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Abstract

This paper focuses on microworlds, a special type of Exploratory Learn-

ing Environment, where students freely interact with the system to create

their own models and constructions. Most microworlds developed so far

provide integrated scaffolds to help students learning process, but the na-

ture of the interaction makes it difficult to design, develop and evaluate

explicit adaptive support according to students’ needs. Building on previ-

ous work in the field, this paper proposes a layered approach that simplifies

the development and allows both formative and summative evaluation of

the different components of the system. As a case study, we present the

development of intelligent support for a microworld in the MiGen project,

and discuss its evaluation that includes both technical and pedagogical

experts of the team.

1 Introduction

Microworlds (or model-building systems [1]) are a special type of Exploratory
Learning Environments (ELEs), in which students undertake tasks by construct-
ing and exploring models. This has several benefits to the learning process: e.g.
students usually get more engaged with the activity, and they have a sense of
ownership over their learning [2]. Research in the learning sciences (e.g. [3])
suggests that freedom of exploration without a proper degree of support can be
problematic. Moreover, taking into account that teachers have a limited capac-
ity to support students introduces a clear need for computer-based support.

∗The authors would like to acknowledge the rest of the members of the MiGen team and
financial support from the TLRP (e-Learning Phase-II, RES-139-25-0381).
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THowever, the nature of the students’ interactions in microworlds, and the
constructivist intentions behind their design, make the already challenging and
costly problems of ITS design development and evaluation (c.f. [4]) even more
difficult. In this paper, we present our approach which is driven by the following
challenges: (i) the need to break down into tractable problems the challenge of
monitoring and reacting to students’ interactions in such a complex environ-
ment, (ii) the high cost of communication between several kinds of experts (e.g.
computer and learning scientists) which are required to tackle this problem,
(iii) the difficulty to evaluate the different components and the system over-
all. Building on former work in the field (see Section 2), and inspired from
successful methodologies in robotics [5] and adaptive systems [6], we propose
a layered approach to development and evaluation. This is presented in Sec-
tion 3. Such a layered approach separates the different conceptual scopes in the
design process. Additionally, as discussed in Section 4, it eases the evaluation
process which needs to include members of the design team with different back-
grounds. A separated, focused, and early evaluation of the different components
of the system facilitates the detection of problems at a stage where the system
components can be modified and tuned.

2 Related Work

Our layered module-based approach has been influenced by the subsumption
architecture used in robotics [5], where complicated intelligent behaviour is or-
ganised into layers of simple behaviour modules. The problem presents several
similarities: unstructured input data, difficulty of representation, and real-time
action requirements. In the field of ITS, one of the few attempts to provide in-
telligent support in microworlds is presented in [7]. In contrast to our approach,
the separation of the intelligent feedback components in layers is not explicit
in that paper. However, the authors make an attempt to separate analysis and
aggregation employing pedagogical agents and a voting mechanism. Regarding
encapsulation of the feedback layer a particularly relevant example is [8]. Their
‘bar codes’, that encapsulate pedagogical situations, are conceptually similar to
the classes of feedback strategies that we employ as inputs to our feedback layer.

In relation to evaluation, our approach recognises that it is a difficult prob-
lem (c.f. [9]). The case of microworlds, with the unstructured interaction and
their complex relationship to learning, makes the problem even more challeng-
ing. Therefore, we believe that the appropriate evaluation in such a case needs
to borrow ideas from several fields, including software engineering [10, 11], ar-
tificial intelligence [5], AI in Education [12, 13], adaptive systems [14, 6, 15],
and HCI [16]. In particular, as discussed in more detail in Section 4, layered
evaluation methodologies [6, 15] fit perfectly with our approach.

Architectural approaches [17, 18] and design patterns(e.g. [19]) for ITS that
have focused on reusability are also relevant to our work. However, none of
these approaches employs a conceptual separation of concerns to facilitate early
evaluation of the system or to ease the communication between technical and
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Figure 1: Layered design and evaluation of intelligent support

non-technical members of the research team. It is these concerns that guide the
approach we present in the next section.

3 Layered approach for development of ISEE

Examining both the architectural and evaluation approaches mentioned in Sec-
tion 2, we consider four conceptual layers in the development and evaluation of
intelligent support in microworlds. This conceptualisation is general enough, as
it does not make any assumptions about the microworlds or the exact computa-
tional techniques used in the different layers, while, at the same time, provides
a useful guide for the development and evaluation of Intelligent Support in Ex-
ploratory Environments (ISEE). The details of the four layers are presented
below. Fig. 1 depicts the information flow from the lower to upper layers. The
loop through the user represents how the learning feedback influences the actions
of the students as they interact with the microworld.

