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Much research on pedagogy stresses the need for a broad perspedive on learning. Such a perspedive
might take acoount (for instance) of the experiencethat informs knowledge and understanding [Tur91],
the situation in which the learning activity takes place[Lav88], and the influence of multi ple intelli gences
[Gar83]. Educational technology appearsto hold great promisein this connedion. Computer-related
technologies sich as new media, theinternet, virtual reality and brain-mediated communication afford
accessto arange of learning resources that grows ever wider in its sope and supports ever more
sophisticated interactions.

Whether educational technology is fulfilli ng its potential in broadening the horizons for learning activity
ismore @ntroversial. Though some seethe successul devel opment of radically new educational resources
as merely a matter of time, investment and engineeing, there are also many criti cs of thetrendsin
computer-based learning who seelittl e evidence of the greater degreeof human engagement to which new
technologies aspire [Tal95].

This paper reviews the potential application to educational technology of principles and tod s for
computer-based modelli ng that have been developed under the auspices of the Empirical Modédlli ng (EM)
projea at Warwick [EMweb]. Thistheme was first addressed at length in a previous paper [Bey97], and is
hererevisited in the light of new practical developmentsin EM bath in resped of tods and of mode -

buil ding that has been targetted at education at various levels. Our central thesisisthat the problems of
educational technology stem from the limitations of current conceptual frameworks and tod support for
the esential cognitive model buil ding activity, and that tackling these problemsrequires aradical shift in
phil osophical perspedive on the nature and role of empirical knowledge that has sgnificant practical
impli cations.

The paper isin two main sedions. Thefirst discusses the limitations of the dasscal computer science
perspedive where educational technology to support situated learning is concerned, and relates the
learning activiti es that are most closely associated with a cultural context to the empiricist perspedive on
learning introduced in [Bey97]. The seand outlines the principles of EM and describes and ill ustrates
features of its practical application that are particularly well-suited to learning in a cultural setting.

1. Per spectives on educational technology for situated lear ning

Thereisawell-recognised danger of identifying education too closely and narrowly with abstract
knowledge and understanding that can be mnstrued as independent of situation and culture. This edion
discusssisales relating to providing technological support for learning in its broader context from bath
computer scienceand educational perspedives.

1.1 Computer support for the constructionist approach to learning

A desire to enrich the learning experience has been one factor in motivating constructionist rather than
instructionist approaches to learning. The notorious "drill -and-kill " packages of the instructionist tradition
refled a concept of education as 'imparting establi shed knowledge' that gives no scope for personal
exploration of situation. The benefit that learners derive from these packages is e as limited because of
their lack of engagement with the material [Pap8(. Software developed with constructionist ideasin mind
gives adifferent quality of learning experience the student is actively engaged in a ‘ microworld’
discovering knowledge as they explore. In thistype of approach, the enphasisis on students actively
constructing their own views of the world.



Learners who are enabled to construct their own modelswill benefit from approaches that can support
different learning styles. With thisin mind, Turkle and Papert call for a ‘revaluation of the mncrete’
[Tur91], and appeal to devel opers to make software that encourages many learning approaches. They
contrast the *planning approach’ of traditional computer programming with the * bricolage approach’ of
craftworkers building artefacts [Lev68]. In our view, there are profound conceptual isauesto be addressed
before such a shift in emphasis in computer-based model -buil ding can be achieved: the fundamental
preaonceptions about computation that inform classcal computer scienceareiill -oriented for this purpose.

Central to the distinction between traditional computer programming and craftwork is the ontological
distinction between computer programs, as classcally concaved, and the artefacts that a craftworker
createsin bricolage. A computer program is, of its esseence arational product that supports planned user
interactions and preconceved interpretations. Of course, the devel opment of such a program may involve
an energetic interleaving of prototypical use and consequent redesign (as for instancein the' extreme
programming' paradigm [Bed(]), but the quality of the program is evaluated with resped to fitnessfor its
intended use and the extent to which it is optimised to serve this function. By contrast, bricolage involves
an informal subjedive interaction between a craftworker and the artefact he/sheis creating that more
closaly resembles discovery than organised construction. The model -buil ding activity has an experimental
and creative quality: if it is siccesSul, the dharacter of the artefact itself changesin the mind of the
discoverer asit develops —it is continuoudy being newly conceved and reinterpreted in stimulating ways.

