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Speculating about what we may not fully understand is potentially valuable in

learning science. How can we encourage such speculation?

Abstract

A research project is described in which students aged 11-18 years were offered
computer-produced sentences about four everyday changes in materials. They were
asked to indicate whether the sentences made sense to them. In their styles of
commentary upon their own responses to the computer sentences, students gave
incidental evidence of the degree to which they were willing to speculate beyond the
knowledge about which they felt individually secure. The authors argue that
confidence and willingness to speculate are of value to students learning science and
should be fostered.

Introduction

The government’s new focus on thinking skills in the curriculum (DfEE 1999)
indicates a growing concern that the learning of subject content, by which the
National Curriculum is now largely dominated, not only runs the risk of ignoring
wider aspects of students’ development, but may also, by neglecting thinking
processes, affect their performance in specific subject areas. There is also evidence
that progress in science learning is best achieved by students who view science as a
dynamic field which “proceeds by fits and starts”, rather than as a static body of
knowledge, and who view themselves as integrating and making sense of that field,
rather than as accepting the authority of the teacher or textbook (Linn, Songer and

Eylon, 1996). There are good reasons, then, for science teachers to expect solid

benefits from efforts they make to encourage independent thought on the part of



students.

A recent ESRC-funded research project undertaken at the Institute of Education has
given some insight into differing styles of student thinking about science events and
has indicated, in our view, that it might be helpful to encourage, in particular,
speculative styles of thought as part of the science curriculum. The use of a computer
in the research suggested one practical way in which we might facilitate such
speculative thinking by students.

Given that there are benefits from independent thinking, why should science teachers
specifically encourage speculation, in addition to more obviously workmanlike habits,
like the use of evidence from observation? There are abundant indications both from
teachers’ professional experience and from science education research, that
knowledge from everyday observation, for example about the way that materials
behave, does not necessarily help students to understand the scienctific account of the
behaviour of those materials. On the contrary, the persistence of ideas formed on the
basis of everyday observation often presents a serious impediment to science learning.
(e.g. Driver et al. 1994). The present authors would therefore argue that when we
teach science, an important part of what we require of students is an act of the
imagination. We want them to take on board a new story about the way things are,
and about the kinds of things that can exist. (Ogborn et al. 1996). If we are to
persuade students to do this, we need to give them confidence in their ability to
speculate about this new world - about what kinds of things might be possible in it,

and about what the constraints might be - even when they are hazy about the details.

A common difficulty in stimulating speculative thinking in the school setting is the



fact that this exercise is frequently contrived, an effect heightened by the belief that
there is someone present (the teacher) who knows ‘the right answer’. We found that
considering apparent limitations in a piece of software provided a rationale which

facilitated speculation by students.

The project
We devised a computer programme that randomly produced sentences which gave a
range of explanations of four everyday changes: a candle burning, ice melting, sugar
dissolving in water and an iron nail rusting. Some of the sentences it produced made
good science sense. Here are some examples:

* when an iron nail rusts, the atoms of iron combine with something.

* when a candle burns, the molecules of the wax rearrange because

they react with the oxygen.

* when ice melts, the water changes form.

* when sugar dissolves in water, the sugar disappears.

Some expressed impossible events for science, such as:
e when an iron nail rusts, atoms of water are made.
* when a candle burns, the molecules of oxygen come into view.
* when ice melts, the molecules of water disappear
because they are not being kept cold.
* when sugar dissolves in water, the molecules of sugar disappear because they

react with the water.

