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PREFACE 
The present document is the result of a study performed within the SAFE project. 
SAFE is a R&D project partially funded by the CEC under contract P7061 within 
the Exploratory Action of the DELTA programme. In total 15 partners are 
involved in the SAFE consortium1

• 

The major objectives of the SAFE project are: 
a) to define the architecture of a standardised workbench for the development of 

technology based learning material, 
b) to explore the potentials of specific types of open learning material and to 

define the tools that are required to develop open learning material, 
c) to explore and define tools that may support all phases of the development of 

learning material. 

Within SAFE the subproject SIMULATE concentrates on simulation based learn
ing material. Based on an exploration of the requirements and functionalities of 
simulation based learning environments, the SIMULATE project aims at defining 
an integrated set of authoring tools for the construction of simulations embedded 
in an intelligent learning environment. 

The SAFE partners directly involved in SIMULATE are: Courseware Europe 
(The Netherlands), University of Leeds, University of Lancaster (UK), TIFSA 
(Spain), University of Amsterdam, Eindhoven University of Technology (The 
Netherlands), and Philips TDS (Germany). 

The general topic of SIMULATE is learning and instruction with computer simula
tions and even more specifically, authoring for learning and instruction with com
puter simulations. 

1These partners are: Philips TDS (BRD, prime contractor), Courseware Europe (NL), HCI 
Centre (UK), Ernst Klett Verlag (BRD), ECC (NL), University of Twente (NL), Technical Univer
sity of Denmark (DK), University of Amsterdam (NL), Eindhoven University of Technology (NL), 
TIFSA (E), University of Leeds (UK), University of Lancaster (UK), Computer Technology Institute 
(GR), Office Workstations Limited (UK), University College of Galway (IRL), Argus Elsevier (NL), 
and Philips Holland (NL). 
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Computer simulations are seen as a vehicle for acquiring knowledge and skills 
in an active way, by providing the learner an exploratory environment. In this 
respect computer simulations used in an educational environment are different 
from general courseware, because they are not aimed at substituting the individ
ual, experienced, teacher, but offer new teaching opportunities. 

Starting point of the project is the observation that in order to be effective, 
simulations require the presence of an instructor to monitor the performance of 
the student and to provide support, both directive and non-directive. For open
learning situations this would mean embedding the simulation into an adaptive 
learning environment, capable of functioning in the above respects as a human 
tutor. 

The SIMULATE subproject will deliver requirements and (global) specifica
tions for an authoring environment (also) called SIMULATE (SIMULation Autho
ring Tools Environment), that can be used to create simulations embedded in an 
intelligent learning environment. In this document a simulation with such an envi
ronment will be called an ISLE (Intelligent Simulation Learning Environment). 

The subject of the present document is the description of information relevant for 
the different components that will constitute an ISLE. The document therefore has 
the character of an inventory. A parallei document (Tait (Ed.), 1990) presents an 
inventory of tools and techniques to develop and implement these components. 

The present document is composed of 6 chapters. The first chapter presents a 
conceptual framework for instruction and learning with computer simulations. This 
chapter forms the basis for the rest of this report. It distinguishes four design 
components, components that need to be present in an ISLE: domain 
models/simulations, learner characteristics, instructional strategies, and the learner 
interface. Chapter 1, the conceptual framework, also sets a number of themes, that 
characterize the use of computer simulations in an instructional context: simulation 
models, learning goals, learning processes, and learner activity. 

The design components will each be discussed in a separate chapter (3-6). 
First, however, Chapter 2 presents a short introduction into the four themes men
tioned above. These themes will be taken into account in the discussion of each of 
the design components. The deliverable will end with an Annex that gives a des
cription of a number of simulations as used in an industrial context. 

The present document covers new territory, which means that there is too less 
background in literature (both theoretical and empirical) to give answers to all 
questions raised. When necessary we have included ideas and suggestions in the 
document. We hope that, despite these problems, we have succeeded in giving a 
more structured overview of the field of learning with computer simulations, thus 
providing a background for other activities within the SIMULATE project. 
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This final deliverable replaces the intermediate deliverable with the same title and 
working documents that have been produced in SIMULATE workpackage I up 
until now. 

Contributing authors to the present report are (alphabetically): Jos van Berkum, 
Javier Figuera, Jose Garcia, Peter Goodyear, Hans Hijne, Robert de Hoog, Ton 
de Jong, Wouter van Joolingen, Melanie Njoo, and Frits de Vries. The prepara
tion of this report was accompanied by numerous spirited discussions in the cons
ortium, both in meetings and by email. We therefore like to thank our colleagues 
not directly involved in the workpackage that constitutes the present deliverable 
for their contribution: Ken Tait, Malcolm Byard (ULE), John Self, Michael 
Twidale, Robin Johnson, Michael Pengelly (ULanc), Willem Bulthuis, Hans 
Schuttenbeld (Philips), Jordi Castells and Jose-Luis Abreu (PIE). We also like to 
thank Wim Vaags (EUT) for providing us with detailed comments on the chapters 
1, 3, and 5. 
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1 LEARNING AND INSTRUCTION 
WITH COMPUTER SIMULATIONS 

Ton de Jong 

Eindlzoven University of Technology 
Department of Philosophy and Social Sciences 
& 
University of Amsterdam 
Department of Social Science Informatics 

Abstract 

Computer simulations are used in many contexts, such as what-if-analysis, experimentation and 
education. The topic of the present document is the use of computer simulations in instruction. 
Instructional use of computer simulations has four characteristics: 

• Presence of a formalized, manipulable model; 
• Presence of learning goals (such as conceptual or operational knowledge); 
• The elicitation of specific learning processes such as hypothesis generation and testing; 
• Presence of learner activity (learners can perform manipulations with the model). 

These four characteristics together confine our view on instruction and learning with computer 
simulations. The related topic of modelling shares the above mentioned characteristics with simulat
ion, but has an additional one: 

• Possibility to interfere with the properties of the underlying model. 
Applying simulations in instruction is important for a number of reasons of which probably the most 
important one is that learners will be engaged in active exploration and learning, an approach which 
is advocated in modern instructional/learning theories. Creating hypothetical realities or changing 
time scales in simulations might sustain this learning approach. Additional reasons for using simula
tions are, amongst others, the possibility to create situations that are unacceptable in reality for 
reasons of danger, costs or time. 
Learning through exploration puts high cognitive demands on learners. This may result in non 
efficient and non effective learning behaviour, where students will start floundering and groping and 
do not use the opportunities the simulation environment offers. Therefore, it seems that support is 
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needed if learning from simulations is to be effective. This support can be given by an Intelligent 
Simulation Learning Environment (ISLE). 
An ISLE provides an instructional environment around simulations. It comprises a large amount of 
information that can be grouped into the four 'classical' ITS headings: domains, learners, tutors and 
interface. A framework for describing this information is found by combining the four characteristics 
of instructional use of simulations with the four ITS components. The resulting 16-cell matrix pro
vides the organization of the present document. Four chapters will each discuss one of the four 
design components: domains, learners, tutors and interface. In this discussion they will use as leading 
thread (themes) the four characteristics of simulations in an instructional context: models, learning 
goals, learning processes and learner activity. 

1.1 Introduction 

This introductory chapter provides a framework (organizer) for the rest of the 
present report. It starts by defining the subject to be studied within the SIMU
LATE (sub )project: the use of computer simulations in an instructional context. 
Then the relation between this paper and results from other workpackages within 
SIMULATE is discussed. The chapter proceeds by presenting a conceptual frame
work, in which the contents of the present document are organized and a short 
preview to the results of our inventory. Finally it will state the global organization 
of the chapters that follow. 

1.2 Computer simulations in an instructional context 

Nowadays, prevalent theories state that in the learning process the learner is ac
tively involved in constructing and reconstructing his/her knowledge base 
(Anderson, 1983; Rumelhart & Norman, 1981; Rumelhart, 1980). This finds its 
reflection on the teaching process. Contrary to traditional ways of teaching in 
which the learner was viewed as an 'empty box' into which knowledge could be 
poured, new approaches stress the active role of the learner and the importance of 
his/her foreknowledge. This change in teaching attitude includes a change in 
learning goals from reproduction of knowledge to deep understanding of a domain 
and to transferrable knowledge. However, the activity level of the learner goes 
together with an increasing complexity in the inference processes involved, and 
thus poses additional problems for the learner. Michalski (1987) describes a num
ber of these learning strategies and the related inferences requested from learners. 

Some forms of Computer Assisted Instruction are well suited for this teaching 
and learning approach. The use of hypertext-like systems is such an example. 
Here, learners are encouraged to explore a domain under study or to construct 
representations of a domain. An example of this is Learning Tool (Kozma, 1987). 
A second example of CAI that supports active learner behaviour, is simulation 
based learning (Hall & Layman, 1987; Miller, 1984; Rivers & Vockell, 1987, 
Woodward, Carnine & Gersten, 1988). Here, learners also actively explore a 
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domain, but now by even changing input values for a model of the domain. The 
advantages of simulation based learning are recognized by authors of courseware 
as was shown in a recent Dutch survey (de Jong, 1990). This study showed that of 
the courseware used in higher education in the Netherlands about 50 % was indi
cated as being simulation based. Other references indicate the increasing use of 
computer simulations in a number of domains such as economics (Robinson, 
1985). A closely related field is the field of microworlds (see e.g. Peterson, Jungck, 
Sharpe, & Finzer, 1989). A microworld can be seen as a computer environment in 
which learners may exhibit exploratory behaviour within a set of well defined 
microworld boundaries. Originally, these boundaries were not domain determined, 
the best example of these are LOGO (see e.g. Papert, 1987), and Boxer (diSessa 
& Abelson, 1986; though Boxer is more suited for modelling specific domains). 
The concept of microworlds, however, is nowadays also used for models of 
domains, thus creating a vague boundary between microworlds and simulations. 

1.2.1 Characterizing instructional use of simulations 

Computer simulations are used in many contexts, such as what-if analyses, experi
mentation and instruction (see McLeod," 1989). Even within the context of instruct
ion, however, the interpretation of the concept simulation and its use may differ 
widely (Cunningham 1984; de Jong, 1990; Gredler, 1986; Reigeluth & Schwartz, 
1989). It is therefore that we will start by defining the subject to be discussed in 
SIMULATE, this means our definition of instructional use of computer simulations, 
which does not include all types of definitions of simulations and not all descrip
tions of instructional use of simulation. 

In our view, instructional use of computer simulations has four characteristics. 
These characteristics are now discussed briefly, but will receive full discussion in 
Chapter 2. 

a. Presence off ormalized, manipulable underlying models 
By computer-based simulation is meant that a phenomenon, a process, a sys
tem or an apparatus (or whatever it is that is being simulated) is formalized 
into a model and implemented as a computer program. This model may have 
a qualitative character, or a quantitative one (or both). For a quantitative 
simulation, independent variables, dependent variables and parameters are 
combined into a numerical model, for qualitative simulations the model will 
not be purely numerical, but the components of the model and the relations 
between them will be represented symbolically or structurally. The underlying 
models may range from simple to very complex models. It is essential that the 
output of the program is calculated or inferred from the implemented model 
as a reaction to input from the learner. 
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For some simulations not only the underlying model but also the proce
dures of input and output to the model can be regarded as essential to the 
'real world' that has been modelled (an example of this is Flight Simulator). 

Some courseware programs (notably in the field of medicine) present the 
learner a number of steps from a certain operation or procedure, and the 
learner is asked questions at each step; the 'model' and all the values in it is 
fixed, no calculations at the basis of the model is taking place. For this reason, 
we will not regard these kind of programs as simulations. Gredler ( 1986) 
denotes these kind of programs as 'drill and practice'. We also exclude what is 
sometimes called 'computer-assisted simulations' (Coote, Crookall & 
Saunders, 1985). Here, the simulation is performed outside the computer, and 
the computer is only used to process data if necessary. This kind of use of 
simulations is frequently seen in instructional setting that also require a social 
context. 

b. Presence of learning goals 
Second, the simulation has to be used to obtain a certain learning goal. These 
goals can be of different types: 

• Knowledge about the underlying model, conceptual knowledge. 
• Attainment of specific procedures, i.e. operational knowledge. These might 

be cognitive skills (e.g. problem solving in a specific domain) or 
psychomotor skills (e.g. learning to fly). 

• Knowledge acquisition knowledge, i.e. knowledge of the process that takes 
place while learning with the simulation (e.g. experimentation and subproc
esses). 

We distinguish instructional goals from learner goals2
, the first one originating 

from an instructor/teacher, the second one belonging to the learner. In a 
normal teaching situation the teacher will try to minimize the distance 
between instructional goals and learner goals. 

The use of the simulation merely as a tool or calculating device (as is fre
quently done in instruction) is therefore not accounted for as the use of simu
lations in an instructional context. Also learning to use the simulation as a tool 
or calculating device is not a subject of research within SIMULATE. The 
instructional goal also excludes games that are merely meant for gaining pleas
ure (e.g the Apple Macintosh games DARK CASTLE and BEYOND DARK 

2when, in the discussion, we don't want to distinguish between instructional and learner goals, 
we will use the term learning goals (see Chapters 2 and 5). 
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CASTLE, are clearly based on 'world models', they have however no clear 
instructional goal). 

c. Elicitation of specific learning processes 
Third, and this is a cardinal characteristic, the simulation must be used to 
invoke specific learning processes characteristic for exploratory learning (such 
as hypotheses generation) with the learner. The path to the learning goal thus 
leads through these learning processes. The learner can generate his/her own 
hypotheses and test them subsequently. This constructive approach is generally 
accepted as an efficient way to acquire knowledge, both operational and conc
eptual. Other learning processes such as planning, monitoring and control play 
a supporting role in the learning process. However, as we indicated above, 
they can also become the objective of the instruction. 

