that
beginning with atomic models is like beginning on the most advanced level. Is it not possible
to already say something about radioactive phenomena without using particles, without
immediately going deeply into the theory behind them? This at least made the teacher under-
stand that I wanted something that differed from the existing structure.

You don't want to begin with... straight to the smallest particle and everything is connected

to those smallest particles. You want to begin with... what does happen, how could that be,

search... arouse interest... and first spend some time on that before we go more deeply into

it, right?
I then tried to link up with his 'to arouse interest' in the sense of 'to induce a need for a
deeper explanation,’ an explanation at any rate of something they already know at a phenom-
enological level. The teacher put this in his own words as follows:

Would they be more inquisitive, that really is... more eager to learn about the particle model

if they are going to hear about it later? First, what is it and what do we notice of it and

effects, slowly settling in, and only then the explanations.
This 'to make pupils eager to learn about something," which fitted into my developing ideas
about a problem-posing approach, is a didactical theme that often recurred in our subsequent
meetings.

Another more didactical theme that the teacher had picked up from this meeting is the
following: is one thing really needed as a preparation for something else? This turned out
when several meetings later he came back on his earlier statement that "in order to teach
the concept 'isotope' they first have to know something about atomic models, otherwise you
cannot explainit," and concluded that it is possible to talk about isotopes without first having
to talk about atomic models, which was in fact £is first step in loosening himself from the
existing structure. His reasoning was that all that is really needed to understand the concept
of isotopes is the idea of slightly different things. He used the example of a bag of a hundred
white marbles, of which on closer observation it turns out that one has a little crack and one
a little black spot. By calling the three possibilities (perfect white marble, marble with little
crack, marble with little black spot) three isotopes of white marbles, pupils could thus get
the idea of what an isotope is without having to know anything about atomic models. He
went on by noting that also in a subsequent treatment of atomic isotopes, there really would
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be no need to talk about protons, electrons or differing numbers of neutrons. All that needs
to be said is that some atomic isotopes are different in the sense that something special can
happen to them. I then elaborated on the theme the teacher brought forward, for I believed
that he was very close to noticing that it is possible to talk about 'the something special that
can happen to them' in other terms than changes in microscopic structure. I tried to do so
by admitting his conclusion that it is possible to talk about isotopes without having to talk
about atomic models, and by going one step further: is it also possible to talk about
radioactivity without having to talk about isotopes? The teacher thus came to the insight that
it is possible by simply calling something radioactive if a Geiger counter starts ticking in
its vicinity. I could then also inform the teacher that I had this possibility in mind as a means
to start up the series of lessons we were going to devise.

The didactical theme brought up here by the teacher also came back in later meetings.
When later on we e.g. discussed the general constraints on the series of lessons we were
going to devise, it returned in the following form: an activity should be meaningfully
prepared by preceding ones and meaningfully prepare following ones.

When thinking about a suitable order in the themes I wanted to bring up for discussion, I
also tried to make use of the idea 'making someone eager to learn about something.' That
is, I tried to arouse the teacher's interest in a new theme on the basis of previous themes.
In some cases I succeeded in this. The teacher for example understood why on the basis of
the meeting in which the two units were discussed, I gave him the homework assignment
to study some interviews in which pupils were prompted to give particle explanations.

You want to get rid of that particle model in your new planning. [...] We teach them that

all right, those particles and how all of that... but can they themselves handle that too? For,

of course, if you find out, they cannot handle that at all and haven't formed any idea at all

of.., then you will be on strong ground in saying we have to try it in a different way.
When shifting to a didactical theme I often used such concrete examples from our own
meetings as a means to bring it up for discussion. If possible I would, for the same purpose,
also use concrete examples from the lessons I visited.

Apart from shifts from content to didactics within one meeting, in retrospect I notice a
similar shift in the course of the meetings as well. In later meetings we more often and more
directly discussed didactical themes, e.g.: pupils enter the classroom as empty vessels versus
pupils have a background and this background influences their participation; explaining
versus challenging pupils to find things out by themselves (as a form of making them eager
to learn about something); asking pupils questions versus making pupils ask questions (as
a form of making them eager to learn about something).