3.1 Microworld layer: the eXpresser

The lower layer represents the microworld or the exploratory environment itself.
The students interact freely with the environment, usually trying to perform
some kind of task given in advance. The exploratory nature of the environment
provides a high number of possible courses of action. Some of these courses
of action will lead to the completion of the task, some will make some partial
progress in that direction, and some of them will be off-task (e.g. playful be-
haviour). As a case study, Figure 2 shows the eXpresser microworld developed in
the context of the MiGen project. eXpresser encourages students to build pat-
terns out of square tiles and to find general algebraic expressions underpinning
them.

Figure 2 illustrates some of the core aspects of the eXpresser. In order to
represent the generalities they perceive, students can use numbers that can be
‘unlocked’ to become variables. Locked and unlocked numbers can be used in
expressions. This microworld gives a lot of freedom to students to construct
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Figure 2: Constructing a pattern in eXpresser and describing it with a rule.
Main features: (A) An ‘unlocked’ number that acts like a variable is given the
name ‘reds’ and signifies the number of red (dark grey) tiles in the pattern. (B)
Building block to be repeated to make a pattern. (C) Number of repetitions
(i.e. the value of the variable ‘reds’). (D,E) Number of grid squares to translate
B to the right and down after each repetition. (F) Local rule: units of colour
needed. (G) General rule: gives the total number of units of colour required to
paint the whole pattern (if correct, solves the task). (H) Help-seeking area with
drop down menus and (I) suggestion box for feedback provision.

their patterns in a multitude of different but equivalent ways. For a detailed
description of the eXpresser the interested reader is referred to [20].

3.2 Computational analysis

On top of the microworld layer, there is a layer composed of several compu-
tational analysis modules (CAM). Every module concentrates on a particular
aspect of the actions of the student, and tries to solve a different well-defined
problem. Therefore, every module filters the data provided by the environment
to use only those that are needed, and uses different AI techniques adapted
to the particular problem that it solves. Given the unstructured nature of the
data provided by most microworlds, the specificity of the computational analysis
modules eases their development. As an example, the computational analysis
modules used in MiGen are summarised in Table 1.

This focus on small, specific problems also facilitates the reuse of modules
among systems based on different microworlds. Although there is always a cer-
tain level of coupling between the analysis module and the microworld, modules
that tackle well-defined and general problems can be used across different sys-
tems. For example, the construction evaluation module has been reused from
previous work on a microworld called ShapeBuilder (c.f. [21]).
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Apparent Solution
Detector

Returns true if the construction on the screen has the same
appearance as a solution.

Construction Eval-
uator

Given a set of expected solutions and common mistakes,
returns a similarity measurement to each of them

Rhythm Detector Detects rhythm in the actions of the student, because
rhythmic repetition of patterns can give an understanding
of implicit structures in the students’ minds [20]

Clutter Detector Detects spurious elements in the construction of the stu-
dents, that may distract them in their thinking

Generality Verifier Verifies whether the solution given by the student is able
to generate all possible expected patterns. If yes, returns
true; if not, returns a counterexample.

General Rule Veri-
fier

Returns true if the rule (i.e. formula) provided is always
valid

Inactivity Detector Detects students’ inactivity
Unlock Detector Detects whether students are using at least one variable

(i.e. unlocked number)

Table 1: Computational analysis modules in MiGen.

3.3 Aggregation layer

The output of the different modules on the computational analysis layer is frag-
mented and unsuitable of being used directly for providing feedback. There is
a need for an additional layer that interprets the combination of the output of
the different modules.

This aggregation of information happens on the third layer. There can be
more than one aggregation components, each of them using the output of mod-
ules from the lower layer and/or the information of the student model, each of
them dealing with different aspects of the feedback.

In MiGen the aggregation requirements have been derived by a knowledge
elicitation process, more details of which are provided in [22]. In our case,
the aggregation layer is implemented using a rule-based approach, as it fits
implemented a rule-based aggregation module because it fit our requisites and
it is easier to maintain and scrutinise, at this stage. The layer takes the output
of the modules in the layer underneath and follows a series of rules to produce
a feedback class that can be sent to the feedback layer.

An example of such a rule takes the output of four different modules: Appar-
ent Solution Detector, Construction Evaluator, Unlock Detector, and General
Rule Verifier. The output of the first three is combined to check that the stu-
dent has built a construction that looks like a solution, that the construction
is very similar (maybe equal) to one of the expected solutions to the task, and
that they have already unlocked some numbers (so that the eXpresser can show
several instances of the construction). Then, if in spite of all this, the final ex-

5



PR
E-

PR
IN

Tpression is not correct, a feedback strategy StrategyGeneralRuleFromLocalRule
is called. The feedback layer produces then a common heuristic to find it, e.g.
the general rule can be found by adding all the local rules that the student has
created. Input to the rules comes from the analysis modules and from the user
model. Rules can either produce calls for an abstract feedback strategy (to be
instantiated at the upper layer) or update the student model.