Of course, this characteristic of learning with computer simulations is not 
distinctive. Other instructional means exist that might be used to provoke 
these learning processes. We think, however, that computer simulations are 
especially suited for it. It is therefore remarkable that this characteristic of 
simulations is hardly ever mentioned in standard books for designing course
ware (e.g. Hannafin & Peck, 1988). This characteristic excludes those situ
ations in which the learner (for example because of a lack of necessary con
ceptual background) is forced into random manipulation. 

d. Presence of learner activity 
Fourth, there must be some level of learner activity. This means that the 
learner must actually manipulate something at the simulation, e.g. setting of 
input variables and parameters, choosing of output variables, attaching mea
suring devices etc. 

This characteristic excludes those situations in which the simulation is merely 
used as a demonstration device. 

These four characteristics together describe the instruction/learning situation that 
will be discussed in this deliverable. A very related type of instruction/learning is 
modelling. Such an environment shares the above mentioned characteristics with 
learning with a computer simulation but has one additional characteristic: 

e. Possibility to interfere with the properties of the underlying model 

Another way in which the learner may manipulate a simulation is called 'mod
elling'. Here the learner may not only vary the values of variables and param
eters, but may also interfere with the properties of the model (Ross, 1986; 
Goodyear, 1987; Ogborn, 1985). The learner may add, delete or modify the 
variables and parameters in the model, or the relations between them. In 
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modelling the learner task may be to make the simulation work in such a way 
that for a specified set of inputs the model gives outputs that resemble those 
of the simulated reality. 

This last method of model building is more closely related to the way simu
lations are utilized in scientific research; in the simulation, however, the 
model remains as it is. 

The core of the SIMULATE project is aimed at simulation and not directly at 
modelling. This, however, does not mean that we will not discuss this related topic 
whenever necessary. Moreover, we can see that the boundary between simulation 
and modelling is getting blurred. This holds for qualitative simulations, but also 
for quantitative simulations in which the learner is offered a number of elements 
that he can use to create a simulation. The simulation language EXTEND, for 
example, offers libraries of elements, for example for building electronic devices, 
that the learner might pick up and configure. If the learner, for example, includes 
a resistor in an electronic device, he does not really change the fundamentals of 
the model. It is not clear whether this can be denoted as simulation or modelling. 
The same argument holds for systems such as ELAB (Bocker et al., 1989) and 
IMTS (Towne, Munro, Pizzini, Surmon & Wogulis, 1988). Perhaps, the best 
approach is to take into account the leatning goal. If the learning goals is to learn 
a specific circuit, than adding elements is modelling. However, if the instructional 
goal is knowledge of the basics of electronics, than the insertion of an element is 
simulating. 

1.2.2 Why use simulations in instruction? 

The previous sections stressed the relevance of computer simulations for instruc
tion because of the learning processes they might evoke with learners. In fact we 
think that this is one of the most important characteristics of simulations, since 
learning goals are attained through these processes. Many authors stress the 
affective appeal of computer simulations (e.g. Ratchford, 1988). Hebenstreit (1987) 
states that a computerized simulation creates a 'world' in between reality and 
some abstract model of it; this intermediate layer may help the learner to bridge 
the gap between reality and the model. Dekkers and Donatti (1981) list a (large) 
number of claims made for the use of simulations in instruction: improvement of 
motivation, enhancement of cognitive learning of factual information, better un
derstanding of processes, improvement of critical thinking skills, improvement of 
transfer of learning to other situations, development of favourable attitudes to 
social issues such as the conservation of the environment, development of a more 
positive attitude towards learning and the instructional process, development of 
communication and social skills, improvement of classroom climate, enhancement 
of teacher flexibility, and providing teachers with a greater sense of their own 
worth. 
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Additional reasons for using simulations in instruction refer to economic 
and/or other objections or difficulties to learning in a real life situation; here the 
following more 'practical' reasons may be given for using simulations as an in
structional device: 

a. Training on the job can be expensive or time-consuming; 
b. Training on the job can be dangerous with respect to man, environment 

and/or material. 
c. In simulations one can introduce disasters so that the trainee can learn to 

react to them. 
d. Sometimes, training on the job can be highly stress invoking. 

Also, simulations offers opportunities that are helpful in the process of learning 
and understanding: 

a. In simulations the time-scale can be changed: real processes can be slowed 
down or speeded up to have an acceptable time of instruction; 

b. In simulations a hypothetical reality can be created, e.g. a simplification of the 
reality; 

Simulations thus seem to have many advantages for use as an instructional device. 
However, it is also clear that learning by means of simulations puts a high cogni
tive demand on the learner. As was shown earlier in this section simulations may 
range from very simple models to very complex ones. Also the associated input/
output procedures may be very complex. Learning these models and procedures by 
simply exploring alternatives may be very unfruitful. Learners may become 
involved in making changes randomly instead of purposefully manipulating var
iable and parameter values, and there is a chance that especially weak learners 
may derive little benefit from the simulation (see for example Lavoie & Good, 
1988). Other work (e.g. Bork & Robson, 1972) has shown similar results. Howe
ver, students can also be too much passive, not using the opportunities that the 
simulation environment offers (Njoo & de Jong, 1990). De Jong and Njoo (1990) 
offer a short overview of problems that learners might encounter in exploratory 
learning. Anyhow, it seems clear that support is needed if learning from simula
tions is to be effective. Sometimes, this support is provided by human tutors, but it 
could also be given by a computer learning environment, which is the research 
topic of the SIMULATE project. 
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1.3 Authoring for computerised instructional environments for simul
ations: an overview of the SIMULATE project. 

The topic of SIMULATE is authoring of simulations embedded in intelligent instruc
tional environments (ISLE's). This topic has two elements: the components that 
constitute such a learning environment and the tools and techniques to create and 
integrate these components into a learning environment. SIMULATE3 is the 
authoring workbench that will contain all the means (tools and methodologies) 
necessary to create an ISLE that can then be presented to a learner. The present 
paper is about the first element, it describes the components. A parallel paper 
describes the tools (Tait, 1990). 

In this respect Tait (1990) describes the development perspective (how can we 
help authors by providing tools and guidelines), whereas the present document 
describes the learners perspective. Or to put it different again: We describe the 
demands, whereas in Tait (1990) the possibilities are described. Both papers have 
an inventory-type character. 

In a following document (de Jong & Tait, 1990, see also de Jong, Tait & van 
Joolingen, 1990) these two approaches are combined into what we have called the 
fonnalisation activity. In this activity we strive to develop a more structured lan
guage for describing the information that is now described in natural language. 
The structured language will help to reduce the gap between natural language and 
programming languages. An important aspect in this is also that in the 
formalisation we try to identify basic conceptual entities (see De Jong, Tait & Van 
Joolingen, 1990). 

These inventory reports (adopting a descriptive approach) constitute the basis for 
other activities within SIMULATE that have a more normative approach. A separ
ate document will prescribe, as far as possible, how to teach with simulations 
under specific circumstances. These results will be used to create mock-up's or 
prototypes of ISLE's. Another subject within SIMULATE is the lay-out of a devel
opment methodology, that (as will the tools) sustain the author in creating ISLE's. 
Finally, we will state requirements and (global) specifications for SIMULATE. 

1.4 Instructional environments and simulations 

There is a recent appearance of a number of learning environments that present 
the learner a simulation together with some kind of support. Some of these are: 
QUEST (troubleshooting of simple electronic circuits; White & Frederiksen, 

3The acronym SIMULA TE is used for the project as well as the resulting authoring workbench. 
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1987), STEAMER (operating a steam propulsion plant, Hollan, Hutchins & 
Weizman, 1984), MACH-III (maintenance and trouble shooting of a complex 
radar device; Kurland & Tenney, 1988), IMTS (troubleshooting in complex 
devices; Towne, Munro, Pizzini, Surman, Coller & Wogulis, 1990) and Smithtown 
(microeconomics; Shute, Glaser & Raghavan, 1989; Shute & Glaser, 1990). 

Despite these recent developments and despite the fact that numerous simula
tions are used in instruction, there is still very little research on how to support 
learners in exploratory learning (see e.g. Lesgold, 1990). 

ISLEs (Intelligent Simulation Learning Environment) as we envisage them contain 
a simulation together with advanced help, hints, explanations and tutoring facili
ties. This environment may offer the learner a 'guided tour' through the simulation 
tailored to his/her specific instructional needs. 

An elaborated functional architecture of ISLEs can be found in Hijne & van 
Berkum (1990). The different components in an ISLE can be summarized into 
four components along the lines of defining modules as it is 'traditionally' done in 
ITS literature (see e.g. Duchastel, 1988): domain module, learner module, teaching 
module, and learner interface module. The four resulting components are therefore: 

1. Domain 
The basis of a simulation is some type of model of the domain. These models 
may differ on a variety of dimensions, e.g. the number of parameters, number 
and type of relations, static vs. dynamic, qualitative vs. quantitative relations 
(Gredler, 1986; Welham, 1986). 

A representation of the domain is strongly related to the model and its 
characteristics; this domain representation can be used not only to form the 
simulation but also to function as basis for the support component of the 
ISLE. 

2. Learners 
Learners will display a number of cognitive and non cognitive characteristics 
that have significance for interacting with (tutorial embedded) simulations. 
These characteristics range from domain knowledge described in generic 
terms (de Jong & Ferguson-Hessler, 1986; Ferguson-Hessler & de Jong 1987), 
through learning processes used (Ferguson-Hessler & de Jong, 1990; Njoo & 
de Jong, 1990), to, for example, self-control (Glaser & Bassok, 1989). An 
intelligent simulation learning environment will need to adapt the instruction 
to individual differences in these characteristics of the learner, to his/her mis
conceptions, and to the knowledge base of the learner as it develops during 
the learning process. Knowledge of these learner aspects provides the basis 
for learner modelling (Self, 1987; 1988a) in an intelligent learning environm
ent. 
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3. Tutors 
An intelligent tutoring system needs knowledge on tutoring and help facilities. 
In the field of simulations several general tutoring approaches can be taken, 
e.g. coaching, learning by diagnosis (Woolf, Jansen, Blegen & Verloop, 1987), 
or going from qualitative to quantitative models (White & Frederiksen, 1987 
a,b). 

4. Learner interface 
Learner interfaces have a double function. They have to be designed in such 
a way that the output of the system is understandable to the user, and that the 
user may easily transform the actions he has in mind into inputs for the sys
tem (Norman & Draper, 1986). Screen output for simulations may range from 
tables to full graphical output. Some of the man-machine interface aspects 
have a more general character that has to be specified to working with simula
tions (e.g. direct manipulations), whereas others are more specific for simula
tions (e.g. the fidelity of the interface, meaning the relation of the interface to 
reality). Within the project we will mainly focus on those interface aspects 
that are specific for learning with simulations (see also Symons, 1985). Also 
knowledge on how and when to present help (to be distinguished from supp
ort, see Carroll & McKendree 1987), and what type of help is required to suit 
particular local needs has to be pre'!ient. 

1.5 A conceptual framework 

The contents of the present deliverable is sketched along a conceptual framework, 
which combines the design components of an ISLE with the characteristics of 
instructional use of simulations as presented in Section 1.2.1. These characteristics 
are indicated as themes in the following discussion. 

The main body of the present paper is the discussion of each of the four design 
components of an ISLE: domains, learners, tutors, and learner interface (Chapters 3-
5). In discussing a design component reference will be made to the relation of the 
component to all four themes: simulation models, instructional goals, learning proc
esses, and learner activity. However, each theme has a more direct relation to one 
of the components and thus this theme will receive a more elaborate discussion 
than the other themes for that specific design component. In order to present the 
reader an organizer, all four themes will be receive a short outline in Chapter 2. 

Chapter 3 gives an extensive overview of the design component domains. This 
design component is closely related to the theme models for simulations. This 
theme will therefore receive a full handling in presenting all types of models on 
which simulations can be based. The chapter also presents a discussion of charac
terizations of simulations as found in literature. The other three themes will be 
given a short discussion in Chapter 3, of course in relation to domain models. 
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Chapter 4 discusses learner characteristics relevant for learning with computer 
simulations. It will relate this design component to all four themes mentioned, but 
more specifically the theme learning processes is discussed. 

Chapter 5 gives an overview of relevant instructional strategi.es and actions. The 
theme instructional goals is of special relevance here. 

Chapter 6, finally, examines learner interface aspects, with a special attention 
for learner activity. 

DESIGN COMPONENTS 

domain learner instructional learner 
characteristics strategy interface 

models domain/ mental models progr. irrple- visualisers 
simulation misconceptions mentation multiple 
models views 

transparency 

learning models/ prior knowledge concept learn- goal decompo-

goals scenario's related skill ing sition tools 
exp. frame levels skill learning 

THEMES learning for 
transfer 

learning corrplexity self regulation hints/ learner in-

processes of domain self confidence suggestions struments 
learning atti- fault diagnosis 
tude 

learner handles on knowledge of giving con- input trans-
activity the model expl. learning straints parency 

environments guidance 

Table 1-1 A conceptual framework for a componential description of computer 
simulations in an instructional environment. 

Table 1-1 provides a diagram that depicts the contents of these chapters. The four 
columns represent each of the chapters. The characteristics from Section 1.2.1 are 
described as themes and can be found along the vertical axis. These themes pro
vide the basis for horizontal lines through the diagram. For each of the design 
components (domain, learner characteristics, instructional strategies and learner 
interface) some examples for each of the four themes are presented at the cells of 
the matrix. For exampJe, one of the subjects to be discussed under the theme 
models, for the design component learner characteristics, is the subject of mental 
models. A reJevant instructional strategy is for example: progressive implementation 
(especially when the models are complex models). For the design component 
learner interface subjects such as visualizers (how to externally represent elements 
from the model), multiple views (views on the model) and transparency will be 
discussed here. 
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The other cells of the diagram all provide examples of the subjects to be 
discussed at the combination of design component and a theme. Of course the list 
of examples given here, is far from exhaustive and inevitably, some subjects will 
cover more than one theme within a design component. The shaded cells indicate 
that the theme involved will receive extra attention under design component that 
is indicated. 