In discussing such themes, the teacher was of course especially interested in the
consequences for his own role in the classroom. In fact, our discussion about his role was
one an ongoing one. It continued during the following construction, try-out, reconstruction,
etc of the didactical structure (cf section 10.4). In the preparatory period we often talked
about the teacher's role in relation to yet another didactical theme: holding back versus
steering. We tried to sort of take stock of the various ways in which these terms might be
given content, if possible by using concrete examples. Steering or helping pupils, for
instance, need not only consist in explaining. Pupils might e.g. also be helped in their
learning process by making them arrive at some problem that they themselves come to see
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as worthwhile to work on. 'Holding back,' on the other hand, is not meant as 'withdrawing'
or 'laisser faire.' It might e.g. be given content in the form of 'getting into the skin of the
pupils' and 'trying to learn along with the pupils.' Since the preparatory period was also
meant as a preparation for the coming construction of a series of lessons, in the later
meetings we more and more began to talk about that as well (as part of our shift towards
more didactical themes). In that context it was concluded that a substantial steering role
should also emanate from the design of the series of lessons. In the construction of the series
of lessons, we would have to think out such tasks and such an order in tasks that we have
al reason to expect that by working on them pupils are steered in the direction of some goal
(e.g.: their recognition of some problem). 'Holding back' might in that context be given
content as sort of opposite to 'seeking confirmation of our expectations' or "pursuing our
goals at all cost.' Whereas the latter two attitudes do not prepare the ground for a meaningful
evaluation, holding back in the sense of trying to learn along with the pupils may bring to
the fore both the need for adjustments concerning (the order in) tasks, expectations and/or
goals, and suggestions for plausible such adjustments (cf section 7.4.3).

Use of visits to lessons

One aim of the preparatory period was to familiarize myself with the teacher's classroom
behaviour, i.e., in the terminology of section 10.2, both with his methodological and his
interpersonal teaching style. In this respect my regular visits to his lessons were of course
useful. They were also of use for our meetings, however, as I now try to illustrate. Let me
first of all repeat that in our meetings we mainly focused on the methodological aspect. The
interpersonal aspect of classroom behaviour, and in particular the teacher's interpersonal
teaching style hardly came up in our talks. In the first place I did (and do) not feel competent
to discuss the latter aspect. Secondly, it seemed to me that in his case there was hardly any
reason to discuss it (cf section 10.2). So concerning this aspect I limited myself to occasional
remarks how well I thought he managed to create and maintain a pleasant and productive
working atmosphere.

Especially during our first meetings, I tried to bring forward some features of his
methodological teaching style that I had picked up from visiting his lessons. He e.g. hardly
ever gave a direct answer to pupils' questions, but instead tried to challenge them to them-
selves find the answer, if necessary by giving some casual clues: 'I don't know, but might
it be that..." He would then some time later come back to see how they were doing and, if
necessary, help them yet another bit further. Out of examples such as these, and the teacher's
comments on them, eventually grew didactical themes such as: explaining versus challenging
pupils to find things out by themselves; asking pupils questions versus making pupils ask
questions; holding back versus steering.

In the above I have already repeatedly mentioned this aspect of the use of my visits of
lessons, i.e., to have available concrete examples that both of us witnessed. Those examples
could then e.g. be used to make explicit each other's approach, to start a discussion about
further or similar experiences, to bring up or illustrate other didactical themes, etc.

Another aspect of the use of my visits of lessons derives from the different approaches of
the teacher and me. One of my aims of our discussion of some interviews in which it was

tried to make pupils give particle explanations, for instance, was to explore why pupils failed
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to do so, and this aim reflects my more theoretical emphasis. The teacher's more practical
and pragmatic approach, with an immediate link to his everyday teaching practice, is e.g.
reflected by the fact that following our discussion he wanted to find out about Ais pupils’
ability to give particle explanations. Moreover, and in this sense my visits, and particularly
the ones at the beginning of the preparatory period, provided a stimulus for him to try things
out in my presence, so that we could later talk about it. Later on, however, he no longer
needed my actual presence in order to try things out. It was then rather his own enthusiasm
that made him do it. Of course, he would then still report about his experiences in a subse-
quent meeting.

Some learning outcomes
In his review of the meetings, the teacher indicated what he had learned from them:
Well, one of the things that have most struck me is that much more than before I wonder
whether my way of teaching, treating the subject matter, observing and evaluating pupils...
is done in the right way. Less than before I rely the old routine in which, as [ have come to
realize, I was somewhat getting stuck. So you could now describe it as greasing the whole
thing in order to counter the getting stuck.
Also during the meetings themselves he had already made similar remarks, e.g.:
...you are confronted with what you are really doing the whole day, and self-evidently so.
So you see, not just here I am wondering... but also during my lessons I am... it already is
on my mind. Well, why am I doing this? I do not wonder whether I am doing it right, really,
but could I do it differently, does it make sense that I tell it to them, what do they really pick
up from it, what will they do with it?
So the teacher has experienced the meetings as useful, as refreshers of his teaching practice
in general. This may also be illustrated by the enthusiasm with which he tried things out that
were discussed in meetings.