When several rules fire simultaneously, there must be a policy of priorities
between them. For the sake of space, the interested reader is referred to [23] for
our multi-criteria decision approach.

3.4 Feedback layer

The last layer of the architecture is the feedback layer. This layer is responsible
of producing the actual feedback that will be presented to the student based
on the output of the other three layers plus the student model. The feedback
layer combines the output from the aggregation layer (i.e., the feedback strategy
to be followed) and the information in the student model (i.e., characteristics
and other historical information with regard to their short-term interaction) to
create an adequate instance of the feedback to be presented.

In MiGen, this layer takes care of presentational aspects (e.g. appropriate
location of feedback and use of figures) and student adaptation (e.g. not present-
ing recent feedback, co-locating images and text with current constructions). In
particular, inspired by the typical approaches in the field, the feedback layer
is responsible for scaffolding consistent with the principles discussed in [24].
Accordingly, the feedback layer adapts the phrasing of the feedback in order
to provide gradually more specific help but not more than the system’s belief
about the minimal help required to ensure progress. In our implementation
this is achieved by grading the feedback according to the following four types:
‘nudge’ questions, comments, suggestions, and interventions.

’Nudge’ questions are rhetorical questions designed to draw students’ atten-
tion to a specific aspect of their construction or a recent action that might have
introduced a problem (e.g., ‘Did you notice how this [↓] changed when you un-
locked the number’?). Comments provide a factual remark on the current state
of the microworld or of the students’ problem solving process towards a specific
task (e.g. ‘The pattern cannot be animated, there are no unlocked numbers’).
Suggestions provide a direct hint towards a plan or an idea proposed for the
students’ consideration (e.g., ‘It seems you are repeating this building block
[image]. Try to make the pattern using this [image].’). Finally, the last level,
usually consists of a direct action in students’ canvas, designed either to help
them improve their construction or to change something that might help them
think what to do further. Again, these were co-designed by the research team
with teachers. More examples and specific details of strategies appear in [22].
We intend that in the future it will be possible for teachers (or appropriate task
designers) to define their own scaffolds.
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Our particular challenge arises from the fact that a complete interaction with
the microworld requires a significant amount of time. Students need to be intro-
duced to the system through tutorial sessions, and subsequently interact with a
variety of tasks. This introduces a variety of issues which are difficult to control
or factor out. These and other general problems have been discussed in detail
(e.g. [9]). Our concern lies both in a ‘cause attribution’ problem (that is, the
difficulty to identify what to regard as the cause behind unexpected results)
and the need for early detection of errors. For example, students’ interpretation
of feedback, particularly in such a complex environment, is full of confounding
factors varying from interface (e.g., the look and feel of the messages) to techni-
cal issues (e.g., a wrong weight in an algorithm), and from cognitive (e.g., their
perception) to educational (e.g., the design of the pedagogical strategy of the
system). Waiting until the whole system is assembled to detect this problems is
extremely costly: detecting the causes of problems is difficult, and their resolu-
tion may need at that stage an amount of resources that is not available. Early
and focused detection of problems is crucial.

This requires following a layered evaluation methodology (c.f. [14]), which
closely matches our development approach and compartmentalises the scope of
the evaluation. The layered separation of scopes means that components of each
layer can be tried individually for testing their basic functionality, before they
are integrated in the holistic evaluation scheme for the whole system. This is
summarised on Table 2. In MiGen in particular, our approach to evaluating the
system is driven by data from students’ interactions that are replayed to ‘simu-
late’ students’ actions and an adaptation of traditional wizard-of-oz techniques,
as explained in [22].

The first layer refers to the evaluation of the microworld itself. In our ap-
proach we assume that this has been conducted in advance, ensuring that it
achieves an appropriate level of usability. Otherwise, it might compromise the
purpose of the whole system. Accordingly, it must be checked that the mi-
croworld is adequate for its pedagogical purpose; that is, that the metaphors
used clearly express the concepts involved and do not favour misconceptions in
the student’s mind.

