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Figure 2: A range of different uses for computational tools 

Coach, VnR, InsightOnP: WorldMaker, StarLogo, StageCast, 
AgentSheets, Squeak. Even when modeling with these tools there are at 
least three ways that the tools can be used. Teachers might use the 
modeling tool with children in exploratory mode, where sharing a built 
model with them is simply a way of exposing their thinking to the 
children explicitly. As one can see all of the functional parts of the 
dynamic representation, one is more likely to be able to see how they 
interact and why the whole system behaves as it does. The tool can also 
be used metaphorically, rather than directly. Here past experiences with 
the tool are used by teacher or child as elements in constructing an 
explanation, rather than using the computer modeling tool directly to 
create a fully functioning model of that which is under discussion. 
Finally, and my main focus here, the computer modeling tool can be used 
expressively, where children construct a model to express their own 
thinking about a topic, by writing rules that drive their invented world. 
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Figure 3: Two styles of thinking in the sciences 

Managing learning with tools 
The remainder of this paper will be concerned with managing this task: 
Children build dynamic models of invented worlds that mimic the natural 
world in some important ways and recognize the importance of what they 
have done for their understanding of science. After considering the 
challenges in selecting an appropriate task, I go on to consider how one 
might recognize appropriate performances, choose learning outcomes and 
how, over a longer time-scale, one might best think about children 
appropriating the modeling tool. For simplicity all of the illustrations here 
are drawn from work with a single modeling tool, VnR, but I have 
worked with the full range of tools and age groups indicated, and believe 
that the pedagogical conclusions hold irrespective of the particular tool, 
and small adjustments to the didactical implications see the teacher 
through in these modified situations. Setting children to produce a model 
of a phenomenon requires careful thinking and wise choices. The target 
must be both worthwhile, with success being both intelligible and 
rewarding, and yet accessible. The end point, the completed model, may 
be immediately visible to children, or there may be several steps on the 
way. One essential component of a successfully chosen task is that there 
are choices to be made. If one provides a recipe for children to follow 
carefully then much of the value is lost: programming children to 
program computers is useless. The children are no longer expressing 
their own thoughts; they are simply parroting the thoughts of the teacher. 
So there must be some choice in pathways and some choice in how the 
journey is made. This will be partially fixed by the tool chosen, and 
partially by the structure and nature of the topic, but there will still be 
choices. The paths chosen may be featureless or feature rich - so the 
modeler knowing where they are and where they are heading for will be 
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more or less difficult depending on the terrain. With such variations in the 
landscape it is important to consider the transport made available, This 
needs to present an appropriate balance of affordances and resistances, so 
that the user is kept in touch with the landscape, rather than being 
whisked effortlessly over it, and yet does not become so bogged down in 
making progress that they simply cannot see a way forward, or lose all 
strategic awareness. And there is a further constraint - the means of 
transport should not be unique to the task: in modeling one should be 
making progress in thinking about the general processes as well as the 
particular circumstance. In modeling the tendency and aim  of science to 
provide unified explanations can be rendered explicit, so we should 
actively plan for this possibility.  That is, one should emphasize the 
powerful and deep insights central to the topics in which the models are 
located, rather than rely on ad-hoc relationships that serve the particular 
situation but which are not of wider significance. Even in the most barren 
of landscapes, and in any case sometimes also supportive in more richly 
featured landscapes, one can artificially place markers to indicate 
progress - milestones. These features are under the control of the teacher, 
and are somewhat independent of topic or tool, save that they must be 
expressed in terms that link to these two, and so can be strategically 
placed. One way in which these placements are helpful is in helping to 
delineate progress. Children and their teachers need to know if they are 
heading off down the right line or making off up the wrong tracks. So in 
many modeling tasks it is useful to have a series of markers, perhaps 
themselves milestones, that indicate partial success as steps on the way to 
the final model. In many modeling tools it is useful to choose the first 
milestones so that they result in some simple to understand reaction on 
the part of the tool, even if that is not central to understanding the 
phenomena being modeled - in mountaineering the most direct route is 
rarely the most advisable, particularly for the less experienced or those in 
need of moderate challenges only. As an example of an early milestone: 
in modeling an ecosystem or the spread of a virus getting the objects to 
move in appropriate ways gives immediate feedback and makes students 
confident that they are in control of the computer and not the other way 
around. Getting things to move is a rather simple success: but how are 
children to judge the success, or partial success of their models? I suggest 
that there are two rather different, but equally important facets. The first 
is mimicry: the outputs from the model show similar behaviors to the 
phenomenon. This itself is not simple: there will necessarily be aspects of 
nature not represented in the model and so there will be necessary 
imaginative steps in relating the outputs from the model to what is seen or 
remembered in nature. But similarity of behavior is not enough - there are 
many things that are statistically related yet not causally connected (the 
standard example of storks and childbirth comes to mind in the context of 
the Netherlands) and in teaching physics one would want to emphasize 
the difference. So one would want to have some kind of structural 
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elements within the model that express some of the deep and important 
statements in the appropriate truths in  the areas of physics relevant to the 
model. (Schecker named these power tools). For example in a description 
of electric circuits one would expect to find the relationship I= �Q/�t. 
These statements should not be too austere: one might be able to write all 
of the relationships in physics on the back of a postage stamp (size chosen 
wisely), but these may not be too intelligible without courteous 
elaboration and translation. To exemplify this consider the following 
models of radioactive decay chains: 