1.6 A development methodology aspect 

By describing design components and themes, the present deliverable provides a 
kind of 'reference book' for designers of instructional simulations. The framework 
may also help in identifying gaps in existing knowledge. In fact the framework 
specifies all the ingredients that will be used in the development process. 
Development processes are normally described in terms of information flows and 
life cycle models (see e.g. de Jong, de Hoog & Schreiber, 1988). We can indicate 
an information flow by superimposing it over the ingredients as indicated in Table 
1-1. Figure 1-1 depicts the framework with a time and/or information flow indi
cated by boxes, arrows, and shadows. It can be envisaged that this information 
flow, will repeat itself (at a different level) in each of the stages of a life cycle. 

The boxes, arrows and shadows from Figure 1-1 all refer to a development aspect 
that can be superimposed upon the framework. The development aspect refers to 
a flow of information, and a time schedule. In this respect it might form the basis of 
the to be developed design methodology. The information flow as it is included 
now is just an example of how it might look like, alternative designs are possible of 
course. 

The domain models and instructional goals are surrounded by a grey box to 
indicate that together this information is the starting point of instructional design. 
Sometimes, the author of courseware even can not influence the requirements laid 
out here; these are set by for example examination boards. From this information 
the learning processes needed can be inferred, and from there on information on 
these three design components regarding the prospective learners has to be 
gathered. At this stage the desired level of learner activity can be deduced from 
information on related learner characteristics and the learning processes. At this 
point the whole left big box (which we might call the situation box) is filled and 
the design of the instruction can start. This can be found in the big right box 
(which we might call the instruction box). Demands from the situation box are set 
for the instruction box, and possibilities in the instruction box put constraints at 
the demands from the situation box. 
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SITUATION BOX 

domain 
models 

teaming 
goals 

teaming 
processes 

learner 
activity 

t dem~ 
•----------- constraints 

Learning and Instruction 

INSTRUCTION BOX 

Figure 1-1 A development methodology superimposed on the conceptual framework. 

1.7 A preview and summary of the results of the inventory 

This report is meant to provide the SIMULATE project a background of informa
tion on all aspects of learning and instruction with computer simulations. There
fore, it contains the results of an inventory and survey of existing material. In 
trying to achieve a more structured overview of the field, the document presents 
quite a few classifications and introduces quite a lot of new and adapted termin
ology. The present section gives a preview to the most important issues of this 
document, and defines some of the terms used. 

The key topic of our work is learning with computer simulations. We assume that 
learning with computer simulations allows for attaining certain learning goals with 
models of domains by inviting the learner to perform specific learning processes and 
to perform certain learner activities. However, the second assumption is that, de
pending on characteristics of the learner (e.g. his/her experience with exploratory 
environments in general), support accompanying simulations is needed. We think 
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this support can be provided by a computer environment that we have called an 
ISLE (Intelligent Simulation Learning Environment). 

One can say, following Figure 1-1, that instructional design starts with a situation 
and tries to define instruction in order to give an answer to that situation. The 
situation consists of two main components: the domain with it's associated learning 
goals, and the learning processes and activities needed to achieve these, and the 
learners involved. 

Domain models show a variety of characteristics. The main distinction is 
between quantitative and qualitative models. Dependent and independent vari
ables in quantitative models are either discrete or continuous. If one of the inde
pendent variables is time we call a model dynamic, otherwise it is a static model. 
Next to variables, parameters play an important role in models. They can be 
either internal or external, static or dynamic, and deterministic or stochastic. Qual
itative models can be 'real' qualitative models where the model relations are 
stated in terms of propositions, or can be qualitative translations of quantitative 
models. Another important aspect of models is whether they have a procedure/op
eration associated with the underlying model. Procedures guide the interaction 
process with the underlying model. 

We will distinguished two main types of learning goals, which have a clear 
relation with characteristic of the model. First, we have conceptual knowledge as 
a learning goal. This learning goal reflects the characteristics of the underlying 
model as sketched above. Second, we have the learning goal of operational know
ledge, which is related to the procedure associated with the underlying model. 
These learning goals have two attributes: the level of domain dependency (do we 
like the learner to have his knowledge closely linked to a specific domain or to 
have it in domain independent form), and the level of 'compiledness', in other 
words how automated do we like the knowledge to be. These attributes do of 
course have their impact on how to design the instruction and what kind of 
models to offer the learner. How this exactly should be done is still a matter of 
research. A third learning goal has a somewhat different position than the first 
two and is related to the process of knowledge acquisition, in other words it is 
aimed at how to learn in an exploratory learning environment. A, very prelimin
ary, conclusion can be that exploratory learning environments are less efficient for 
learning facts and for knowledge in declarative form in general. 

Crucial to learning with computer simulations is that learning takes place 
through a process of exploratory learning. We have set an attempt to unravel what 
is involved in exploratory learning. This resulted in a multi level approach with 
learning processes described at different levels. At the highest level we will distin
guished the processes of 'orientation', 'hypothesis generation', 'testing' and 'evalua
tion'. Some of the processes at the second level are 'model exploration', 'predic
tion', and 'interpretation'. Also supporting processes such as 'planning', control' 
and 'monitoring' are very important in exploratory learning. However, what exactly 
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constitutes exploratory learning is to a great extend unknown (see also Lesgold, 
1990). 

Learner activity is closely related to learning processes and states all the 'mani
pulations' the learner may apply to the simulation, such as defining experimental 
settings, taking decisions in the interaction process, collecting data, choosing data 
presentation, and metacontrol over the simulation. This whole range of learner 
activities is only possible of course when the simulation model allows for it. 
Learner activity is distinguished from learner control. Learner control is the overall 
control a learner has over the instructional situation (such as choosing a particular 
part of the material to study or asking for a test or exercises), whereas learner 
activity only concerns the learners control over the simulation as such. 

A important actor in the instructional situation is the learner who brings all kinds 
of learner characteristics to the situation. Chapter 4 will illustrate that there is a 
large number of learner characteristics that have a possible relation to learning 
with computer simulations. Examples of relevant characteristics are: prior knowle
dge, cognitive style, and learning approach. An analysis of these characteristics 
suggested that it is possibly wise, not to give learners a pure simulation, with 
maximal freedom, but to have this freedom reduced by adding explicit guidance 
(or non-directive support) to the simulation. 

Adding guidance to a simulation reduces the freedom the learner has and thus 
reduces the chance of desired (exploratory) learning processes to show up. One of 
the ultimate tasks of the SIMULATE project is to find the optimum between the 
instruction and freedom and, perhaps even more important, to find those instruc
tional measures that elicit exploratory learning processes. Here we touch upon an 
important distinction that we have made: directive versus non-directive support. 
Directive support limits the freedom of the learner, for example by interrupting 
the student's interaction with the simulation and presenting him/her a tutorial, or 
by hinting the learner in a certain direction. Non-directive support does not reduce 
the learner's freedom, but supports him/her to carry out the actions that s/he had 
in mind, for example by providing the learner what we have called learner instrum
ents, tools for notation and inspection (such as scratch pads to note down hypothes
es). We will discuss directive support (guidance) primarily in the chapter on in
structional environments (Chapter 5), and non-directive support in the interface 
chapter (Chapter 6). 

Analyzing the instructional component (Chapter 5) we will find that when one 
looks at instructional strategies or principles used in existing 'exploratory environ
ments', these environments adopt a fairly eclectic approach, with most of their 
principles, however, borrowed form cognitive theory. 

Summarizing the results we can say that there seem to be two basic approach
es. The first one sees simulations (exploration) as only one of a number of poss
ible instructional approaches. Domain information contained in the simulation 
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may also be presented in another form. In this approach, exploration is alternated 
with other, more explanatory, forms of instruction or is embedded as just one 
phase of instruction in an instructional strategy. The second approach places ex
ploration in the pivot, and tries, by a number of measures, to smoothen the study 
process with the simulation. These instructional measures may range from present
ing a certain order of (increasingly complex) domain models, providing explana
tions of all kinds, or entering a Socratic dialogue. 

What becomes clear from surveying a number of instructional strategies and 
measures is that most of these strategies and measures do not provide a clear 
relation to characteristics of the domain/model involved and to characteristics of 
learners. 

In examining the learner interface for simulations (Chapter 6) first a distinction was 
made in showing the learner the model in an overt or covert way. The covert way 
is clearly more related to our traditional view on simulations, because here the 
learner has to induce the properties of the model from the input/output relations. 
In reviewing all the possibilities here, the distinction between physical, artificial, 
and hypothetical systems was adopted. Furthermore, the interface may sustain the 
study process by providing the learner learner instruments. These are facilities such 
as goal decomposition editors, hypotheses scratch pads, etc. Finally, the learner 
interface must be appropriate for learner activity (the manipulations of the simula
tion as such) to occur. 

1.8 Global organization of this document; a guide to the reader 

A detailed description of the content of most of the separate chapters of this 
deliverable was given in Section 1.5, the present section outlines a global overview 
of the document. 

The reader may study the document in two different ways. First s/he can 
follow the chapters in succeeding order. Chapter 2 then presents a summary of 
each of the four themes of learning with computer simulations. Each of the Chap
ters 3-6 presents information on a design component. The Annex finally discusses 
three simulators in an industrial context. 

A second way to study the document is to follow the themes through the 
chapters. Again Chapter 2 then presents an overview of the themes. The chapters 
3-6 each have sections discussing the themes in relation to the design component 
of the chapter. Table 1-2 presents an overview of the document indicating chap
ters and documents that address a design component, a theme or the combination 
of both. 
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DESIGN COMPONENTS 

domain learner instructional learner 
characteristics strategy interface 

(Chapter 3) (Chapter 4) (Chapter 5) (Chapter 6) 

models 3.2, 3.3, 4.5 5.5.1 6.5 
(Section 3.4, 3.7. 
2. 1) 

learning 3.8 4.6 5.5.2 6.6.1 
goals 

THEMES (Section 
2.2) 

learning 3.9 4.7 5.5.3 6.6.2 

processes 
(Section 
2.3) 

learner 3.9 4.8 5.5.4 6.5 
activity 
(Section 
2.4) 

Table 1-2 Overview of chapters and sections discussing components and themes. 
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2 ASPECTS OF COMPUTER SIMU
LATIONS IN AN INSTRUCTIONAL 
CONTEXT. 

Abstract 

Computer simulations in an instructional context can be characterized according to 4 aspects 
(themes): simulation models, learning goals, learning processes and learner activity. The present 
chapter provides an outline of these four themes. 
The main classification criterium for simulation models is quantitative vs. qualitative models. For 
quantitative models a further subdivision can be made by classifying the independent and dependent 
variables as continuous or discrete. A second criterium is whether one of the independent variables 
is time, thus distinguishing dynamic and static models. Qualitative models on the other hand use 
propositions about non-quantitative properties of a system or they describe quantitative aspects in a 
qualitative way. Related to the underlying model is the process of interacting with it. When this 
interaction process has a normative counterpart in the real world we call it a procedure. 
The second theme of learning with computer simulation concerns learning goals. A learning goal is 
principally classified along three dimensions, which specify different aspects of the knowledge 
involved. The first dimension, knowledge category, indicates that a learning goal can address princ
iples, concepts and or facts (conceptual knowledge) or procedures (performance sequences). The 
second dimension, knowledge representation, captures the fact that knowledge can be represented in 
a more declarative (articulate, explicit), or in a more compiled (implicit) format, each one having its 
own advantages and drawbacks. The third dimension, knowledge scope, involves the learning goal's 
relation with the simulation domain; knowledge can be specific to a particular domain, or generaliza
ble over classes of domains (generic). A more or less separate type of learning goals refers to knowl
edge acquisition skills that are pertinent to learning in an exploratory environment. 
Learning processes constitute the third theme. Learning processes are defined as mental/cognitive 
(trans)actions of the learner. Learning processes can be classified using a multilevel scheme. The first 
(highest) of these levels renders 4 main categories: orientation, hypothesis generation, testing and 
evaluation. Examples of more specific processes are model exploration and output interpretation. 
The fourth theme of learning with computer simulations is learner activity. Learner activity is defined 
as the 'physical' interaction of the learner with the simulations (as opposed to the mental interaction 
that was described in the learning processes). Five main categories of ]earner activity are distin
guished: defining experimental settings (variables, parameters etc.), interaction process choices 
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(deciding a next step), collecting data, choice of data presentation and metacontrol over the simulat
ion. 
Because all aspects serve as discussion themes in each of the chapters on design components that 
follow, this (summarizing) outline serves as an organizer for the reader. Each theme will receive full 
discussion in the chapter that discusses the design component the aspect is most closely related with. 

2.1 General classification of models 

Wouter van Joolingen 

Eindhoven University of Technology 
Department of Philosophy and Social Sciences 

2.1.l Introduction 

In this section a general classification of models will be given. This section serves 
as a background for the next chapters where, for the various design components 
the relation with the underlying model will be described. The first of these chapt
ers, concerned with domain aspects of computer simulation has a special role in 
this context since there the representation of domains in the computer will be 
discussed which is exactly what a model is for. For that reason a detailed classifi
cation will be given in that chapter, to which the reader is referred for a more 
elaborated discussion of the terms that appear in the present section. This section 
restricts itself to a more global, summarized classification for use in the other 
sections. 

In this section a model will be defined as a representation of a system in order 
to be able to experiment with it through simulation. This system can be physical, 
man made (artificial) or hypothetical. Chapter 3 will provide a more detailed 
definition of the model concept. 