In phil osophical terms, the key isaue that distinguishes the perspedive of the dasscal programmer from
that of the aaftworker isthe role that knowledge playsin the interpretation of human interaction with the
objed under development. Knowledge of the intended interaction and interpretation is a prerequisite for
classcal programming. In bricolage, the artefact under development is an embodiment of ignorance, and
the aaftworker' sinteraction-if succesful — serves to shape the familiar from the unknown.

The purpose of the above discusson isto argue that our framework for thinking about computer
programming and software development isill -suited to the demands of constructionism. Thisis not to
suggest that computer programming activity as practised has no el ement of bricolage. Many programmers
seetheir work as a craft [Bro95], and can relate to the idea of wrestling with the meaning of software that
isincompletely understood. The traditional view of software devel opment broadly identifies two phases:
one of engagement with the world, and of preliminary knowledge gathering, and a complementary phase
where knowledge is deployed in program spedfication and design. In gathering knowledge, thereisa
clear role for interaction with artefacts (as represented by use @ses, UML diagrams [Jac92], and
prototypes of various kinds), and it is only in the deployment of this knowledge that the dasdcal theory of
computation has a fundamental role. The widely accepted view that — in practice— the activiti es associated
with these phases must be interleaved does not do full justiceto the intimate semantic relationship
between them. Software devel opment to support constructionist use demands more: a conceptual
integration of the pre-articulate exploration and formalised knowledge that are associated with these two
phases. Theaim of EM, aswill be discussed in sedion 2 below, isto propose mncepts and principles that
are better suited to thisintegration of human and computer centred activiti es (seealso [Bey99)).

1.2 An empiricist perspective on learning in a cultural context

The mnnedion between private pre-articulate experience(asin' prarticulate exploration of adomain' )
and formal communication of knowledge through language (asin' knowledge that is sifficiently

formali sed to serve as a spedfication for software ) isclearly of cdra relevanceto learning. Education is
broadly concerned with how hidden subjedive individual experience @n be revealed in ways that admit
some objedive (or quasi-objedive) external evaluation. The ampiricist perspedive on learning (EPL)
described in [Bey97] suppies a framework within which to conceave the mnstituent activiti es that are
asociated with the energence of meaning and language out of interaction.

Within the framework of the EPL (seeBox 1), we @an speallatively tracelearning from itsoriginsin
private experienceto its expresson in succesful communication. Through interaction and observation we
identify artefacts as integrated coll edions of observables, can observe their sali ent features and acquire
skill sin managing their state. We devel op an understanding of our own agency in a situation by observing
when things change and how they are related to the actions we perform. We @n attribute cetain changes



to the responses of particular agents and so postulate agency, stimulus-response mechanisms and generic
interactions to account for observed changes of state. By correlating our interactions with artefacts with
those of other human agents, we an identify where it is appropriate to presume mmmonality of
experience and so devel op languages for communicating, in the first instance about our common
situation, and utimately about more general and abstract domains. In thisway, the formal elements that
enjoy the greatest priority in traditional education systems are seen to rely upon experienceand knowledge
whose inter-subjedive statusis © well -establi shed that it can be formali sed.

private experience / empirical / concrete

interaction with artefacts: identification of persistent features and contexts
practical knowledge: corrdations between artefacts, acquisition of skills
identification of dependencies and postulation of independent agency

identification of generic patterns of interaction and stimulus-response mechanisms

non-verbal communication through interaction in a common environment

directly situated uses of language
identification of common experience and objective knowledge

symbolic representations and formal languages. public conventions for interpretation

public knowedge / theoretical / formal

Box 1: An empiricist perspective on learning

Asexplained in more detail in [Bey97], the EPL isnot to be interpreted as a template that appliesto every
act of learning. For instance thereis no necessary dired experienceon the part of the learner to
corrobarate aresult obtained using a calculator, or afact acquired from a reference bodk. On the other
hand, such a conceptual framework for learning is arguably essentia if theintention isto give alearner
accessto concrete experiencethat informs receved knowledge, to diagnose his conceptua difficultiesin
understanding, or to explore the ectent to which comprehension is stuated (cf. Lave's observation [Lav88]
that some people @n carry out calculations when shopping that they cannot perform in the dasgoom).