  
Figure 4: A stripped down model of a radioactive decay chain 

 
The simplest models, for us laying bare the essence of independence of 
the behavior of the nuclei - that the rate of decay depends only on the 
number of nuclei themselves, may be simple, but indigestible for those 
just coming to an understanding of these relationships. The more 
elaborated model shown below, that makes the steps more explicit, also 
makes the whole more intelligible. 

 Figure 5: A more explicit model of a radioactive decay chain 

Here the intermediate steps and connections are shown, spelling out the 
kind and nature of the relationships. These connections are repeated, 
showing that the same thinking serves us twice. This repeated use of 
patterns in thinking is characteristic of physics and of modeling in the 
sciences. 
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 Figure 6: Three of the important patterns of thinking in the sciences 

Important prototypes 
This is a trivial example of such repetition, but there are simple patterns 
in the thinking here, represented graphically, which do turn up in many 
different models. As these turn up often, they ought to be appropriately 
highlighted in the children’s models, to bring out the significance, as the 
children will not have the breath of experience to recognize the 
importance of these elements. Here are three important patterns, 
representing thinking that is pervasive in the sciences. 
 
Whilst adding and finding differences are rather straightforward to 
explain, the difference between multiplying and adding is somewhat more 
subtle in this semi-quantitative modeling tool, where the absolute 
magnitudes of the output values cannot be easily compared. So one 
cannot distinguish between addition and multiplication of two inputs 
larger than unity by seeing which of the outputs grows fastest. Instead one 
needs to consider what output is desired, in terms of either the referents of 
the variables (emphasizing the understanding of the structural elements of 
the models again), or in terms of the required mimicry of that section of 
the model: multiplication is appropriate if the output must fall to zero as 
soon as either input falls to zero, otherwise one uses addition. 
Distinguishing between cumulative and proportional relationships is 
another area where commonality of pattern may help to overcome 
children’s difficulties. One might also engage children’s enactive 
imagination: in the case of proportionality an evocative re-description for 
children is that “one variable follows another” or that the “input variables 
tell the output variable what to be”.  Similar courteous re-descriptions can 
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be thought of for the rate or cumulative relationship. Here one can say 
that “the input variable tells the output variable how to change” or that 
“one variable grows another”. Choosing to relate two variables in one of 
these ways rather than the other changes a model in rather fundamental 
ways, so appreciating the difference is very important. In fact to become a 
competent modeler one needs to have access to a limited range of 
structures but to be able to combine them in different ways in order to be 
able to represent varying phenomena. Here is a somewhat complicated 
model, at least for children at the lower end of the target age range and 
yet it is constructed only of the few combinations that are sketched above. 
So the working of the whole model can be understood in terms of these 
enactive prototype interactions. 