2.1.2 Quantitative vs. qualitative models 

A model is a representation of a part of the real world or of some hypothetical 
system. Most of the times a complex system is represented into a less complex 
symbolic system, in order to obtain information, and/or make predictions about 
the real system4

• There are numerous ways to represent real systems into models. 
Therefore a classification of these different representations is needed. 

4The term real system is used for all modelled systems whether physical, artificial or hypothetical 
(abstract). 
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The first distinction to be made is between qualitative vs. quantitative models. 
In the latter type the model entities are represented by numbers and the relations 
between them are expressed in mathematical relations. For qualitative models the 
relations between entities are given in terms of propositions, which can be of a 
less restricted type than the mathematical relations of quantitative models. The 
propositions of qualitative models must of course be of a kind that makes simula
tion possible, i.e. it must give an unambiguous rule set to determine the behaviour 
of the model. 

Both qualitative and quantitative models represent the real system by means 
of a state, which contains all information about the current properties of the sys
tem and a set of rules, which determine the development of the state. 

2.1.3 Quantitative models 

The model entities in quantitative models are variables. Variables can be depend
ent or independent variables5

• Dependent variables are those that can be calcu
lated from the independent one (except for their initial conditions). Independent 
variables (in most models only one independent variable occurs: time) are not 
under control of the model relations. · 

Variables can be continuous or discrete, depending on the values they can 
take. Continuous variables can take all values (sometimes between certain boun
daries), while discrete variables can only take values from a discrete (countable) 
set. 

Above considerations lead to a classification into four model types: continu
ous-continuous, continuous-discrete, discrete-continuous, discrete-discrete. In these 
concepts the first term applies to the dependent variables, the second to the inde
pendent variables. It appears that the nature of the model is more determined by 
the continuity of the dependent variables than by the independent ones. Therefore 
a classification into continuous and discrete models is mainly used, where the 
continuity of the dependent variables is the only criterium. 

Discrete models can be further classified, depending on the modelling method 
or viewpoint. This will not be discussed here, the reader is referred to section 
3.3.2. 

Besides continuous and discrete models also a mixed type is found which 
contains both discrete and continuous variables, and where continuous variables 
can change at certain points in a discontinuous way. In practice most models of 
sufficiently complex systems will be mixed. The 'pure' types only occur as small 
models or as submodels of larger systems (i.e. models of a subsystem). 

Another classification criterium is the appearance of time as an independent 

5The concepts of dependent and independent variables are rather subtle. For a more elaborate 
discussion see Section 3.3.1. 
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variable. Models in which time occurs (explicitly or implicitly) as an independent 
variable are called dynamic, otherwise a model is static. This criterium will show to 
be important when the model is to be manipulated. 

2.1.4 Qualitative models 

In qualitative models the relations between model concepts are not numeric but 
propositional. This means that the model state is described in terms of a set of 
propositions. Based on the types of propositions that are used, two types of quali
tative modelling can be distinguished (Fishwick, 1989a): quality-based and abstrac
tion-based modelling. In the first type of models quantitative aspects of a system 
are described qualitatively (e.g. "The voltage is oscillating"). The second kind of 
models uses propositions about non-quantitative properties of a system (like "the 
switch is closed"). 

In qualitative modelling and simulation the calculation of the development of 
the state is a more complex issue. Most of the times techniques from artificial 
intelligence are used to make this possible. 

2.1.5 Interaction and Scenarios 

Another important aspect of simulations is one of timing, where timing does not 
apply to the model time but to the sequence in which the input variables are 
supplied to the model and the output variables can be retrieved. The sequence of 
providing input and getting output will be called the interaction process. The inter
action determines in which order the model elements can be manipulated. The 
interaction process can be influenced by certain factors, such as internal character
istics of the underlying model or the instructional strategy used. When the interac
tion process itself is a learning objective it will be called a procedure (operation) 
or skill. 

A related topic is who will perform the actions in order to address the differ
ent model elements. This can be the learner, the tutorial system or any other, 
simulated or real, person or system. This means that the learner will be assigned a 
role. The combination of process description and role assignment will be called the 
scenario, following Reigeluth and Schwartz (1989). When a role is assigned to a 
simulated person or system, the scenario will describe the relations between two 
(or more) models in the complete ISLE. 
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2.2.1 Introduction. 

Themes 

The aim of the present section is to provide the SIMULATE project with a work
able taxonomy of simulation learning goals. Its justification can be found in Chap
ter 5 of this document, and the following merely presents the proposed taxonomy 
itself. In order to avoid unnecessary overlap, is will be a concise presentation, and 
readers are referred to Chapter 5 for further elaboration. 

After some brief remarks on the concept of a learning goal, we will describe 
three dimensions on which learning go~ls can be characterized, followed by a few 
examples and qualifying remarks. The remaining two sections will deal with learn
ing about knowledge acquisition, and with the issue of future project scope. 

2.2.2 The concept of a 'learning goal' 

First of all, our approach to learning goals is a cognitive one. This means that 
goals will be classified according to dimensions of the knowledge involved, rather 
than the ultimate behaviourial performance that this knowledge allows for. Since 
behaviourial performance and the supporting knowledge structures are very much 
related, this is obviously a matter of emphasis, and not of strict separation. 

Secondly, the taxonomy will only deal with terminal learning goals, that is, with 
what a learner knows as a consequence of using a simulation. We are not con
cerned with intermediate learning goals while using the simulation, such as 'know
ing prerequisite principle X' or 'having mastered prerequisite procedure Y' (al
though these 'enabling objectives' could in principle be classified in the same way 
as terminal goals). Neither do we deal with learning processes thought to be in
strumental for a particular learning result, such as 'verifying the correctness of 
principle X' or 'rehearsing procedure Y'; such processes will be addressed in 
Section 2.3. Related to this, our learning goal concept does not include momentary 
(sub )goals of the instructor in the course of instruction, such as 'get sufficient 
learner attention' or 'find misconception held by the learner'. 

Finally, the proposed taxonomy does not specify who actually entertains cer
tain learning goals. Both the learner and the instructional agent can refer to learn
ing goals in terms of the present classification; such goals may then suitably be 
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called learner or instructional goals respectively. 

2.2.3 A classification of simulation learning goals. 

Learning goals can obviously be classified according to the subject-matter domain 
from which they are derived. However, knowledge to be learned in different 
domains can have some interesting things in common, interesting in that these can 
determine the optimal nature of the Intelligent Simulation Leaming Environment 
(ISLE) in important respects. For instance, learning how government spending 
affects inflation rate is in a way similar to learning how heart rate affects blood 
pressure, since both involve the learning of a relational principle. The acquisition 
of these two principles will probably benefit from a similar type of ISLE, while the 
learning of procedures for operating a system will probably require a different 
type of ISLE. Of course, the mapping of the type of learning goal(s) onto the 
optimal type of ISLE remains to be established. 

Each specific learning goal can be classified along three dimensions: 

1. The kind of knowledge to be learned may be conceptual or operational. 
Conceptual knowledge is knowledge of principles, concepts and facts related 
to the (class of) system(s) being simulated; examples are Fitts' power law of 
practice in psychology, the concept of acceleration, or the function of a 
specific system component. Operational knowledge is knowledge about 
sequences of cognitive and/or noncognitive operations (procedures) that 
can be applied to the (class of) simulated system(s); examples are how to 
perform a titration, how to handle a nuclear power station emergency, or 
how to deal with a traffic intersection. 

2. Knowledge can be encoded in a declarative or a compiled representational 
format. Declarative knowledge is represented in a format that is relatively 
easy to acquire, that makes the knowledge relatively easy to report upon, 
that makes the knowledge of potential use in an unlimited number of prob
lem contexts, and that requires interpretation in order to use it in a task. 
Compiled knowledge, on the other hand, is represented in a format that is 
only obtained after using the knowledge in a problem-solving context, that 
makes the knowledge hard to report upon, that restricts its potential use to 
a limited number of contexts, and that can be used in a more automatic, 
effortless way. 

3. The target knowledge may finally vary in scope. Domain-specific knowledge 
is specific to the simulation domain at hand, such as device and 
troubleshooting knowledge for a particular piece of radar equipment. Gen
eric knowledge is not specific to the simulation domain at hand, but extends 
to other domains as well; examples are general troubleshooting or problem-
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solving heuristics which can be used for different types of equipment, or 
even for dynamic and deterministic systems in general. 

Without presenting the arguments here, the above dimensions are taken to be 
orthogonal, that is, specifying independent aspects of a learning goal. If one bisects 
the two more continuous dimensions of representation and scope, the taxonomy 
can be depicted as a three-dimensional matrix (Figure 2-1 ). 

conceptual 
knowledge 

operational 
knowledge 

domain 
specific 

generic 

Figure 2-1 Classification of simulation Leaming goals with respect to knowledge 
category, knowledge scope, and knowledge representation. 

A few examples may illustrate the use of this matrix, or 'goal cube'. As a first one, 
imagine a course in general systems theory, in which the learners interact with 
three simulations from different domains (say, electronics, economics, and biolog
y), in order to acquire an explicit understanding of a negative feedback relation 
between dynamic system variables. This learning goal involves knowledge of a 
relation (conceptual knowledge), which is not specific to the three domains 
employed (relatively generic), and which should be easily accessible for verbal 
reporting and use in different contexts (declarative representation). 

As a second example, take a simulation training course in which nuclear 
power station operators should learn how to react to cooling system failure in a 
quick and automatic way, and without making any mistakes due to stress, panic, 
etcetera. Such a learning goal involves knowledge of a normative sequence of 
actions (operational knowledge), which is specific to the system being simulated 
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(domain-specific), and which supports fast, robust, and automatic performance at 
system failure time (compiled representation). 

A final example may be the use of a highly complex simulation of the human 
physiological system in order to train students in medical diagnosis, and particular
ly in the 'immediate' recognition of complex symptom patterns among many po
tential disease cues. Here, the learning goal involves knowledge of frequentistic 
relations between symptoms (conceptual knowledge), which is only valid for the 
human system (domain-specific), and which supports relatively automatic pattern 
matching performance (compiled representation). 

The proposed classification needs to be qualified in several ways. First of all, it is 
important to emphasize that most simulations probably involve more than one 
type of learning goal. Consider for example a simulated electronics device which is 
used for learning about particular electronics principles as well as about relatively 
generic troubleshooting procedures. This means that more than one cell in the 
above matrix can be addressed by the same educational simulation. Of course, 
some learning goals may be more explicitly aimed for, while others may be 
regarded as interesting side-effects, or may even be ignored altogether. 

Furthermore, not all cells will be equally relevant in the general context of 
simulation learning. It remains to be seen, for instance, whether the use of simula
tion for acquiring declarative operational knowledge has any great advantage over 
other methods of instruction. 

Finally, applying the above taxonomy to 'real life' curricular situations will not 
always be very straightforward. Any particular cluster of performance aimed for in 
simulation learning may rely on both conceptual and operational knowledge, part 
of which may be domain-specific, and part of which may be relatively generic. 
Likewise, a performance cluster may rely on knowledge which is partly repres
ented in declarative format, and partly stored in a more compiled way. The fact 
that it may be difficult to disentangle all this in 'real life' is probably more an 
indication of life's complexity than of taxonomical validity. 

2.2.4 Learning about knowledge acquisition. 

The learning goals covered by the above taxonomy all involve knowledge about 
particular simulation domains (or classes of simulation domains). However, as 
such we have ignored a very plausible class of simulation learning goals, which 
address the process of knowledge acquisition itself. Consider, for instance, using a 
simulation to learn people how to efficiently obtain and validate knowledge about 
a system through experimentation. To some extent, this will involve relatively 
generic knowledge of systems structure and function (conceptual knowledge), and 
of how to deal with systems (operational knowledge). To a large extent, however, 
learning about knowledge acquisition is learning about one's own cognitive pro
cesses and products (metacognitive knowledge). 
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It is not entirely obvious how to extend the above, domain-oriented taxonomy 
in order to accommodate for such learning goals. One may well imagine a second, 
similar cube for the classification of metacognitive learning goals (related to the 
process of knowledge acquisition in exploratory learning environments). The argu
ment would be that learning about knowledge acquisition processes (a) can 
involve both conceptual knowledge (e.g. the relation between theory, hypothesis, 
and prediction) and operational knowledge (e.g. how to test an hypothesis), (b) 
can be represented in a relatively declarative or compiled way, and (c) can be 
more or less specific to the simulation domain at hand. While these are speculat
ive statements, they are not at all inconceivable. The issue is still under debate 
within the project, and, for the time being, the class of metacognitive learning 
goals related to knowledge acquisition will be considered as a homogeneous class 
in addition to the above matrix. 

2.2.5 Scope of the SIMULATE project. 

The proposed taxonomy can be used to articulate the types of simulation learning 
that will (or will not) be covered by the project. To some extent this has already 
been done, since a cognitive perspective leads to an emphasis on 'cold' cognition, 
and to a relative disregard of affect-related learning. As examples of the latter, 
think of using simulation to induce an attitude change towards environmental 
pollution behaviour, or to increase one's confidence in car driving performance. 

With the above exception, the taxonomy addresses a wide range of learning 
goals, which is fully in line with the current exploratory stage of the project. How
ever, in view of possibly very different ISLE demands imposed by different types 
of learning goals, and the complexity of basic issues involved in ISLE authoring, it 
seems unwise to 'go for it all' at later, less exploratory stages of the project. By 
having some cells in the matrix emphasized at the expense of others, the present 
taxonomy may then be used to restrict the SIMULATE scope in an explicit way6

• 

6The project has in fact chosen to temporarily emphasize the learning conceptual over operational 
knowledge, but still envisages to address the entire range of learning goals in the end. 