Therdevance of the EPL is most clearly evident when we @nsider learning in a cultural context. Within
aculture there are artefacts, conventions, rules, rituals, interpretations and skill s, together with diverse
languages whose semantics cannot be formally prescribed, but evolve through common usage and refled
bath individual and coll edive behaviour. In such a context, the intimacy and subtlety of the relationship
between interaction with artefacts, interaction with others within the sasme alture, and the devel opment
and use of language is conspicuous. A student of the piano, for instance, may be encouraged bath to
rehearse spedfic skill s and to experiment with the instrument in ways that do not involve reading music;
to play from progressvely more sophisticated artefacts for representing music (such as pictorial
representations of finger positions, then notations for notes for each and bath hands, together with
rhythmic patterns, key and time signatures, then dynamic markings, tempi markings and fingerings); to
beaome familiar with the harmonic idioms and the standard repertoire of a particular musical traditi on.
For each level of attainment and genre of piano-playing, thereis a pianistic competenceand an
appropriate level of sophistication in musical language (cf. "Play Middle C", "Play the harmonic scale of
C sharp minor", "Play the octave passages in the cda of the Rondo in Beghoven's Waldstein sonata as
glisandi"). It is dgnificant that at its most sophisticated the language associated with a culture draws on
such extensive experienceand so many different sources of knowledge (e.g. in the abowe instance music
theory — octave; classcal musical forms — coda, Rondo; musical history — Beethoven, Waldstein; and
instrumental techniques — glissando) that it is only intdlli gible to the musical spedalist.

An educational technology that could provide a framework sufficiently rich to support piano tuition in all
the abowe aspeds would be difficult to imagine with our current technologies. The virtue of the EPL is



that it enables usto identify the mnceptual distinctions that are an esential prerequisite for an effedive
implementation. For instance within our empiricist framework, the unambiguous e ements of musical
theory (such as the interpretation of key and time signatures) can be distinguished from those that have a
culturally determined meaning (e.g. 'How fast is All egretto?, "What frequency is concert A pitch?) and
these in turn can be distinguished from artefacts such as fingerings that perhaps srve a purely private
purpose for the performer, and can be adapted or added to the musical score at higher discretion. It isalso
in principle possble to explore the empirical foundation that underlies languages and notations at every
level of sophistication, as might be required for instancein calling upan eledronic score of the particular
passage of the particular Beghoven sonata to which the ill ustrative injunction to a pianist in the previous
paragraph refers. As discussed in more detail in [Bey97], EM complements the EPL, and aspires to
addressthe relevant technical chall enges in implementation, some of which we discussin sedion 2 below.

A significant question that has bath impli cations and meta-impli cations for the theme of our paper is
whether all | earning can be @mnstrued as'learning in a cultural or situational context'. It is =lf-evident
that disciplines such as historical, social or religious gudies are highly culturally dependent, but learning
mathematics and science have perhaps traditi onall y been seen as more abstract ohjedive topicsthat are
culturally embedded only in arather superficial sense. The foll owing quotation, drawn from the preface of
David Goading's criti que of establi shed phil osophies of science[Godd0, p. xi], promotes an interpretation
of learning in sciencethat is neither purely abstract, nor purely culturaly defined:

"Scientists' descriptions of nature result from two sorts of encounter: they interact with each other
and with nature. Phil osophy of sciencehas, by and large, fail ed to give an account of either sort of
interaction. Phil osophers typically imagine that scientists observe, theorize and experiment in order
to produce general knowledge of natural laws, knowledge which can be appli ed to generate new
theories and technologies. This view bifurcates the scientist’sworld into an empirical world of pre-
articulate experienceand know-how and another world of talk, thought and argument. Most
receved phil osophies of sciencefocus 9 exclusively on the literary world of representations that
they cannot begin to addressthe phil osophical problems arising from the interaction of these
worlds: empirical accessas a source of knowledge, meaning and reference and of course, realism."