  
Figure 7: A model containing four enactive steps 

In fact one can easily encode a series of models in terms of the 
connections made to show how the modelers access this range of 
structures in their models as they work on a particular challenge. There 
are some iconic simple models however, that rely on only a subset of 
these relationships. Here, as with the nuclear decay models one ought to 
beware of the alienating effect of the stark simplicity. Those schooled in 
physics may appreciate the simplicity in simple harmonic motion: others 
may need more careful aesthetic education. However this kind of model 
is worth working towards as it does emphasize the “power laws”, and the 
value of focusing on them. To support children becoming more skilful 
with modeling tools, I think that we ought to concentrate on enabling 
children to appropriate these simple enactive prototype interactions as 
building blocks. These will then serve as chunks of meaning which can be 
assembled and reassembled to describe new situations, based on an 
understanding of what they did and had done to them in the situations in 
which they have already been used. In this way the readability, and so the 
intelligibility of models can be enhanced. This model can be split into 
four parts, each of which has an intelligible action associated with it. In 
this way the whole model gains plausibility, because each of the parts are 
intelligible. 
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Nevertheless the behavior of the whole is more than the sum of the parts: 
few children will be able to predict how the number of organisms will 
change. This aggregate behavior arises from the interplay of the behaviors 
of the simple interacting parts, which are known about as individual 
behaviors. In this kind of modeling tool (VnR) the following seem to be a 
complete set of such interactions.: summing, finding a difference, 
multiplying, sharing out, growing from a start, and changing after a 
critical value. However both the descriptions and this list are subject to 
revision: one needs to find more and more felicitous ways to characterize 
these building blocks, and this requires yet more time spent with children 
building models. I think that there is not currently enough practice to be 
very close to a final set of descriptions in which one can have enormous 
confidence. However, I do not think we should be too downcast: it is a 
rather subtle piece of describing that is being attempted. 
 

 
Figure 8: A model with the four elements identified 

 
There are analogous prototypes for the other kind of modeling tool (OnP): 
again a provisional list (Provided here to show that the same approach to 
learning can work in both kinds of tools). These are based on the actions 
of an individual, which takes the place of the relationship in the VnR 
models, as the enactor; so preserving the link to the enactive basis of the 
interpretation of modeling tools. 
Successful modeling 
A successful modeler will need to connect together these enactive blocks 
to re-describe a phenomenon in a way that produces a computational 
mimic of the phenomenon. To do so in a fruitful way they will need to 
make preferential use of the deep relationships in the topic. So a 
competent modeler will need to see patters, aim for simplicity and think 
about the essence of  
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things. None of these rather high-level attributes are strongly tool-based, 
but will of course depend on the tools to hand. With these descriptors of a 
successful modeler in place, looking back over the account of supporting 
modeling that I have provided, here is a summary of the challenges in 
developing a pedagogy of modeling: 

� Tasks: Learning how to set appropriately challenging tasks 
� Transportation: Considering how children are to get from their 

starting point to the successful completion of the task 
� Paths: Working out by what routes the children might progress 

with the transport available 
� Milestones: Placing recognizable markers along the paths to guide, 

constrain and encourage 
Finally there is the issue of assessment: how one might recognize and 
value what the children are doing in building their models. This is the 
topic for another paper, but the pedagogic tools developed above can be 
turned to formative assessment purposes as well, perhaps particularly 
working on developing informative milestones. 
Looking forward 
There will also be developments in the tools. I think that these should also 
be driven by the analysis of learning presented by this paper, alongside 
what developers can see to be computationally possible. Particular 
attention should be paid to the appropriation of prototypes, I believe, as 
the best way of supporting low density users of such tools to think 
helpfully about the phenomena which they are trying to represent.  
Modeling presents new opportunities as well as these challenges. In 
particular it enables children to make things, to engage a kind of 
creativity that may only be engaged less directly using existing 
approaches. Children can also make their ideas plain without having to 
refract everything through the prism of language; computers should be 
seen primarily as a representation tool, and so an expressive medium, I 
believe. Finally the enforced simplicity cuts to the core of doing physics, 
and is likely to throw up new didactic possibilities as subject knowledge 
is reconsidered in the light of these new tools. 
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Figure 9: Useful building blocks for VnR style tools 
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Figure 10: Useful building blocks for OnP style tools 
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Wander about quite slowly – at about 
half speed. 

Look to my right. If there is some grass, 
then eat it, about half the time. 

If you are next to another rabbit, then breed. 
About 1 time in 5 this will produce a new 
rabit. 

If you are next to sick rabbit, then about 1 time 
in 10, you get sick. 

You have a 5% chance of dying – 
about 1 time in 20. 