Some sentences intentionally contained impossible entities, such as ‘atoms of water’,



so that we could note students’ reactions to them. Eighty-three students in three age-
groups (twenty-seven in Year 7, twenty-nine in Year 9/10 and twenty-six in Year 12),
most attending three of the five participating secondary schools, were asked to
indicate, by clicking on appropriate buttons on the computer screen, whether each
sentence made sense to them, did not make sense, or might make sense. They were
told that they were evaluating the material for use as a learning aid by other students
and were individually offered an average of ten sentences for each of the four
phenomena in one session. Follow-up questions asked the reasons for their choices;
however, many students were eager to give us their reasons even before they were
asked: their communicativeness may have been because the focus was on the
computer’s mistakes, not, for once, on theirs! We also asked students for their own
accounts of what happened in the four changes. The whole process was audiotaped
and transcribed for each student. Because of the way the sentences were generated
using a carefully-structured ‘network’ of explanation types, it has been possible to
draw some general conclusions about explanation patterns favoured by groups of
students across the age-range. Of equal interest, though, are the glimpses we gained of
the thinking s#yles of individual students as expressed in their comments, and it is this
aspect of our findings which is discussed here. Two contrasting Year 7 students, Toby
and Don, are used to illustrate a marked difference in the degree of confidence with
which students engage with science-related ideas when their science knowledge is
limited. We found this contrast to be broadly typical among the Year 9 and 10 as well
as the Year 7 children in our sample, and of girls as well as boys, although there was,
as one might expect, much more individuality in the way in which the more confident
children expressed themselves when compared with their less forthcoming peers. Two

Year 12 science students, Eddie and Vaclav, with better science knowledge and a



more advanced theoretical level, illustrate what we argue is a broadly similar contrast.
Here the key characteristic is not best described as confidence - most of our Year 12
sample were reasonably confident - but of a disposition to move between different
levels of thinking, desirable particularly in areas of science where fields of enquiry
may overlap. Characteristic of the more speculative styles in both younger and older
students was the free use of analogy - an important explanatory device in science

(Harré 1985). Names have been changed.

Sample student responses

Year 7 student - Toby

Toby is cheerfully sketchy about what exactly goes on in any of the four changes -
burning, melting, dissolving or rusting - although this does not prevent him from
‘having a go’. Asked to give his own account of rusting, he says: ‘I think it’s
something to do with water and air in conjunction. I've almost absolutely no idea of
what happens’. He nearly always notices and comments on the ferms ‘atoms’ and
‘molecules’ but overall he doesn’t distinguish between the properties of atoms and
molecules and those of the macro substance. For example, for Toby it makes sense to
say that when sugar dissolves, its atoms dissolve. In another example, offered the
sentence, When a candle burns, molecules of oxygen are made, Toby quickly
homes in on ‘molecules’: ‘Molecules of oxygen are made?’ but then switches without
comment to consider oxygen as a substance: ‘I thought it...took the oxygen, burnt the

oxygen to make carbon dioxide’.

Toby knows that atoms and molecules are invisible. At one point he asks if they are

the same thing. But despite his vagueness about the details of the micro world, he is at



ease speculating about its relationship to what he can observe. The sentence When a
candle burns, the molecules of oxygen, which were there all along, come into
view prompts: ‘Ah, because heat rises. I wouldn’t say [the sentence] makes sense
because you can’t see molecules...but you can see air shimmering sometimes, but you
can’t actually see separate molecules of oxygen coming into view....You can see the
shimmering above the - well, you can’t really see air, but you can sort of - see it’s
there’.

He also has a surprisingly sophisticated ‘systems’ view of change in general. When
the computer offered the sentence When a candle burns, the oxygen rearranges
because the wax lets it, Toby indicated that it did not make sense. The researcher
then probed the idea that one of the entities involved could ‘let something happen’

and that this could be the cause of a change:

Researcher: Is there anything else that ‘lets something happen’ when a candle
burns?...I'm talking about ‘lets’ as an explanation.

Toby: Everything happens in conjunction that’s why |[...] actually happens. So 1
wouldn’t say ‘lets’.

Researcher: And when you say ‘happens in conjunction’ you mean -

Toby: Well more than one force usually affects the way something will happen, or
something will move.