Our critique of classcal computer scienceas a basis for educational tednol ogies echoes the sentimentsin
Goading's quotation. The aternation between pre-articulate 'requirements capture' and language-driven
program spedfication in iterative software development testifies to the bifurcation of the computer
scientist'sworld. Therole of the EPL isto redressthe balancewith resped to the focus on the literary
world of representations to which Goading refers. In the absence of a framework such as the EPL
provides, it isunsurprising that educational technology has @ far been at its most effedive in resped of
those dements of education that are perceived to be independent of culture, and that are most intimately
linked with formal languages and theories.

In a subsequent passage from the same source [Godd0, p.5], Goading observes:

"The fail ure of computational approachesto deliver real discovery programs — to make discoveries
with datathat isas ‘raw’ asthe stuff scientistswork on —islargely due to the fact that most work
with the impoverished notion of discovery till favoured by analytical phil osophy."

This observation frames the thall enge for educational technologies that aspire to support situated
learning. Software to support learning in an exploratory idiom should do more than organise what is
thoroughly well-understood so asto olscure dements of understanding. The scientist's discovery is not of
the hide-and-seek variety: it involves the apprehension of new observables, and of previously unobserved
relationships between familiar observables.

2. Empirical Modelling

Empirical Modelling (EM) is an approach to computer-based modelli ng that has been developed at the
University of Warwick over many years [EmWeb]. Full detail s of the principles and tod s that we have
developed are beyond the scope of this sort paper, but several key features that relate diredly to
educational support for learning in a cultural context will be discussed in this sdion. Some relevant case



studies are also kriefly reviewed. The interested reader can access sreenshots of models and explore our
research in more detail by consulting and/or downloading the web resources asociated with these ase
studies. These @n be accessed at [EmRep] by seleding the relevant projed from theindex. (For instance,
to accessthe jugs modd, sded ‘jugsPavelin2002.)

2.1 From behaviour -as-programmed to state-as-experienced (and back again)

As explained abowe, traditi onal ways of thinking about computation give least support to the most
primitive activitiesin the EPL. Computer programming as practised might be more aptly characterised as
"computer-and-user programming"; the user has arole that is closdly prescribed and has no choice but to
adapt to the software. In complete mntrast, human engagement with the artefact in the erliest stages of
learning —asin bricolage —is dimulated by its opennessto many possble modes of interaction and
interpretation, rather than by pre-packaged automated responses to stimuli. Initialy — until the learner has
developed familiarity on hissher own terms — too sophisticated behaviour in an artefact presents an
obstacle to the imagination, obstructing the projedion of possble exploratory interpretations.

Formal computer science encourages the view that the only significant semantics of computer programs
residesin the abstract patterns of behaviour and interaction that they support. Thisisalimited view: a
computer offersdired experience of state whether or not it is exeauting a precnceaved program, and (in
principle, if not so obvously in practice) it is possble to shape this gate to evoke different interpretations
in much the same way that the aaftworker moulds an artefact. Whil st the manipulation of program
behaviours that an expert programmer eff eds when refining or debuggng a program is within the scope
of our concern in EM, our primary focus is on more primiti ve modelli ng activity. For instance, the
archetypal role of the modeller in EM resembles that of a spreadshed user, or an interfacedesigner who is
recnfiguring the state of a computer-generated screen to satisfy some practical or aesthetic requirement.