SAFE/SIM/WPI/EUT-rep /comp.final page 31 



Simulation Design Components The SAFE project 

2.3 Learning processes in exploratory learning environments 

Melanie Njoo 

Eindlzoven University of Technology 
Department of Plzilosoplzy and Social Sciences 

Hans Hijne 

Courseware Europe B. V. 
Knowledge Engineering 

2.3.1 Introduction 

The purpose of the present section is to provide a scheme of simulation learning 
processes, which may be helpful in structuring the SIMULATE research area 
"Computer simulations in an instructioqal context". The scheme is meant to pres
ent the learning processes of the learner taking place when s/he interacts with the 
simulation. Being fully aware of the extremely complex (and only partially unders
tood) nature of learning processes, we do not pretend to design a comprehensive 
scheme. The scheme is not exhaustive and the learning processes in the scheme 
are not mutually exclusive. The present scheme is intended as a preliminary inven
tory and where necessary, it can be adjusted to specific needs. Furthermore, it has 
to be emphasized that the scheme is intended to be descriptive. A prescriptive 
approach would be the outcome of learning processes related with instructional 
goals. Such a relation however, is not the topic of the present section. A prescrip
tive and normative approach will be taken elsewhere. 

The present description scheme is based upon two sources. The first source 
includes general views on learning in an exploratory environment. As we regard 
learning with computer simulations, the general opinion is that it is explorative in 
nature and therefore involves aspects of problem solving, inductive and discovery 
learning. For now, we also assume this generally received opinion. 

Second, specific literature and studies on learning with computer simulations 
directly or inherently consider aspects of learning processes. The discussion of the 
sources will not be regarded in this section but is incorporated in chapter 4 of this 
document. 

The context in which the description scheme has to be considered needs some 
clarification. The general idea of the present section is to describe the learning 
processes in a 'genuine' explorative environment. However, in Section 1.2.l com
puter simulations are defined in an instructional context. A fundamental question 
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is whether a computer simulation in an instructional context is such a 'genuine' 
explorative environment. Instructional goals and strategies have initially been 
determined and will prescribe indirectly the learning processes to be performed by 
the learner. In the present section an attempt has been made to deal with the 
contradictory nature of an explorative environment in an instructional context. The 
consequence for the scheme of learning processes is that it is somehow related to 
the instructional goals but this is not explicitly discussed. 

Additionally, the learner can have different goals. Learner goals are, in part, 
formed through the learner's (re )interpretation of instructional goals. Thus, a 
discrepancy between intended and actual learning processes can occur. Especially, 
if the learner is not aware of the instructional goals or lacks sufficient pre-requi
site knowledge. It is also possible that the learner purposefully ignores the instruc
tional goals. Therefore, the presented learning processes are learning processes of 
abstract classes of learners with several assumptions. First, the learner must be 
aware of the instructional goals. Second, the learner must have sufficient pre
requisite knowledge and finally, the learner goals must resemble the instructional 
goals. 

2.3.1.1 The concept of 'learning processes' 

First of all we define learning processes as cognitive actions of the learner that are 
meant to transfer information into knowledge. This specification is based on the 
information-processing approach and contains the following aspects: 

• It differentiates learning processes from learning goals. Learning goals are 
considered as the desired outcome types in information processing. In the 
present section we are not interested in the learning outcomes but are con
cerned with the processes preceding the attainment of the desired learning 
goals. These processes are cognitive and can be characterized as activities, 
actions or transactions in which information is transformed. A learning goal 
can be reached through several (different) learning processes. This differ
entiation is not as distinct as it appears. Learning processes in general 
terms can parallel intermediate learning goals (especially for generic know
ledge). However, the concept of learning goals as presented in section 2.2 
excludes intermediate goals. 

• It differentiates learning processes from instructional processes because it 
characterizes learning processes as actions of the learner. These actions are 
influenced or stimulated (in)directly by instructional activities and/or by 
the content and structure of the learning task. These relations will not be 
discussed in the present section. 

Additionally, learning processes can also be differentiated from learner activity (as 
will be discussed in Section 2.4 ). The distinction between learning processes and 
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learner activity is one of cognitive processes versus physical actions. In our concep
tion however, physical actions i.e. the manipulations that the learner executes 
within the simulation are a reflection of the cognitive action(s) taking place in the 
mind of the learner. In other words, physical manipulations require prior cognitive 
processes supporting the operations. Therefore, manipulations can serve as refer
ence points in identifying the cognitive learning processes of the learner. Further, 
learner activity is discussed from the simulation perspective whereas the present 
section takes the perspective of the learner. Manipulations appear to be the inter
face (not in the technical but in the figurative sense) between the simulation and 
the learner. We suggest that an attempt should be made to define these actions 
from both sides. 

The concept of 'process' (e.g. cognitive processes, learning processes or informa
tion processing) is a source of terminological confusion. As Kirby (1984) indicated, 
the basic problem is that 'process' can refer to the general category of cognitive 
functions or to a subset of the cognitive functions. In addition to this confusion, 
'process' is also often used to describe a learning phase. A learning phase is a 
combination of learning processes which can be characterized as one class of 
operations. 

In the description-scheme we attempt to make a clear differentiation between 
learning phases and processes and therefore present a multi-layered structure in 
which particular learning processes are combined into general learning phases. 
Since we do not address the learning processes at the most detailed level (see 
level 3 in Figure 2-2) we often refer to a class of processes (see level 1 and level 
2 in Figure 2-2) when we use 'learning processes'. 

2.3.2 Description scheme of simulation learning processes 

We start with an introduction of the general structure of the scheme. The scheme 
has to be considered as a broad outline or an experimental structure in which the 
learning processes can be placed and certainly not as a comprehensive model. 
First of all, we suggest a multi-layered structure. In the study process a number of 
phases can be identified. Each phase can be subdivided into a number of phases 
which can be subdivided into smaller phases and so on. As a result of this the 
scheme has a multi-layered structure, in which each layer is a refinement of the 
previous one. Each phase corresponds to a certain class of learning processes, and 
moving down the structure, the phases correspond to more specific cognitive trans
actions. At the top layer there is one single phase representing 'exploratory lear
ning', which contain phases like orientation, hypothesis generation, test and eval
uation. At a lower level each of these phases consists of a set of related processes, 
which can further be refined into sub-processes until the terminal nodes in the 
structure finally correspond to the smallest 'identifiable' learner's cognitive transa
ction. Not every phase however, can be refined into the same level of detail. 
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Second, the processes can be characterized as iterative. The processes at level 
1 appear to have an inherent sequence whereas the levels 2 and 3 do not have 
such a sequence. Thus, moving down the structure, the order of phases and pro
cesses can be characterized as less sequential. Therefore, we have suggested to 
characterize the phases and processes as iterative. Additionally, the learning pro
cesses may address different objects: the model within the ISLE or a part of the 
model (e.g. a set of variables, parameters, or a single variable or parameter). This 
implies that the learning process involved in learning with computer simulations is 
not only iterative in nature but also iterative as a result of the different objects it 
can address. 

Within the suggested structure we only describe the processes to a certain level of 
detail. This can apparently be rationalized by the limited insight that we have in 
the complex processes involved in learning. Furthermore, an excessive detailed 
description scheme is not required for the purpose we have in mind. The pro
cesses described at the levels 1 and 2 seem to be functional for our purpose. The 
ones described in level 3 are purely speculative but illustrate the idea of the struc
ture of the scheme. 

The first level of the scheme consists of four phases: orientation, hypothesis gene
ration, test and evaluation. An illustration of the subdivision of the phases into 
actions is given in Figure 2-2. 

The phases on the first level of the scheme will be briefly discussed. The orienta
tion phase is intended as an analysis in which a learner finds bearings of, amongst 
others, the relations within the model or the learning goal(s). The hypothesis gener
ation phase implies the formulation of a descriptive generalization or assumption 
about model relations. In the test phase the learner is able to test the hypothesis 
by the design of an experiment, prediction, direct manipulation of variables and 
parameters, and interpretation of data. In the evaluation phase the learner has to 
give her /his understanding of the meaning of the output. For example, the learner 
can relate the outcome to the hypothesis or to the learning goal(s). This can result 
in a modification or alteration of the hypothesis. 

The subdivision of, for instance the orientation phase, may contain an observ
ation, analysis and model exploration on the second level. The observation may be 
subdivided into 'encoding of new information' and 'retrieving of relevant informa
tion'; analysis may be subdivided into encoding, retrieving and matching. The 
other phases can also be differentiated into detailed transactions. 

Three final remarks are in order here. First, the learning goals may include goals 
related to executive control issues. Processes related to these goals are seen as 
regulative processes. Processes such as monitoring, planning, checking, time man
agement etc. are not included in the description scheme. It does not imply that 
these processes are not important for learning with a computer simulation (see for 
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E Level 1 Level 2 Level 3 Level 4 
x 
p Orientation Observation Encoding 
L Retrieving 
0 Analysis Encoding 
R Retrieving 
A Matching 
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0 
R Hypothesis 
y generation 

L 
E Test Design exp. 
A Prediction 
R Manipulation 
N Interpretation 
I 

. 
N Evaluation Observation 
G Generalisation 

Figure 2-2 Description scheme of simulation learning processes. 

example Njoo & de Jong, 1990a; de Jong & Njoo, 1990). Second, for learning 
goals concerned with operational knowledge the scheme will likely need some 
modifications or additions. This will probably concern the autonomous stage 
(Anderson, 1985) in which the skill becomes more rapid and automatic in a pro
cess of tuning. Finally, the scheme is more concerned with the processes occurring 
when a learner interacts with the simulation i.e. the model within the ISLE. The 
operation of other aspects of an ISLE such as a scratch-pad, notebook etc. is not 
explicitly perceived. 

page 36 SAFE/SIM/WPI/EUT-rep /comp.final 



The SAFE Project 

2.4 Learner activity and simulations 

Wouter van Joolingen 
Ton de Jong 

Eindhoven University of Technology 
Department of Philosophy and Social Sciences 

Themes 

The purpose of this section is to provide an overview of possible types of learner 
activity in simulation learning environments. Learner activity is defined as the 
'physical' actions a learner can take when interacting with the simulation. This 
issue can be approached from two directions: the model/simulation, including the 
scenario, or the interface. Learner activity is to be distinguished from learner 
control which refers to the control the learners has over the whole instructional 
environment (e.g. the instructional strategy followed). In the present section we 
will mostly take the model/simulation a~ our starting point, there will be, however, 
some attention to interface aspects concerning representation of variables. This 
implies that we will attempt to describe all kinds of learner activities as they may 
appear with all kinds of simulations. The interface perspective will be treated 
elsewhere, when several types of interface elements will be described. 

In the present section we take the model/simulation perspective as a central 
viewpoint. This means that we will describe all the possible types of activity the 
learner principally can take when interacting with a simulation 7• Some of these 
initiatives are more central to the interaction process (e.g. choosing variables and 
variable values) whereas others are more peripheral (e.g. choosing setting that 
facilitate data interpretation such as turning on/off a grid). 

We can distinguish several kinds of learner activity. These can be grouped, accord
ing to the part of the simulation that is addressed when the learner activity is 
exercised. 

First, a learner may be able to define experimental settings or environment. Simula
tion can often be seen as performing experiments with a model. Therefore the 
"experimental settings" must be defined. The learner can (sometimes s/he must) 
take activity in defining these settings. During this type of learner activity the 
model and its environmental parameters can be affected. Possible types of these 

7
In describing these aspects we lake a broad view, which means lhal we do not take into account 

prescriptions from instructional strategies and the interface for offering possible restrictions on 
learner initiative. 
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definitions are: 

• Setting environmental qualities. E.g. the learner may define the temperature 
at which the experiment must take place by altering the value of paramet
ers. 

• Defining initial conditions for the experiment. E.g. in an economics simulation 
the amount of money each person owns, can be defined at the start of the 
simulation. The difference between this item and the previous one is that 
the environmental qualities remain constant in time whereas the variables 
that are set as initial conditions will be subject to change during the simul
ation. 

• Selecting and composing experimental "equipment': Several blocks represent
ing equipment or domain elements can be linked together in order to per
form a certain experiment. E.g. connecting an engine to a transporting 
mechanism in order to experiment with several types of connections to see 
which is the most efficient. 

• Building an experimental subject, e.g. building of an electrical circuit. The 
difference with the previous learner activity is that now the building block 
con not be regarded as a complete model. For instance, a resistor cannot 
be simulated as such. Always a resistor is specified in terms of its behaviour 
in an electrical circuit. 

The second major type of learner activity: activity associated with the interaction 
process (see section 2.1) and navigation: 

• Deciding on the next step to take in the interaction process. E.g. perform an 
experiment, analyze data, make smaller alterations in the simulation experi
ment, etc. This kind of learner activity is especially important when we look 
at simulations that have a procedure as their instructional objective (see 
the section on scenario's and roles from Chapter 3 ). 

A third type of learner activity is concerned with collecting data from the simula
tion, accessing the output variables of the model: 

• Attaching measuring instruments to the simulated experiments. This means the 
learner has to decide where to collect data, but also how to collect them. 
This means choosing the appropriate measuring instrument.8 

A fourth type applies to the choice of data presentation, addressing the user inter-

8The measuring instruments are, of course, simulated themselves as well. The term 'measuring 
instrument' must be understood in the widest possible sense, as an apparatus or method suitable for 
the retrieval of information from the observed situation. 
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face: 

• Choosing directly a certain kind of presentation (e.g. graph, table). There is 
some overlap with the attaching of measurement instruments. It is import
ant to note that the current item is not concerned with the choice of which 
variable to represent but only how to display it. Another point is that meas
urement instruments are only concerned with output variables, but input 
variables can also be represented on the screen. 

• Manipulating the presentation. This is additional to the previous one. The 
type of data presentation is now fixed, by the learning environment or by 
the learner, now the precise form of presentation, e.g. the choice of axes of 
a graph or the lay-out of a table can be determined. This type of activity is 
independent from the previous one: freedom in one does not necessarily 
imply freedom in the other. On the one hand the data presentation may be 
fixed but the format can be free, on the other hand there can be a free 
choice between several types of representations, with each representation 
having a fixed format. 