The computational analysis modules need to be tested in two steps. The
first step involves only technical skills, and consists of white-box and black-box
tests that check that the functionality of the modules agrees with their specifi-
cation. A series of scenarios has to be generated by the development team to
test the modules. These scenarios can be gathered directly from real studies,
but some situations (e.g. if the microworld is being developed in parallel) may
require the use of scenarios based on artificial data. The second step involves
additional elicitation of knowledge from pedagogical experts through a process
of gold-standard validation: several scenarios are shown to experts, asking them
for a diagnosis; their answers are then checked against the answers given by the
modules, testing their accuracy (see an example related to the Construction
Evaluator module on Figure 3). Depending of the nature of the analysis mod-
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Layer Responsibilities Experts in-
volved

Evaluation Dependencies

M
ic

ro
w

o
rl

d Direct interaction with
the student, providing a
certain level of freedom.
Provision of integrated
feedback. Output: log of
actions

Pedagogical in
design, techni-
cal in imple-
mentation.

Pedagogical
validity, us-
ability and
HCI

Does not use
the output of
other layers.
Can be tested
independently.

C
o
m

p
u
ta

ti
o
n
a
l
A

n
a
ly

si
s Analysis of student’s ac-

tions Output: variable,
depending on ITS module

Technical Whitebox
and blackbox
evalua-
tion. For
some mod-
ules, gold-
standard.

Uses the out-
put of the
microworld.
Depending on
the module,
gold-standard
validation can
be performed
independently
or needs to be
tested along with
microworld.

A
g
g
re

g
a
ti
o
n Aggregation of the output

of the computational anal-
ysis modules to generate
feedback strategy classes.
Output: feedback strat-
egy classes

Technical Sensitivity
analysis.
Gold-
standard.

Uses the output
of the two for-
mer layers and
the user model.
Can be tested in-
dependently.

F
ee

d
b
a
ck Generation of expressions

of feedback based on feed-
back classes and informa-
tion from the user model.
Output: all expressions of
explicit feedback for the
student.

Pedagogical in
design, techni-
cal in imple-
mentation

Gold-
standard
valida-
tion using
wizard-of-oz
techniques

Uses the output
of the other
layers and the
user model.
Can be tested
independently.

Table 2: Evaluation of intelligent support on every layer
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Tules, gold-standard validation is not always needed, e.g. there is no subjective
decision in the output of the Unlock Detector module.

Figure 3: Gold standard evaluation of the Construction Evaluator. Pedagogical
experts are asked which figures are the most and less similar to the first one.
Results are compared with the output of the Construction Evaluator module.

The aggregation layer is important to produce adequate feedback, and it is
paramount to check that the aggregation mechanism is robust. The effect of
varying the inputs of the underlying layers on the output of the aggregation layer
must be ascertained by following a form of sensitivity analysis. In MiGen we are
particularly concerned in the effect that different values stored in the student
model have on the feedback strategy proposed by the rule based system. This
demonstrates to us whether the layer lacks some pedagogical expertise. Addi-
tionally, we need to evaluate its output given the likely educational outcomes
according to pedagogical experts.

The feedback layer is responsible of directly interacting with the student.
Therefore, it involves a lot of subjective aspects regarding feedback, that need
to be evaluated with the help of pedagogical experts. There is an important
obstacle at this stage: experts find it difficult to accommodate their expertise
to the medium, e.g. teachers are experts in providing feedback to students face-
to-face, but the communication capacity of a computer-based system is much
lower than that. We have developed a process to gradually accommodate the
feedback techniques that human experts follow into a computer interface; a
detailed explanation of our Communication Capacity Tapering methodology is
provided in [22]. As a result of this process, a series of scenarios is produced
where the feedback provided by human tutors can be compared to that provided
by the system in the same situation (defined by a feedback strategy and the
information in the user model), thus detecting differences.

Once this formative evaluation process of the different layers has been com-
pleted, the different components can be assembled together. This enables a
summative evaluation, which assesses the pedagogical validity of the whole sys-
tem.

5 Conclusions and Future Work

This paper presents an approach to designing and evaluating intelligent support
in exploratory environments — and microworlds in particular. The approach
increases the tractability of the solution by defining four conceptual layers that
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cerns has three advantages. First, it allows parallel development of different
aspects of the intelligent support. Second, it facilitates the communication be-
tween researchers in interdisciplinary teams. In MiGen, this allowed the different
researchers to concentrate in a problem of their expertise at a time. Finally,
and most important, early evaluation of separated components results in a more
robust and useful system before evaluating the whole system with students in
classrooms. At that point, detecting and correcting problems in such a complex
system can be difficult at best and too costly at worst. As an added benefit, a
layered approach facilitates the reuse of components between systems. Modules
tackle very well-defined and general problems, so they can be useful for different
systems. Nevertheless, we plan to study the possibility of using our modules in
other systems. Reuse of intelligent components in microworlds is a process that
is not well understood and demands further investigation.
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