Our tods emphasise modelli ng that is gate-based, wheretheterm ' state’ isto be understood as referring to
' stat@s-experienced’ rather than abstract computational state. A spreadshed user always interprets the
spreadshed with referencetoits current state and in relation to the ecternal situational state to which it
refers. The values in the spreadshed are a snapshot of a set of observed external values at a particular
moment in time. The definitions of valuesin the cdl s of the spreadshed refled the spreadshed user' s
knowledge — or expedations — of dependencies between the values of the external observablesto which
they refer. Any change made to the valuein a cdl triggers updating of other cdlsthat respeds these
dependencies, and the spreadshed then represents a new external state. In the user' sinteraction, there
nead be no presupposition about the nature of future actions. A spreadshed user is freeto make any
modification of cdl valuesand definiti ons they wish. In practice, any constraints on how the spreadshed
user modifies the state are at the user' s discretion. Typicall - making all owancefor the occasional bdd
but unjustified experimental interaction — the spreadshed user only changes the spreadshed state in ways
that are meaningful in relation to its external interpretation (such as entering a new pricefor an item) or
that asdst its apprehension (such as highlighting the balancefor the day in bdd). The benefits of this
open style of interaction with a spreadshed in the exploratory investigation of a partially understood
system are well-recognised [Nar93].

The principal modelli ng tod we have developed (the Tkeden interpreter) uses <ripts of definitionsto
model state. A definitive script records the arrent values of variables and dependencies relating them.
The variablesin the script represent observables in the appli cation, and can be of a far wider range of
types than in a conventional spreadshed (cf. [EMRep, spreadsheeRoe2003). The modeller is always free
to make any redefinition that they wish, or to introduce new definiti ons into a model. This makes a model
flexible and extensible.

Though the modell er always has discretion to interact with a definiti ve script diredly, it is possble to set
up program-like behaviours. Such behaviours are typicall y developed by identifying certain reliable
patterns of change manually in an exploratory fashion. These @n then be automated by introducing
agents (implemented astriggered procedures in Tkeden) that act according to spedfied stimulus-response
patterns relating to the observables in the script.

The essntial principles of constructing modelsin this fashion can be simply ill ustrated with referenceto
an EM version of Jugs, an educational program written for schods use to introduce éementary ideas of



number theory. The screen display for Jugs (seeFig 1 on the next page) comprises two jugs (A and B) of
integer capaciti es (capA and capB respedively) together with a button interface via which jugs can befill ed
and emptied, and liquid poured from one jug to another. The purpose of the modd isto ill ustrate that, by
performing sequences of Fill, Pour and Empty operations, it is posshle to achieve any target integer
quantity of liquid that is divisible by the greatest common divisor of capA and capB. In the EM Jugs model
[EMRep, jugsPavelin2003, typical observables are the @pacity of jug A, the @ntent of jug A, the

avail abilit y of the menu option 'Fill A", and the dharacteristics (e.g. location, size, content, background
colour and sensitivity) of the associated menu button. These observables are represented by variablesin a
definitive script and the dependencies that link them by appropriate definiti ons. For instance, the alour of
the ‘Fill A’ button depends on whether filli ng jug A isavalid option, which isturn dependent on whether
or not the @pacity of A currently exceals its content. The 'fill jug A" action in the model isimplemented
by invoking an agent that increments the quantity unit-by-unit whil st the @pacity of jug A exceealsits
content, thereby imitating the manual actions of a human agent who introduces units of liquid into jug A
one by one until the menu option 'Fill A'is e to beinvalid.

@ screen [tkeden 1.27] _ O] =]

Welcome to Jugs. The aim i=s to get the target

|
|
|
: Target is 1 : =
|
|
|

Jug A Jug B

Fill A Fill E| Empty &i|Empty B Pour

Fig 1- A screenshot from the interface of the Jugs model

2.2 Applying the principles of EM in the EPL framework

From the discusgon in sedion 1.2, it is apparent that the scope and diversity of learning activities
associated with a cultural context is exceptionally broad. In learning, the human mind can seemingly draw
from knowledge and experience of many different kinds, yet maintain a high degreeof conceptual
coherenceand contral. In this context, the use of educational technology is problematic becuse it inhibits
theintegration of diverse sources of insight bath at the mnceptual level and in practical terms.
Conceptually, the auxili ary technology introduces a superfluous complexity of its own through its
representations of our understanding. Practically, this complexity creates an inertiathat in effed tethers
the learner's mind to the limited range of perspedives that the tedhnology dictates, modifying, extending
and customising such technologies—if it isfeasible at all —involves a disproportionate dfort, and is only
occasionally possble without significant redesign.