More in particular, the teacher has also experienced the meetings as useful. Concerning the
themes relating to content, for instance, he indicated to have become sensitive to the
problems that pupils have with particles and to the question whether a treatment of the topic
of radioactivity should be based on particle models. He in fact admitted to have been shocked
by the poor understanding that pupils have of particle models. And his pupils too, as he
found out when in one of his classes he challenged the pupils to explain why a roadway
expands on a hot day and they came up with answers such as: the molecules expand, the
air between the molecules expands, or the intermolecular spaces between the molecules
expand. Here is one more example of the influence that in this respect the meetings have
had on his teaching practice:
Today, for instance. [...] Someone drops the word 'molecule.’ Another one immediately
says: the smallest particle of a substance with all its properties. Never ever would I have
reacted to that. That is correct. Today we have talked about it for a quarter of an hour. Have
talked about it for a quarter of an hour! Would it really be like that? [...] I don't know
whether those pupils have gained anything from it. But at any rate it is the result of these
meetings.
Concerning the didactical themes, the teacher wrote in his review that especially our
recurring discussions about 'holding back and steering' had been very instructive. He also
indicated to have gathered from the totality of our meetings that [ am a proponent of "letting
pupils themselves experience, describe and tentatively process, instead of the traditional
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model of learning, digesting and testing." In this respect too the teacher noted that the
meetings have had their influence on his teaching practice, e.g.:
...I more often try to get into the skin of the pupils...
It has already yielded fruit (still to be seen whether it is ripe) in my daily teaching practice.
Holding back, listening to pupils, adjusting a little later. A changed attitude with regards to
pupils' making notes of observations. Less direct 'explaining.'

The main thing I learned from the meetings was to further specify and illustrate what the
consequences for the teacher's role are of my ideas about how pupils could meaningfully
learn about the topic of radioactivity. For up to then those ideas mainly concerned pupils’
learning process, e.g.: whether for pupils one thing (e.g. particle models) really is a
meaningful preparation for another thing (radioactive phenomena). Of course I had some
ideas about the teacher's role in pupils' learning process, but it was the teacher, with his
pragmatic demand for immediate applicability to his practice, who continuously challenged
me to do further develop those ideas and also contributed to that further development. For
me too, our discussions about 'holding back and steering,' and particularly about how the
notions 'holding back' and 'steering' could be given further content in relation to my
developing ideas about a problem-posing approach, were most instructive.

Another thing I learned from the way the meetings themselves proceeded, was how useful
it is to regularly and explicitly build in reflective activities. For it had been beneficial for
our meetings that each of us regularly thought about, and that we then explicitly talked about,
questions such as: what have we done, what have we achieved and where does that leave
us? So it would also be useful, and moreover in line with a problem-posing approach, to
build in such activities in the series of lessons we were going to devise.

Some of the minor, but still important, things I learned also relates to the construction of
the series of lessons. The textbook that pupils are to work with should be carefully edited,
and easily surveyable and readable. It should be clear to them that quite some time and effort
has been put in it, in order to increase their willingness to seriously work with it. The latter
point may be compared to a remark that the teacher made in his review, namely that it was
also due to my careful preparation of the meetings that he was challenged to invest quite
some time in the homework assignments.

I conclude that our preparatory period had met most of its aims. I had come to familiarize
myself with his way of teaching. He had become sensitive to the problems with the existing
structure to treat the topic of radioactivity, and had gathered some ideas about an alternative
structure. We had developed a common way of talking about teaching and learning that
promised to be useful for a productive future working relation with respect to writing, trying,
etc new teaching materials. Particularly the theme 'holding back versus steering' seemed
to be useful for both of us. For the teacher because it directly concerned his role; for me
to further think through what, in terms of holding back and steering, the consequences for
this role are in a problem-posing approach. I felt prepared for our future cooperation, and
so did the teacher: "I'm one hundred per cent behind the experiment. I have confidence in
it."

What had not become clear, as the teacher remarked in his review, is "what precisely the
lines are along which and why your research takes place." I guess I myself also did not know
that at the time.
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10.4 Cooperation during the (re)construction and try-out of the
didactical structure

Following the preparatory period, the teacher participated in my research for a period of
two and a half years. In this period he worked with both versions of the didactical structure
and was also involved in the construction and evaluation of them. In this section I describe
some aspects of our cooperation in this period, and in particular how in this period our
discussion about his own role in the classroom continued, with the eventual aim that he made
himself so familiar with the essence of (especially the second version of) the didactical
structure and his role in it that he would not deviate essentially from it.

10.4.1 Construction and try-out of the first version
For the construction of the first version of the didactical structure there was about three
months available. In these three months I had to put flesh to my still vague ideas about
another way to structure the treatment of the topic of radioactivity (e.g.: not begin with
particles but rather end with them), by thinking of suitable tasks and a suitable order in the
tasks. Choices had to be made (sometimes rather ad hoc) in order to meet some constraints:
the total series should take about 10 lessons (of 50 minutes), applications of radioactivity
should be treated, the examination syllabus had to be covered, etc. Furthermore, a textbook
for pupils had to be written, edited and laid o