This ‘systems’ view seems at odds with the overall level of Toby’s scientific
knowledge and thinking, and hints, broadly speaking, at a generalising, speculative
turn of mind. This is also hinted at by his response to the sentence The atoms of ice
melt:

Toby: Do atoms melt is the question, I suppose...the whole thing’s got to melt, so 1



suppose they do melt, but -

Researcher: You re not sure?

T: Mm.

This willingness to speculate indicates that Toby does not feel hampered by the
patchiness of his knowledge and that science is not experienced by him as a ‘difficult’
enterprise - and yet there are many examples of just how patchy his knowledge of the
micro world is. On the one hand, for example, he systematically rejects the idea that
anything disappears in any of the four changes, with a strong suggestion (though not
an explicit statement) that matter can’t disappear, while on the other he accepts the

idea that extra molecules are produced (‘made’) when ice melts.

Toby has a strong sense of what a scientific explanation ought to be. Because it does
that is rejected as a cause whenever the computer offers it because ‘it doesn 't give an
explanation at all’. Because it does that when it is warm is rejected as a cause for
ice melting because ‘it says when it does it, not how’ and Because it does that when
it is wet is rejected as a cause of iron rusting because ‘it doesn’t say why’. Not
surprisingly, Toby rejects teleological explanations (for example in burning) as a kind
of joke: The oxygen turns into something new because it wants to burn:’/ don’t

think it really has a will!’

Year 7 student - Don

Don’s understanding of the four changes seems to be limited to what he can see
(except for dissolving, when he knows a solution is made). Like Toby, if Don is
presented with a sentence which contains ‘atom’ or ‘molecule’ he ignores this and

responds as if the substance only were named. Unlike Toby, Don doesn’t appear even



to notice the difference between macro and micro terms. The wording of his own
accounts of the four changes hints at an awareness of his own limited knowledge and
his tone of voice at a certain humility about it: ‘The ice turns to water. I only know
that it melts’. The candle burning: ‘The heat’s just melting it. It just melts’. Rusting:’ |
don’t know’ [what happens]. [Not even the look of it?] ‘Something dry on the
outside’. Don says that he knows what atoms are, but not what molecules are. Asked
whether anything changes form in burning, Don mentions the wax, but only because
‘When it cools again it’s in a different shape’ - he is not prompted to talk about a
change of state. Don’s knowledge of the four phenomena appears to be at roughly the
same level as Toby’s, but his way of expressing his awareness of his limited

knowledge suggests a much less confident child who finds science hard work.

Yet although he had said he knew nothing about what was involved in rusting, Don
later speculates, prompted by the sentence The oxygen rearranges: ‘That might be
why it changes form slightly, the iron’; and in response to The water changes colour:
‘That might be why it [the nail] changes colour’. He also thinks that oxygen might
change colour because it reacts with the iron. These remarks indicate that his
understanding of the words ‘react’ and ‘rearrange’ has some scientific flavour to it,
and his responses to these three sentences suggest the beginnings of speculation about

how the entities they mention might be involved together in rusting.

Year 12 student - Eddie
Eddie’s style of speech gives the impression that his thinking is a constant play of
ideas. He speculates, switches tack, looks at a statement first from one point of view,

then from another. ‘7 suppose’... ‘I suppose you could say’..." No, well, yes’ are typical



phrases. In a discussion of ice melting Eddie introduces epistemological questions
about how a scientific view of the world might come to be constructed:

Computer: When ice melts, the water is made because it needs to be made.

Eddie indicates that this sentence might make sense.

Eddie: I prefer that to some of the others like ‘because it lets it do that’. You could
argue that it needs to happen to be consistent...

Researcher: To be consistent with what?

Eddie: With the way we view the world. It’s one way of viewing the world as being, as
having to happen - change of state [ i.e. ice to water]|

Researcher: That’s more philosophy than science, isn’t it? Or do you regard it as a
principle of science?

Eddie: I suppose it’s just one way of interpreting - yes, I suppose it is more
philosophical, yes.