Finally, the learner can have control over the simulation that does not directly 
affect variables and parameters, nor the scenario, but is carried out by providing 
boundary conditions to the simulation. We will term this metacontrol and disting
uish: 

• Control over pace and direction of simulation process. This means that the 
learner can control simulation time. This can mean that simulation time 
can be started and stopped by the user. Also control over the pace of simu
lation time can be possible (e.g. in processes that are to fast or to slow to 
make real-time observation feasible). Finally it may be possible to invert 
the direction of simulation time, i.e. going backwards in time. 

• Putting constraints on the simulation. This can be important for certain spe
cific problems. Constraints can be: "keep a specific variable between two 
boundary values" (or exactly on one value) or "make sure that at t = te a 
certain variable reaches a ceratin value. The simulation must adapt values 
of (other) variables and parameters in order to achieve the given goal. 
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Abstract 

This chapter discusses the internal characteristics of simulations. The major part of it is concerned 
with models and their relation with the domain. 
Some central concepts regarding modelling and simulation are defined. These include: 

• Concepts regarding the structure and characteristics of the model. 
• Concepts regarding the relation with the system that is being modelled. 
• Concepts regarding the interaction of the learner or other agents with the model. 

A classification of model types is presented, accompanied by a first notion on the representation of 
the several types of models. This classification includes the distinction between qualitative and 
quantitative models. Models can further be classified into dynamic and static models, determined by 
the time dependency of the model. The basic elements of any simulation model are the state of the 
model, describing the properties of the system that is modelled, and a set of rules determining the 
possible development of the model state. State space is the collection of all possible states. 

In quantitative models the basic elements of the state are variables, which can be dependent or 
independent. Dependent variables are variables whose value is determined by the independent 
variables, which can be chosen freely. The model rules are equations, determining the development 
of the values of the variables. Quantitative models are classified into discrete and continuous models, 
depending on the structure of state space. Qualitative models have a state space consisting of 
propositions about the modelled system. The model rules now have a more descriptive character. 

A brief discussion on the relationship of the model with the corresponding real system is 
included here. Three types of real systems are distinguished: physical, artificial and abstract. The 
main criterium for a distinction between these types of systems is the possibility of constructing a 
model that describes the system completely (a base model). 
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The interaction of the learner with models and simulations is described by introducing the 
concepts of interaction and scenario. The interaction describes the sequence of operations that arc 
performed upon the model, the scenario includes the interaction and the agents who take part in the 
interaction. 

Classifications of instructional simulation environments (often just called: instructional (or 
educational) simulations) are discussed. The usefulness and features of these classifications is 
investigated. It is found that many of the existing classifications do not distinguish very well between 
the various aspects of simulation learning environment as mentioned in the first paragraph of this 
abstract. 

Three sections describe the relation of the internal characteristics of simulation with the four 
themes, introduced in the two preceding chapters: domain models, learning goals, learning processes 
and learner activity. Because simulation models have been discussed extensively in the first section of 
this chapter, the section on domain and simulation models gives an overview of domain aspects that 
are not explicitly referred to in the model. This additional knowledge base will be called the cognitive 
model. For each type of learning goal (theme 2) the relation with the domain model or scenario is 
elaborated. The relation of learning processes and learner activity with domain models is discussed 
by relating the possible types of learner activity with the model and scenario elements resulting in 
demands for the structure of the model or scenario. 

The last section gives a forward look to the issue of formalisation of domain knowledge for 
ISLE's. A starting point is being sought in existing representations of simulation models. 

3.1 Introduction 

This chapter is an attempt to make a classification of computer simulations and 
the related domain aspects on the basis of the internal characteristics of simulat
ions. The overall view taken in this chapter is that the domain aspect of simula
tions consists of three parts: 

• The model, underlying the simulation. This model makes the simulation 
work. 

• The interaction with the model, determining the development of the state. 
This can both mean the interaction of the learner with the model and the 
interaction of other agents with the model. When applicable this interaction 
will resemble the interaction between some agent and the real system. 

• Relevant additional knowledge about the model, the real system and about 
the relation between these two. This can be knowledge about the meaning 
of model entities in terms of the real system, e.g. knowledge about critical 
values, but also an alternative description of the knowledge contained in 
the model, for purposes of better understanding. 

The chapter starts with a difficult subject: Defining the concept of simulations. 
Numerous definitions are available and we will try to derive a common denomina
tor. This section also describes the boundaries between the concept simulation and 
related concepts such as system and models. 

The second major part of the chapter starts with a gross classification of simu
lations into quantitative and qualitative simulations. For quantitative simulations a 
boost of classic literature exists. An overview, treating concepts such as discrete 
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and continuous simulations, is given in Section 3.3. Qualitative simulations have a 
shorter history. They will be described in Section 3.4. 

The interaction aspect is described in Section 3.5. In this section the interac
tion concept is given a more precise definition. Two other concepts: procedure and 
scenario are introduced and discussed. 

Besides the more 'classical' classifications of simulations, other classifications 
(often bearing a more practical character) exist. These classifications are explicitly 
related with the use of simulations in instructional settings. They can be found in 
Section 3.6. 

The next three sections: 3.7, 3.8 and 3.9 discuss the relation of domain aspects 
in relation with the four themes, introduced in the two previous chapters. The first 
of these sections discusses the relation domain - model. In the light of the dis
cussion in Chapters 1 and 2 this section should discuss models of domains. Howe
ver, according to the viewpoint taken, described in the first paragraph of this 
introduction, the model forms part of the domain. Models are extensively dis
cussed in the first and second major parts of this chapter. For this reason the 
theme is inverted: not the relation of the domain with models, but of models with 
(other parts of) the domain is discussed. Section 3.7 therefore discusses the third 
part of the domain: additional domain knowledge needed in order to understand 
more deeply the relations laid down in the model. In this section the term cogni
tive model will be introduced. 

Section 3.8 is concerned with the relation between learning goals that can be 
obtained with computer simulations imbedded in a simulation learning environ
ment and the internal characteristics of the simulation. Section 3.9 deals with 
learning processes that can be initiated with computer simulations. and with the 
activity the learner may show when working with a simulation. The handles and 
openings that can be set on the model are investigated here. 

As a starting point for a formalisation phase, some short ideas on representa
tions of simulations is presented, especially representations already found in exist
ing simulation tools and languages. This is done in Section 3.10. Here the relation 
to Activity 11-1 from the SIMULATE project, description of simulation develop
ment tools, is the closest (see van Joolingen et al., 1990). 

3.2 Concepts of modelling and simulation and simulation development 
tools 

3.2.1 Models and simulation 

3.2.1.l Models 

A model is a representation of a certain system. A model is designed to be an 
analogy of the system under study. This means that elements of the real system 
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will have counterparts in the model and vice versa. An important feature of a 
model is that, because of the analogy between the model and the modelled syst
em, it is possible to obtain information of the modelled system by studying the 
model properties. This property of models can be used for a definition of the 
concept: Any system (A) that is used to obtain infomzation of another system (B) is 
a model (of system B) (Bertels & Nauta, 1976). 

Bertels and Nauta (1974) distinguish many kinds of models by developing a 
multitude of classifications for models. For the current purpose only two classifi
cation are important: empirical vs. formal models and quantitative vs. qualitative 
models. Empirical models are itself physical systems which have some resemblance 
to the modelled system. Formal models are a set of relations between formal 
concepts. Four our purposes only formal models are of interest since only formal 
models allow implementation on a computer. When we use the term model we 
will only refer to formal models. Qualitative and quantitative models are both 
formal models. 

In the case of quantitative models the relations between the several model 
components are described by quantitative mathematical relations, in the second 
case this is not true, however, to perform a qualitative simulation with a computer 
some formal representation of model concepts will be necessary. AI techniques 
are frequently used in qualitative simulation (Kuipers, 1986; Fishwick, 1989). 

3.2.1.2 Modelling concepts 

Zeigler (1976) distinguishes a number of concepts in relation with modelling. First 
there is the real system 9 which is to be modelled. In principle there can be a base 
model of this system, which describes every aspect of the whole real system. From 
these base models lumped models can be derived, which describe only a subset of 
the real system. This subset is defined by an experimental frame. This experimental 
frame serves as a filter which selects information that is relevant for a specific 
purpose. In this sense the experimental frame also filters the data that will be 
reconstructed by the lumped model from the total amount of data that can be 
obtained from the real system. 

It should be noted that base models can never be known completely, it can 
even be defended that it is impossible to construct such a base model. Modelling 
a system always implies simplifying it. The concept of an experimental frame is a 
useful one, the experimental frame restricts the view of the observer and the 

9 The term real system must be understood in a broad sense as the system that is modelled. In 
practice that can be a real, physical system but also a hypothetical system, like a non-existing appar
atus or an ideal world, e.g. a world without friction. For this latter kind of system the term 'real 
system' is not really applicable but the term will be used for all systems that are modelled. See the 
next section for a more detailed discussion of the relation between models and "real" systems. It is 
not clear if Zeigler uses the same concept of real system. 

page 44 SAFE/SIM/WPI/EUT-rep/comp.final 



The SAFE Project Characteristics of simulations 

modeller to that part of the real system that is interesting for a specific purpose. It 
also defines limits on the experimental instruments used to retrieve information 
from the real system. For instance, an experimental frame can define that mea
surements can only take place at sharply defined, discrete time points, or that 
some details of the system can not be perceived by the observer, in which case it 
is not necessary to model those details. It is both possible that a lumped model 
can be derived from a more general base model or that it is constructed from 
scratch, only with the goal to reconstruct the information that comes through the 
experimental frame (see Figure 3-1). 

Base Model 

Experimental Frame 

Filtered Data Lumped Mode 

Figure 3-1 Modelling according to Zeigler 

A formal model that can be used for simulation has at least two components: 
a state, representing the state of the real system and a set of rules, characterising 
the possible changes of the state, depending on time or other internal or external 
influences. At this point it is difficult to be more specific in relation to these conc
epts, because both state description and rules strongly depend on the type of the 
model. These concepts will become clearer when specific model types are disc
ussed. 
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3.2.1.3 The relation with the real system 

The value of the modelling structure, introduced by Zeigler and depicted in 
Figure 3-1, is dependent on the usefulness of the concept of base model, apart 
from the fact that a lumped model can be constructed, using only the filtered data, 
as noted in the previous section. The existence of a base model determines if and 
how the experimental frame can be specified. In order to make some more precise 
statements about the possible existence of base models we must first distinguish 
between several types of systems that can be modelled. It will appear that not for 
all domains base models can exist in the strict sense, meant by Zeigler. 

We will distinguish between physical, artificial and hypothetical or abstract 
systems. Physical systems, which could also be called natural systems, are systems 
that occur in the natural world. These systems can be observed and models of 
these systems relate the observations of the system. Since these systems are comp
lex, by definition, and observations are always incomplete and inaccurate (to a 
certain level), it is impossible to construct a complete base model of these systems 
(in Zeigler's sense). The term physical should not be taken to literally. For 
example also social and biological systems are observable and can therefore be 
regarded as physical systems. 

It is a task of scientific research to construct models that produce a faithful 
reproduction of the observations done, and to test these models in new situa
ions10. 

For the modelling process, meant to create models to be implemented into 
simulation learning environments, one can regard the most accurate11 model of 
this reality as the base model. In most cases this is not very helpful, because the 
distance between the observation level that is needed for the model that will be 
implemented on the computer and the most advanced physical model is so large 
that there will be no useful relation between the two. For example when one 

10 In fact a model is more a reconsmtction of reality than something that can be derived from the 
real system under observation. The model can be used to predict certain behaviour of the real 
system, its validity is judged by comparing these predictions with observations. We will not go any 
further into this rather philosophical discussion in this document. 

For the use of models and simulations in an intelligent simulation learning environment the 
above discussion is a minor issue. In most (probably all) cases only models of physical systems will 
be used which have been validated, (at least the basic assumptions underlying the models) as models 
making good predictions of the specific physical systems, at least of certain specific aspects of the 
systems. The learner will investigate the properties of the real system by investigating the model. The 
question how the model is originally constructed is then a minor issue. 

11 In the sense of generating the most accurate predictions about the system under study and 
describing the smallest known parts of the physical system. 

page 46 SAFE/SIM/WPI/EUT-rep/comp.final 



The SAFE Project Characteristics of simulations 

wants to implement a model of the ecological processes in a pond one does not 
start at the subatomic level of the entities that are present in the pond12

• 

Summarizing: the most important features of physical systems are that it is 
impossible to construct a base model of it and that the models that are created for 
physical systems can be compared with observations. This introduces the concept 
of validation of the model: comparing the model results with real observations and 
recognizing (or not) that the model is a more or less faithful representation of the 
real world. Of course this validation has to be done by the author of the model. In 
this case the author checks if the model fidelity (See De Hoog, et al., this volume) 
is what he intended it to be. However, also the learner who is working with the 
simulation might need to validate the model because, in order to learn something 
about the domain that is simulated on the computer he must recognize this as a 
representation of an external system. 

An artificial system is a system that is created by human beings. This can be 
some artefact, like a machine, or some artificially created situation, like a post 
office. Of an artificial system the base model is always known, even stronger: the 
artificial system is constructed using a model that was created before the system 
itself. This "model of construction" is the base model for the artificial system. 

The base model of the artificial system is not the "deepest" level model that is 
possible. There can be (and in practiee there are) models which describe the 
artificial system on a lower and, consequently, more detailed level. However these 
models will in essence not be models of the artefact but models of a physical 
system which underlies the artefact. For the purpose of modelling the artefact13 

just the behaviour of the system as described in the model to create the artefact is 
complete and sufficient information to describe the artefact. Any deeper level 
model will not be a model of the artificial system and modelling on such a deeper 
level does not make sense. For artificial systems the almost same validation argu
ments hold as for physical systems except that validation has no real purpose since 
the system is constructed using the model. 