EM adopts an 'observation-oriented' approach to the dhall enge of devel oping educational software that can
be adapted in diverse and unpredictable ways without sacrificing conceptual coherence The foll owing
subsedions review some practical studies and techniquesin EM that relate to the key question — how can



we integrate the diverse modes of observation that are associated with al the significant perspedives on
the learning domain?

2.2.1 Integrating the current observations of the lear ner

One of the dharacteristics of successul learning, to which the EPL gives prominence isthe ability to
bring together concepts and experiences from many diff erent sources and to clarify the relationship
between them. By way of ill ustration, the freedistributive latticeon 4 generators (FDL4) is an abstract
mathematical objed with aformal characterisation that can also be viewed in many different concrete
ways. It can be identified with the set of logically distinct bodean propositionsin 4 variables that can be
constructed using the ‘and' and 'or' operations, ordered by p < qif pimpliesg. Each element can be
identified with the assgnments of truth values to the 4 basic variables that make the @rresponding
proposition true, or with the family of subsets of {1,2,3,4} for which these assgnments are the
characteristic vedors. Under another interpretation, each dement can be interpreted as a mapping from
permutations of 4 symbds ("the symmetric group S4") into the natural numbersin therange 1to 4. The
entire lattice @n aso be represented by a traditi onal Hasse diagram with 166 nodes. Each view of FDL4
demands a different kind of background knowledge and mathematical sophistication, and makes diff erent
visual and cogniti ve demands on the human interpreter.

An EM mode of FDL4 [EMRep, sAfdl4Beynon2007 ill ustrates how all of these different perspedives can
be integrated within a single environment for visuali sation and interaction. In the @nstruction of the
model, other forms of 'knowledge integration’ relevant to learning activity are evident. The mode includes
arepresentation of 4 by a Cayley diagram that was extracted and adapted from ancther model [EM Rep,
cubesymWong200] that exhibits $4 as the symmetries of a cube. Such a concrete representation for $4
could easily be incorporated in the model of FDL4, and typifies the kind of external situated famili arity a
learner might have with an unfamiliar abstract mathematical objed. Asa further ill ustration, the points
and lines in the Hasse diagram were entered by referring to a diagram previoudy created by John Buckle
[Buc89]. Developing the full functionality of the FDL4 model involved integrating the diagram with an
abstract algebraic model of FDL4 that was generated as an internal model and was represented by a table
of bodean vedors. The processof correlating rows in this table with nodes in the diagram combined off-
line interactions with Buckle's Hass diagram with calculations using the internal model. Hybrid activity
of this nature that combines interaction with an artefact outside the computer and interactions with a
computer model — and leads to an eventual asciation of the two — ill ustrates another practical asped of
situated learning. It is aso significant that this activity could be arried out despite the presenceof errors
—typical of alearning situation — introduced in trandating Buckl€e's diagram into a definiti ve script.

In view of Goading's concern about bifurcation in the scientist's world, the integration of interaction with
artefacts with the use of language is of particular interest. The scope for such integration in EM is
discussed at length in [Bey0Q], and ill ustrated with referenceto an EM model that all ows a formal
spedfication of Heapsort to be interpreted as a speda mode of observation within an exploratory
environment in which variants of Heapsort can be developed. A related recent innovation is the
development (by a final-year computer science undergraduate Chris Brown [Bro0Q]) of an observation-
oriented parsing technique that enables us to develop and use new notations within the interactive
environment of the Tkeden interpreter. The down-in-maze eavironment devel oped by the first author
[EMRep, krustyRoe2002 shows how this parser can be exploited by introducing and refining simple
languages dynamically in conjunction with interactive model -buil ding. Depending on the mntext
dynamically establi shed by the modell er, the terminology avail able for spedfying motion in this
environment can encompass $andard commands in Logo syntax, or be restricted to sets of actions sich as
‘up/down’ and 'l eft/right’ (optionall y foll owed by a spedfied distance), or ‘forward/backward' and 'turn'.
The predse daracter of the notation avail able in the airrent context is constrained only by the skill of the
modeller in parser spedfication, and can refled alternative or complementary ways in which the learner
observes and conceves the environment for interaction. For instance, 'up/down’ and 'left/right’ refled a
knowledge of orientation within the maze that is characteristic of the external observer, whereas
‘forward/backward' and 'turn' more aptly describe the perspedive of the down.