Researcher: Are we talking about laws of nature?

Eddie: Yes.

Researcher: It has to happen because that’s our picture of change of state?

Eddie: Not because it’s our picture, but if we assume our picture is the correct one,
then - I think I read somewhere that people are looking at things like that in order to
collect the interpretations rather than looking at the constituent - the smallest
particles...I [...] to say things have to - you can’t have actions that occur so that
people are no longer consistent.

On a more basic level Eddie, like Toby, professes a sketchy understanding of some of
the four changes but, also like him, speculates freely nevertheless about what might be
going on. In Eddie’s case his greater general knowledge of the theoretical world of

science together with his ability to reason logically from what he knows produces a



lucid and internally coherent view of changes in materials from a science standpoint.
For example, although he identifies ‘an exothermic reaction’ when a candle burns, the
idea that heat is made is later explicitly rejected: ‘Actually no - it’d be a transfer of
energy’. His grasp of the world of science stands him in good stead - he is not tempted

to see heat as a substance.

Eddie’s preferred level of description is the micro and particularly the atomic level,
but he switches easily between the substance, molecular and atomic levels according
to what seems to fit most naturally into the context. His varied reactions to the word
‘rearrange’ offered in computer sentences is a good index of the flexibility of his
thinking in this respect. Wick, oxygen, air, wax and ‘various components of the
candle’ react in burning, becoming rearranged in new molecules. Sugar and water
molecules rearrange as ions in dissolving. Atoms of iron and oxygen rearrange in
rusting. A careful distinction is drawn within the ‘rearrangement’ category between
reaction (to form a compound) and loose combination —‘ they don’t physically join’ -

to form a solution.

In rusting, the sentence The molecules of water change shape prompts speculation
about the behaviour of electrons both within the iron atoms and within the water
molecules : ‘It depends how it’s bonded. I'm just trying to work it out because if it’s

ionic it’s going to have lost electrons anyway..".

Colour (mentioned in a sentence about rusting) is seen as a property of the compound,
not of atoms, although, characteristically, Eddie at once begins to examine the

possibility: ‘Actually, I wonder if you could say the iron atoms change colour because

10



- no. It would only be in solution. Ignore that’.

Year 12 student - Vaclav

Vaclav is an accomplished deductive and reductive thinker: for him everything
follows directly from the laws of thermodynamics. He is deeply serious about science.
For example, he is not content to dismiss in an off-hand way the notion that inanimate
things can die. Offered the sentence: When ice melts, the ice dies he responds, ‘We
cannot talk of the death of matter, since by the law of preservation of matter, together
with Einstein’s amendment, we cannot talk of any thermodynamic death’. He has no
use for the macro level of explanation. Offered The wick changes shape he
comments: ‘It certainly does, but I see no way in which this piece of information
could be useful’. This disdain for the macro level is further illustrated by his ignoring
the naming of a substance in a sentence and treating the statement entirely at micro
level - the very opposite of what Toby and Don did. For example, when the computer
offered When a candle burns, the oxygen disappears, Vaclav responded: ‘Only in
the sense that they (sic) are converted to carbon dioxide’; and again, offered: When a
candle burns, the air changes into something new because it reacts with the wick
Vaclav responds: ‘I’d be happier with, ‘it reacts with the molecules of the wick’. We
cannot simply switch from one level of matter into another’. In fact there had been no
switching of levels between one half of the sentence and the other. It is with the macro

level itself that Vaclav is unhappy .

When considering the melting of ice, Vaclav rejects all types of change description
except at intermolecular level and only entities - if we can call them that - such as

bond strength, interactions between molecules and energy changes figure in his
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comments. A flavour of his precise but rigid reasoning style is indicated by Vaclav’s
response when offered the sentence When ice melts, the molecules of water turn
into something new: ‘The molecules stay the same since they are separate entities
and their composition is absolutely independent of their thermodynamic state. I mean
their kinetic speed might be different because of different temperatures, but otherwise
they are completely unaltered’.