A hypothetical or abstract system is a system with no counterpart in the real 
world. Hypothetical systems are used, for example, to illustrate some effects that 
are not clearly visible in the real world or to show how the world would look if 
certain things were different than in reality. An example is a world without frict
ion. This world can be used to demonstrate the effects of force. In practice it is 
not possible to create situations where only one force acts: always the friction 
force will be a second actor. A hypothetical frictionless world can therefore be 
useful to show the acting of one single force, which can contribute to a better 

12 The model of subatomic processes would not even be adequate for a representation of the 
processes in the pond, since this model does not offer any upscaling facilities, meaning that there are 
no instruments to derive the behaviour of the animals and plants in the pond from the description of 
the subatomic processes. 

13 The term artefact will sometimes be used to denominate all artificial systems. 
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understanding of the force concept (Van 't Hui, Van Joolingen & Lijnse, 1989; 
DiSessa, 1986). On the other hand such a world could be useful to show what 
happens if friction is not present. 

Since hypothetical systems do not have a real counterpart, their only existence 
lies in their model. One can identify the real system and the base model. This 
means that concepts such as validation and fidelity do not have a meaning in 
relation to hypothetical systems. This indicates that the difference between hypo
thetical and artificial can be problematic. For example, models modelling an 
economy. The concepts that are used in these kinds of models are very abstract. In 
this case, on one hand the model is designed to describe processes in the economy 
and should therefore be validated. In this sense the model is a physical model (in 
our terminology14

). On the other hand, validation is most of the times a difficult 
issue for many types of economics models, implying that many of these models are 
only used as an organizer for thoughts about economy, making the system under 
study more abstract.15 

3.2.1.4 Simulation 

Simulation is a way of experimenting with a model of a system in order to retrieve 
information about the model and the modelled system. Sometimes performing 
simulation experiments is called modelling. However, it should be noted that the 
term modelling implies constructing and investigating the properties16 of a model, 
while the term simulation only refers to the second of these two activities. 

Simulation is carried out by applying the model rules to the model state. This 
application strongly depends on the type of state and rules, but also on the pur-

14 Of course, there is not much physics underlying this model, this use of the term physical shows 
that we use this term in a wider sense, on the risk of being too unconventional. 

15 This discussion shows that not only the type of domain or the type of model determines the 
character of the relation between system and model but also, the purpose of developing the model 
and the use that is made of it determine the relation system - model. When the actual purpose is to 
design a model, validate it and adjust the model properties in order to let it make better predictions 
and then repeat this cycle, the real system must be physical, at least conceptual, because validation is 
only a key issue when regarding physical systems. To regard a system as a physical system implies 
having instruments for validating models of the system. This, on its tum, implies that the concepts 
and relation used in the model are measurable or testable. 

The above shows that the same model can once be regarded as a model of a physical system 
(together with instruments for validating the model), and at another time as a model of a hypotheti
cal system, used only for the organisation of ideas about the system. The purpose of the model then 
determines in this case the nature of the system under study, once the real economy, the other time 
a hypothetical economic system. 

16 See the discussion on validation in the previous section. 
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pose of simulation. The latter depends on the kind of information that is to be 
obtained from the simulation. 

Simulations are often carried out by means of electronic computers, for rea
sons that are clear. This implies that the model must have a formal representation, 
which can be interpreted by the computer and can be used to calculate the devel
opment of the state in an unambiguous way. 

3.2.2 Languages and Tools 

To make the development of computer simulations easier a number of software 
instruments have been developed. These instruments, SLTs, provide a framework 
for developing a formal representation of the model and take over the boring 
programming labour to make the simulation run. Every SLT provides a formal 
modelling language together with some instruments for presenting simulation 
results to the user. There is some difference between a simulation language and a 
tool. The distinction, however, is not sharp. For the time being only the term SLT 
will be utilized. 

In the next few sections a characterisation of both quantitative and qualitative 
models and their representations will be given. 

3.3 Quantitative Models 

3.3.1 Types and representations of quantitative models 

3.3.1.1 Variables 

The model is a representation of a part of the real world, the modelled system. 
For the purpose of modelling the modelled system is nothing more than a set of 
input and output quantities, with a certain input-output behaviour (Zeigler, 1976). 
The most important concept in relation to quantitative models is the concept of 
variables. Variables can take values from a predefined set of possible values, 
depending on the model. In this way variables represent the systems state. 

A variable can be an input or an output quantity or a quantity that is 
attributed to the modelled system. The latter kind is part of the model but no 
"real world" quantity that can be directly measured can be associated with it, only 
some hypothetical quantity can be associated with these variables17

• The purpose 
of a quantitative model is to describe the input-output behaviour of the system by 

17 Often these kind of internal variables are assigned an artificial meaning. An example is the 
term "susceptibility", in the field of magnetics, which is nothing more that an internal variable in the 
model of electromagnetism in solids but is now considered as a magnetic property of solids. 
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defining relations between the various variables and thus defining the development 
of the models state. The experimental frame then defines which states of the real 
system correspond with the models states. 

An example quantitative model is a model of a rabbit population, where the 
variables are, for instance, the number of rabbits, and time. The model then 
describes the behaviour of the number of variables as a function of time. Another 
quantitative model is a post office model, where the variables are time, the num
ber of people waiting in each queue and the number of office servants that are 
actually serving people. 

A distinction must be made between dependent and independent variables. 
Independent variables are not influenced by other variables in the model. When 
one of the independent variables is time the model is called dynamic, otherwise 
static. It should be noted that time can be implicitly present in a model, making 
the model dynamic, without explicit time dependence. For example, when the only 
independent variable in a model is the amount of water added to a vessel, and the 
flow of water is a function of time the model is dynamic, without an explicit time 
dependence. A model is static only if the independent variables can be tuned back 
and forth, independent of time. Mostly the number of independent variables is 
small, the complexity of the model rises strongly with the number of independent 
variables. 

Dependent variables are a function of the independent variables and/or each 
other. The number of dependent variables is unlimited, in principle, in practice 
numbers of one to several thousands occur. 

In the case of a dynamic model the notion of dependent and independent 
variables is somewhat tricky. 

In this case the development of the system is often described by differential 
equations. In mathematics the independent variables in differential equations are 
the variables to which an integration can be performed. In the case of ordinary 
differential equations only one independent variable is present, but the choice of 
initial values of the 'dependent' variables is still free for those dependent variables 
that are mutually independent. For a further discussion see Section 3.3.1.5 

3.3.1.2 Parameters 

Other quantities that are important in modelling and simulation are parameters. 
Parameters are quantities that depend on external circumstances and are not 
influenced by variables. The input-output behaviour described by the model 
depends on these parameters, e.g. the fertility of rabbits may depend on the envi
ronmental temperature, influencing the growth rate of the rabbit population. 

Parameters can be subdivided in internal and external parameters. Internal 
parameters describe constant system properties that have no direct relationship 
with variables. Examples are: the volume of a tank, or the length of a pendulum. 
External parameters represent the relation with the environment. They can be 

page 50 SAFE/SIM/WPI/EUT-rep/comp.final 



The SAFE Project Characteristics of simulations 

uncontrollable values, such as temperature, or outputs from some other system 
that is not included in the model. 

Parameters can be static or dynamic. Static parameters are constant during the 
model time (i.e. the value of the independent time variable), dynamic parameters 
are, explicitly or implicitly, a function of model time. Usually, but not always, 
internal parameters will be static, while external parameters can be both static and 
dynamic. 

Dynamic parameters can be deterministic or stochastic. The latter model some 
random external process, e.g. the entrance of customers into a post office or a 
random internal process, e.g. noise. Variables which depend on stochastic parame
ters will be stochastic themselves. 

The difference between parameters and variables is rather subtle. The most 
important feature of parameters is that they are independent of the development 
of the model state. This means that they remain the same18

, whatever the devel
opment of the model state will be. This means that the causes of changes of para
meters are never the objects under study, when using a simulation. Of course the 
effects these changes can be objects of interest and study. 

A quantity that is in one case a parameter can in another case be a variable 
and vice versa, depending on the scope of the model. This is defined in the experi
mental frame. The environmental temperature, for instance, may be a parameter 
in one case, but when the causes of temperature change are incorporated in the 
model the environmental temperature will be a variable. 

3.3.1.3 Discrete and continuous models 

Systems that can be modelled can be of very different types. Therefore, the 
models for these systems may have a different nature (Pritsker and Pegden, 1977). 
An important dimension of models is the continuity. This term applies to the 
variables of the model which can be continuous or discontinuous (discrete). The 
dependent variable of a model of a population of rabbits is the number of rabbits, 
which is always an integer number. This implies that in a model the number of 
rabbits will be a discontinuous function of time. A change in the number of rab
bits always implies a discontinuous jump in the rabbit function. On the other hand, 
the charge of a capacitor is an irrational number. The charge is, in a model, a 
continuous function.19 

The independent variables can also be both continuous and discontinuous. For 
instance when the experimental frame is such that the rabbits are viewed only 

18 A dynamic parameter stays the same in a relative way: its time dependence does not change, 
of course its value can change. 

19 Of course, when the electronic behaviour of the capacitor system is observed in terms of single 
electrons the model will be discrete. See also the next section. 
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once a year, the model time is discontinuous. The charge of a capacitor can be 
measured at any time, implying a continuous time variable. Models can thus be 
classified in discrete-discrete, discrete-continuous, continuous-discrete and continu
ous-continuous where the first word applies to the dependent variables, the second 
to the independent variables. It will turn out that the continuity of the dependent 
variables determines more deeply the characteristics of the model than the conti
nuity of the independent variable(s). Therefore a main classification will be made 
in discrete and continuous models, depending on the continuity of the dependent 
variables. 

Besides these categories a third one is possible: the concentration of a chemi
cal reactant changes continuously in time mostly but when a certain amount is 
added to the vessel, a discontinuous jump in concentrations is possible. This type 
of model, which allows both discrete and continuous variables will be called hybrid 
or mixed models. 

3.3.1.4 A note on continuity of models. 

It is stressed that the continuity of the model is important for simulation purposes, 
not the continuity of the modelled system. For determining wether the model will 
be discrete or continuous, two factors are important: the continuity of the real 
system and the experimental frame. Of these two, the latter is the major factor. 
For instance, the rabbit population has a discrete dependent variable (the number 
of rabbits) and a continuous independent variable (time). However, the experi
mental frame can determine that the population is measured only once a year, 
making the model time variable discrete. Also it is possible that the experimental 
frame determines that only large populations and averages are to be considered in 
the model, making the model number of rabbits (and the model as a whole) cont
inuous. 

It should be noted that the possible values of a continuous variable can be 
mapped into a discrete set of values. In fact a computer can only represent dis
crete values and always performs this kind of mapping to represent real values. 
However, when this kind of mapping occurs to variables of continuous variables 
this does not make the model discrete. There is an important difference between 
the interpretation of continuous and discrete variables which is not reflected in 
this kind of mapping operation. Every value of a continuous variable has a mean
ing in the model, meaning that it represents some physical state. This is not true 
for discrete variables where only values in a discrete set can be assigned a meani
ng. E.g. in the post office model, the variable which represents the number of 
waiting customers in a queue can only take integer values. A value of 3.5 cus
tomers in a queue has no meaning. 
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3.3.1.5 The state 

An important concept is the concept of state, as noted in Section 3.2.1.2. For 
quantitative models this concept can now be defined: A subset of the set of depen
dent variables is a state when from this subset the values of all other dependent 
variables can be calculated. Most of the time several choices can be made for 
defining the state. A variable in the state is called a state variable. A state is called 
minimal if removing any state variable results in the remaining subset no longer 
being a state. 

State space is the set of all possible values which the state variables can take. 
When there are N variables in a minimal state, the state space will be N-dimen
sional. The state of a model can be represented by a single point in state space. A 
change in choice of variables in the minimal state correspondents with a different 
choice of coordinates in state space. 

For a simple static model, where the values of the state variables do not 
depend on previous states the dimension of state space (or the number of degrees 
of freedom) equals the number of independent variables. But for a system in which 
the state development depends on the current state (in practice almost all systems 
are of this type), the number of degrees of freedom equals the number of initial 
conditions that can be chosen freely. The independent variables are not con
sidered to be state variables in this case20• 

The concept of state is especially important in the case of dynamic models. In 
this case only the time development of the state variables needs to be calculated, 
because all other variables are dependent of the state. This saves calculation 
resources, because only at the interesting time points the values of variables that 
are interesting for a specific purpose need to be calculated. 

Because of the reason given above it is important for the modeller to pay 
attention to the choice of state variables. The state chosen should always be mini
mal and those variables should be chosen as state variables which make the repre-

20 By convention. In fact the notion of state does not have much significance in relation to simple 
static models. Simple static models, where no feedback occurs for the state variables can always be 
represented in a set of N (say) equations with M (say) unknowns, where M> =N. In this case M-N 
independent variables can be chosen freely, determining all the other M variables. In the text we 
have defined the minimal state as the set of M-N variables but there is no development of this state, 
we are free in choosing every point from state space that we want, not restricted by model equations. 
The structure of the simple static model even allows that the choice of state variables changes during 
the manipulation of the model since any set of mutually independent variables determines the values 
of all other variables. 

When, in this case, the equations describing the system are linear, there are no problems, the 
above reasoning holds. However when there are nonlinear equations involved, the system may be 
over- or underconstrained, depending on the structure of the equations. 

In the mathematical sense of the word, in this case there is no independent variable present. 
Nole that this is not true for all static models, e.g. a model which is defined by a differential equa
tion in position. 
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sentation of the time development of state variables the most efficient. This may, 
as an example, result in a different choice of coordinates. 