2.2.2 Integrating observation associated with learning asit develops

The same principles that al ow models to be adapted to suit the different perspedives of the learner in
relation to his’her current understanding of a topic can be exploited by the teacher who wishesto create
models that can scaffold learning. The down-in-maze environment was originally concaved in this way.
A more highly developed application of similar principlesisto be found in the sqleddi environment
[EMRep, sgleddiBeynon2001], which was created for the principal database module for computing-
relating undergraduate students at the University of Warwick. The languages avail able within the sgleddi
environment include eddi, a relational database query language dosely modelled on Todd's ISBL notation
[Tod7€], and a partial implementation of standard SQL. The interaction within the environment is
sufficiently rich and open-ended to support a range of behaviours suited to different learning objedives.
Variants of SQL that use the same syntax, but have different evaluation strategies, serve to expose the
discrepancies between SQL as commercially establi shed and the underlying mathematical model on which
it isbased (cf. [Cod70Q],[Dat0q]). The open experimental qualiti es of the environment are refleded in
several ways. the same database @n be interrogated and manipulated in bath eddi and SQL at any stage;
the evaluation strategy can be dynamically changed; and the environment also supports an SQL t0 eddi
tranglation mode that shows the relational algebra equivalents of SQL queries (in so far as these eist!).

Thereisan important distinction between the family of artefacts that is associated with the sqleddi
environment and user environments (such as ORACLE) that have arich functionality that is typically
progressvely disclosed to the users as they become more advanced. The posshle modes of interaction with
sqleddi are much lessrigidly spedfied, and each variant of the environment corresponds to a different
observational perspedive on how relational database queries are— or can be — framed and evaluated. The
sqleddi environment isinteresting in relation to the overall goals of EM in resped of educational
tedchnology in that the functionality of the environment as introduced in the associated worksheds was not
preanceved, but was developed as the module itself was being deli vered, and tail ored to the educational
agenda as it evolved. For instance, it was not originally apparent that query evaluation in standard SQL
deviates  far from pure relational algebrathat spedal syntactic conventions and pre-processng of SQL
arerequired for succesgul trandation. Future extensions of sgleddi, which in principle @an be devel oped by
the moddll er in one cntinuous interaction within the environment itself, might addressissues concerning
integrity constraints and the data definiti on language that have yet to be given serious attention.

The observation-oriented analysis that guides development in EM establi shes an intimate mnnedion
between the structure of an EM model and the modell er's understanding of the domain to which it refers.
In this resped, such a model closdy resembles what Goading [Goo9(0] characterises as the 'construals' that
the experimental scientist creates as an esential aid to understanding phenomena. The layers of
understanding that are represented in the EPL and are prominent in learning in a cultural setting are
mirrored in many EM models. Our model of the game of noughts-and-crosses [EMRep, oxoGardner1999
ill ustrates this by introducing the @mncepts that are required to play the game (or to devel op a computer
program to play the game) layer-by-layer in a manner that refleds their interdependency. Thisinvolves
successvely modédlling the 3 by 3 grid, the introduction of Os and Xsto the grid, the static interpretation
of a configuration of Os and Xs, the identification and evaluation of posgble moves, the notion of player
and turn etc. In other moddl s, such as [EMRep, racingGardner1999, the layers of the moddl are
associated with systematically introducing additional functionality that refleds ever more refined
observation of a situation.

Such 'cognitive layering' of EM model's has benefits for the student, the modell er and the teacher. The
student can first gain experienceof the domain at a simple level and understand the basic ideas. Where
more omplex isaes are addressed in subsequent levels, the student has a goad foundation to build on. By
developing models layer-by-layer, the modell er gains accessto a treeof posshble design options, sincethe
scripts at each layer can be reused, and refined or extended to suit different oljedives. For instance, the
model of the geometry in noughts-and-crosses can be daborated to explore isaues concerning the
presentation of positionsto the player, such asthe style, location, size, shape and colour of elements of the
grid dsplay. For the teacher, adaptation of layered models of this nature an in principle be the basis for
diagnosing alearner's difficulties.