In burning, only changes describable as ‘rearrangement’ are accepted at micro level.
The exceptions are where atomic properties (Vaclav mentions the valence shell) are
concerned, in which case a sentence which refers to a change of form is accepted, or
where intermolecular properties or events are involved (he mentions electron clouds

and interaction between molecules).

Discussion

Vaclav is an accomplished theoretical thinker with a detailed knowledge of the micro
world. Most of us would be delighted to teach a student who has achieved, by
whatever means, Vaclav’s degree of focus, and could live with the possibility that he
might have difficulties in crossing boundaries within science. But we are much more
typically faced with students who struggle to come to grips with Vaclav’s world and
who frequently give up the struggle. Which of their resources are likely to sustain
them? Firstly, we suggest, again, that entry into the world of science is rightly seen as
an act of the imagination. There is manifestly no easy step from everyday experience.
Research with quite young children (Dias and Harris 1990) suggests that, contrary to
what we might expect, logical reasoning can improve when operating in an imagined
rather than in the everyday world, and science demands, above all, logical reasoning.

Imagined worlds too are usually highly logical in structure. So the power of

12



children’s imagination is an important resource. Second, there is abundant evidence in
the present study that many children are natural speculators and that given the right
stimulus, they can bring this faculty to bear, critically, on science ideas. Third, there is
evidence of cognitive benefits from peer interaction in computer-assisted activities in
a number of domains (Light and Blaye 1990) It seems entirely possible to design
computer software which, like ours, encourages speculation and that well-organized
pairings of students could facilitate it.

We would argue that attention to what students are prepared to say about science
phenomena, in a facilitating context such as that offered by our study, and how they
say it may serve two purposes. Firstly, what they say may help us as teachers to
understand the degree of their science understanding of given phenomena, and how
they say it may help us understand their attitude to science in general. Secondly, as

argued above, speculation can in itself open the way to science thinking.

If a student is to become a scientist, there is a mountain to climb - no doubt about it.
But the spirit in which the task is approached may make a huge difference, possibly to
success as a scientist; certainly to the intellectual development of the whole student,
irrespective of whether or not a fully-fledged chemist, physicist or biologist is the
outcome, and we would suggest that in the long run and in the short run too, it is more
productive to be a Toby or an Eddie than a Don or even, in some circumstances, than
a Vaclav.

Is it possible, as teachers in the current results-driven school climate, to foster open,
speculative thinking in science and to encourage, say, a person like Don to push the
boat out a little? We believe our study has suggested how this might be done, and we

certainly believe it is worth doing.
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Note on classroom implementation
Sentences like ours don’t need to be randomly produced by a computer programme -
teachers could easily tailor their own to their requirements for a particular topic. The
main features of our sentences were
* they described some physical or chemical change as far as possible in
everyday language, some of these descriptions being acceptable in scientific
terms, some not
* some sentences proposed a cause for a specific change. Again, some ‘causes’
were scientifically acceptable and some not.
If a computer can be made available, such sentences, written on the word
processor by the teacher, could be accessed by a child, who might be happy with
a sentence and indicate that, or who might prefer to change it so that it ‘makes
more sense’ and save it for future discussion. (Many of the children in our study
told us how the sentences could be improved.) This procedure could be used either
before a topic is taught (to get a ‘baseline’ picture of a child’s understanding of a
topic) or afterwards, to see what was absorbed from the teaching. The
encouragement of speculation, which we believe is so important, could be done by
pairing children for the activity and asking them to discuss the sentences (they
could be encouraged to record what they thought and their reasons next to each
sentence). All these activities could be equally well implemented using cards with
sentences written on them. They could even have parts of statements to mix and
match (Could atoms do this...? could molecules do it?). It goes without saying that
the important thing is to ensure that students don’t feel they are being tested for

right answers.
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