2.2.3 Integrating observation of the lear ning context

The previous subsedions have focused on the appli cation of EM principles as they relate to the personal
experiential aspeds of learning. Within the EPL, these aspeds are ammplemented by other activiti es that
have a strong empirical component, but are oncerned with the eommunication and collaboration in a
cultural setting that spawns 'shared knowledge' and the anergence of 'objedive’ standards.

Many problems with existing educational technology stem from its relationship to the broader educational
environment, not its use in isolation. Whether EM will —in due murse — generate poli shed packagesto
compete with the best existing commercial productsin spedal-purpose appli cationsis unclear, but it offers
clear potential for models to support learning that are better suited to the management of educational
technology to med pedagogical neeads. A good teacher will customise resources to suit his/her teaching
style, the nature of the dassand the arriculum, and sometimes the spedal needs of individuals. This
customisation may involve adapting the presentation of a topic, developing dfferent types of artefact, or
using dfferent types of language. EM models are well suited to such customisation. Definitive scripts can
be added to supgy aternative interfaces that visuali se appropriate parts of the underlying model, and can
be tail ored to particular types of student and display hardware. Asisill ustrated in several presentations
that have been devel oped within Tkeden (see eg. [EMRep, introtodeppresentRoe2003), the scripts
associated with several models can be drafted into a common environment, and li nks between models
created by introducing additional definitions. An important feature of the synthesis of EM modelsisthat it
can be managed in such away that the constituent models require littl e revision and that they can till be
accesed within the new environment in their original forms.

Communication between different cultural frameworks and acrossboundaries within a particular cultural
framework is often the atalyst for learning. To give support for this, it isessential to focus not on

establi shed and uncontroversial knowledge, but on the interaction that leads to consensus and common
understanding. For this purpose, educational software that all ows the ncurrent representation of several
potentiall y conflicting viewpointsis required.

The potential for applying EM in coll abarative working has been explored in our previous research on
concurrent design [Bey94]. Practical support for such activity can be supgied using a distributed variant
of the Tkeden interpreter developed by Pi-Hwa Sun [Sun99]. Several experimental models that exploit
distribution to set up multi-user environments for learning have been developed. These include a Virtual
Eledrical Laboratory that can be anfigured to all ow students to coll aborate in circuit construction and
analysis under the discretionary supervision and diredion of atutor. The Clayton Tunnel simulation
[EMRep, claytontunnel Sun1999 provides a distributed environment to smulate the mntext for a historic
railway acddent. In this environment, students can simulate playing the roles of participantsin areal-
world situation. This role-playing represents an explicit enactment of situated learning that has proved
motivating for students.

Conclusion

Whil st we recognise the aurrent limitations of our todsin delivering large-scale practical solutions to the
problems raised in this paper, we believe that EM is a natural approach to developing computer resources
that are well-matched to everyday learning activiti es. One of the most important chall engesto be
addressd in future research is that of making our principles and tods more widely accessble and useful
acrossthe alucational spearum. To this end, we have developed a suite of models for a projed aimed at
introducing EM to UK schods. These show that our modelli ng approach can in principle be applied to a
wide range of subjeds (e.g. physics, geography, mathematics, and law), but there is much consoli dation
and further investigation to be done before this can have a practical impact in many subjed areas. EM
provides a framework within which a conceptual unification of programming paradigmsis possble, but
this does not provide simple solutions to the practical problems of linking our modelsto existing
educational software or eledronic resources. Perhaps the key question for the longer term isto what extent
teachers and learners will be able to make direa use of EM principles and tods. Thereis ome e/idence
that EM reduces the onceptual obstacles to the adaptation of models, and perhaps requires lesstechnical



programming skill than conventional styles of programming. There remain several technical problemsto
resolve in design and implementation of our tods, and for the present it seams likely that — to make full
use of the proposals reviewed in this paper — teachers and learners would have to work in coll aboration
with expert modellers.
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