3.3.2 Discrete Models 

3.3.2.1 Different viewpoints for discrete simulations 

As is previously noted the dependent variables of discrete models only take dis
crete values, in other words: the state space is discrete. For discrete models an 
event occurs when the value of one of the state variables changes. When the 
events occur only after fixed time intervals, the model is discrete-discrete, other
wise it is discrete-continuous. In the last case the events can occur at any time, this 
is the case at a post office, where customers can enter, wait and be served at any 
time. 

In discrete models objects are often treated independently. This means that 
often many objects exist at a time, each having a simple structure. This is in con
trast to a continuous model with fewer objects with a more complex structure, 
resulting in more complicated relations between variables. 

An object has a limited life-cycle within the model. It is being created (the 
customer enters the post office ... ), processed ( ... he is being served ... ), and deleted 
( ... and exits the office). This is called a process. A part of this process is the activity 
that is undertaken with the object. A third concept is the event. In the example of 
the post office there are three events: the entrance, the start of service and the 
end of service/exit. When a model of the post office is represented in a symbolic 
system (e.g. a simulation language) it is possible to do this from three viewpoints 
or approaches, depending on the type of elements put central: events, activities or 
processes. The symbolic system chosen depends on the choice of approach, and 
reversed, the choice of approach depends on the chosen symbolic system. In the 
following sections each of these approaches will be discussed in more detail. 

3.3.2.2 The event approach 

When events are the central concepts of a model, the process of simulation can be 
described as follows, in a general structured programming language: 
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central processor 
begin 

initialize system 
while not end of simulation do 

check event list; 

od 
end 

t := time of next event; 
handle next event 

An important element in this approach is the event list, which holds record of 
all future events. At every simulation step the next event time is looked up in the 
event list and this event is being handled. Simulation time increases with this 
process. The handling of an event influences the state of the system. Also the 
event list can change under influence of an event handling, e.g. the post office 
simulation (a post office with a single teller and a single queue): 

handle arrival event 
begin 

if teller idle 
then 

make teller busy; 
determine service time; 
schedule end of service event at t + service time 

else 
queue .- queue + 1 

fi 
end 

handle end of service event 
begin 

if queue = O 
then 

make teller idle 
else 

queue := queue - 1; 
determine service time; 
schedule end of service event at t + service time 

fi 
end 

It is not necessary to specify a start of service event because this always 
coincides with an arrival event or an end of service event. The arrival events are 
generated by some external source. An event oriented simulation language will in 
general have the central processor included, together with some facilities to moni
tor the process. The user limits himself to specifying the state, the types of events 
and the event handling procedures, for which the simulation language offers some 
facilities, like a standard procedure library. 
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3.3.2.3 The activity approach 

The activity approach implies that the simulation system has to scan all possible 
activities at all possible times to see which activities are currently active. Events 
are implicitly present as the start or end of an activity. While in the event ap
proach the waiting queue was a central object, in the activity approach the teller 
is. This approach is often called the activity scanning approach for obvious reas
ons. Because all activities have to be scanned at every possible simulation time 
this approach results in inefficient programs (Bratley, Fox & Schrage, 1977). 

3.3.2.4 The process approach 

The process approach takes the objects as central elements of the simulation. The 
division of the larger system into smaller objects is most clear in the process 
oriented approach. Every object is now depicted as a kind of mini-simulation of a 
subsystem. There is no description of a global state but every object has its own 
"private" state variables. A central processing procedure keeps all these processes 
in pace. The post office problem is now· coded like this: 

customer 
begin 

enter queue at entrance time; 
wait until teller idle and you are the first in 
the queue; 
exit queue, begin service; 
be served until end of service time 
exit; 

end; 

teller 
begin 

while not closing time do 
become idle; 
wait until queue not empty; 
become busy; 
remove first from queue; 
serve until end of service time; 

od 
end; 

No specifications are needed for separate events, these are described in every 
separate process description. Of course some global system characteristics need to 
be described, however, many of these global characteristics are defined implicitly 
in the several process descriptions. 
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3.3.2.5 Comparison of the approaches 

Each approach has its merits. Especially the process and event approaches are fit 
to describe discrete simulations. There are of course some differences. 

The biggest virtue of the process approach is its clear structure. By dividing 
the larger system into small entities for which the simulation process can be 
described separately a clear overview is being supported. The process view is 
suitable to be represented by a graphical network representation. There have been 
developed some simulation languages which rely on such a representation (for 
example SLAM and GPSS, see Pritsker & Pegden, 1977). The network represen
tation is often carried into the computer by translating the network into a directly 
corresponding text language. 

The event approach has a simple structure. It is easy to envisage the processes 
in the computer, represented by an event oriented language. This can be an aid in 
developing a model. However, when the state of the system becomes more com
plex and the number of different types of events increases the clearness of the 
system decreases accordingly, because every event has his own effect on the state 
of the system, which can be the cause of some interference between events, unnot
iced by the author of the model. 

An advantage of the event approach is that it is very clear how an interface to 
some external process can be realised. The external process can put an event on 
the event list and, on the other hand, some events can influence the external 
process. This is all very transparent. It is also possible to create some interfacing 
from a process oriented approach, in this case the external process should address 
the individual objects. This is somewhat less transparent. 

3.3.3 Continuous models 

In a continuous simulation the process is described in a different way. Now the 
state variables are present more explicitly. The description of the system is explic
itly in terms of these state variables and related variables. The time development 
of the system's state is controlled by differential or difference equations. Time is 
divided in small pieces, depending on practical conditions and the required calcu
lation accuracy. The modelling system calculates the state variables and other 
values as a function of time, depending on the given equations. Most of the times 
several integration techniques are available. 

Take the example of the growth of a rabbit population. The number of rabbits 
is describes by a continuous variable, called RABBITS. The system is described in 
terms of difference equations, in the language of the very simple continuous 
modelling system of John Ogborn's, DMS (1985, 1988). 
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FERTILITY 
BIRTHS 
RABBITS 
T 

= (1 - RABBITS/MAX) * FO 
= FERTILITY * RABBITS 
= RABBITS + BIRTHS 
= T + 1 

The SAFE project 

The modelling system calculates from the values at time T the values at time 
T + 1. The user has to supply values for the constants FO and MAX and initial 
values for T and RABBITS. The only state variable is the variable RABBITS. The 
same system can be modelled in a system which takes differential equations. In 
this case the third line would read as (in some arbitrary notation): 

D(RABBITS) = BIRTHS 

and the last line would vanish because the system itself takes care of time progr
ess. This leaves open the choice of integration technique and suggests more 
strongly that the system is continuous. In the case of the rabbit population that 
may not be a wise choice, when the real system is monitored from generation to 
generation. In this case the system is continuous-discrete and times between two 
measurements have no meaning because they cannot be observed. T takes the 
function of a generation counter. This is true in general: a continuous-discrete 
model can not be described in terms ·of differential equations, only difference 
equations can be used. When a continuous-continuous model is represented in 
terms of difference equations, in effect the model will be continuous-discrete. 
However, the interpretation will be different from a "real" continuous-discrete 
model, since time point between two calculation steps have a meaning in continu
ous-continuous models. Values for variables at these time points can be obtained 
by interpolation 

3.3.4 Mixed models 

Within one model both discrete and continuous processes can take place. In a 
chemical plant the concentration of a certain substance can be described by a 
continuous variable but some discrete events can take place, for instance the 
adding of a great amount of substance to the vessel. These events can even be 
generated by the continuous variables. The decrement of the concentration below 
a certain critical value can trigger an automat to add a new amount. 

It is not possible to describe these models with any of the types of simulation 
languages characterized before. One solution to this problem is to model the 
continuous variables as discrete objects. This approach has some major drawbacks. 
The accuracy is not easy to control and the process of solving the differential 
equations has to be modelled in a discrete modelling system. The other way 
around, modelling discrete variables in a continuous modelling system also doesn't 
work very well: the modeller cannot use the specific features of the event and 
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process approaches. A better solution is to make use of a simulation system which 
can combine both types of variables. 

Both process and event description make it possible to be combined with 
continuous variables. In both simulations time is running in the background. This 
makes it possible that at any event the current values of the continuous variables 
can be calculated. In this type of description the differential/difference equations 
and the process/event descriptions are given separately. An example (the chemical 
reaction): 

handle add event 
begin 

concentration := concentration + amount 
end; 

state {of continuous variables} 
begin 

reaction speed := f(concentration, other variables) 
derivative of concentration := reaction speed 
increase time to current time -
schedule add event when concentration < critical value 

end; 

The procedure state is now called at every event in order to calculate the current 
concentration. Within a process oriented approach there are two possibilities for 
the continuous state variables. They can be an assigned property of an object, in 
which case they are local, or they can represent a global aspect of the system (e.g. 
the temperature), in which case they are global. The integration of local continu
ous variables is done within the object descriptions, the state evaluation of global 
variables is done by a procedure which is called, every time an object requests the 
values. 

Mixed systems occur very often. In industrial practice almost every model that 
is used has a mixed nature. When large systems are modelled almost always both 
discrete and continuous variables will occur. 'Pure' continuous or discrete models 
only occur as small models and, more importantly, as submodels of larger systems. 

3.4 Qualitative models 

For several reasons it might be useful to describe models not only in terms of 
quantitative relations but in terms of qualitative relations. Hartog (1989) states 
that in the context of instruction and learning qualitative models are extremely 
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important because they are closer to the (mental) model the student is to 
acquire21

• 

It should be noted that there is no sharp distinction between quantitative 
simulation and qualitative simulation (Fishwick, 1989b). Some modelling methods 
have both qualitative and quantitative aspects. 

In general two types of qualitative modelling can be distinguished. The first 
one describes quantitative aspects of a system qualitatively, for example: "The 
voltage is oscillating" or "The temperature is monotonously increasing". The sec
ond type of qualitative modelling is where non-quantitative properties of a system 
(or model) are modelled. An example is a model of an electric circuit where only 
aspects like on and off, connected and not connected are taken into account. 
Fishwick (1989b) refers to these two model types as quality-based and abstraction 
based respectively. In this chapter we will adopt his terminology. 

The experimental frame (see Section 3.2.1.2) defines the qualitative or quanti
tative nature of the model. The experimental frame defines if quantitative prop
erties of a system will be treated as numbers or as qualitative properties (resulting 
in a quality-based model), regardless of the system properties. On the other hand, 
it is possible to map qualitative attributes of a system onto a numerical system, 
with mathematical relations defining the behaviour of the model. Usually this will 
result in a discrete event simulation. It ·will be hard sometimes to tell the differ
ence between a discrete event model and an abstraction-based model. In a certain 
sense quality-based models can be compared to continuous quantitative models 
while abstraction-based models are comparable to discrete quantitative models. 

3.4.l Quality-based models 

In quality-based models three aspects can be qualitative: the input, output and the 
model. The term model here applies to a more restricted internal model (someti
mes called the core model). The inputs are given in a language describing the 
qualitative features. (With elements like {positive, increasing}), the output is given 
in the same terms. A qualitative model is capable of reasoning with the input 
language to give a qualitative description of the behaviour of the system. 

It is not necessary that all three aspects are of the same kind (qualitative or 
quantitative). Quantitative input can be fed into a qualitative model giving quali
tative output). When two consecutive elements are of a different kind a translation 
is needed between qualitative and quantitative representations and vice versa. For 
example, the qualitative input "the voltage is oscillating" may translate into 
V(t) = sin(t), where V(t) is fed into the quantitative model. Note that this adds 

21 One could, however, argue that it is not really necessary to have the mental model that the 
student is to acquire implemented in the computer as the simulation model. Another possibility, for 
example, is that a quantitative model drives the simulation, while a qualitative knowledge base 
contains additional knowledge of the domain. See Section 3.7 for a discussion on the possible con
tents of such a knowledge base. 
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some information to the input. Fishwick (1989b) calls this replacement of a quali
tative term with a quantitative function instantiation of the qualitative term, as 
opposed to constraint propagation where the boundaries for the variables resulting 
from the qualitative statements propagate through the model. An example may 
clarify this point. A qualitative statement may be: A is somewhere between 3 and 
5, B is somewhere between 8 and 12. The question is: what can we say about 
A+ B. Instantiation methods would make an estimate for A and B, say 4 and 10, 
and add these giving 14 as an estimate for A+ B. Constraint propagation methods 
would add the boundary values and state that A+ B is somewhere between 
11 and 17. For a model which contains more complex relations (e.g. non-linear 
relations) between variables one needs of course more sophisticated techniques 
for constraint propagation and instantiation. 

When qualitative output is required from a quantitative model a reverse 
translation from quantitative data to qualitative statements is needed. 

Note that, in the case of quality-based modelling, there is always, (whether 
known by the developer or not) a quantitative model underlying the qualitative 
one. There can be several reasons to decide to perform the simulation qualitative
ly if the quantitative model is known (If it is unknown, qualitative simulation may 
be the only way to perform the simulation). 

First qualitative simulation may be desirable because there needs to be a 
qualitative user interface around the model. For example, this could be a natural 
language interface. Under certain circumstances, it might be better, for reasons of 
efficiency and accuracy, to perform the whole simulation qualitative rather than to 
translate the qualitative input into quantitative, performing the quantitative simu
lation and translating the results into the qualitative language. 

The second reason to prefer qualitative simulation over quantitative is that 
the equations describing the system are so complex that it would require large 
amounts of calculation time to perform all necessary calculations. Qualitative 
simulation might be more efficient, if one is not interested in the quantitative 
details. This kind of modelling results in less accurate simulations. 

A very important reason to perform qualitative simulation is to model human 
reasoning about a certain system. In this case the main objective is not to build a 
model which gives high accuracy predictions of the system under study but to build 
a model of the expert reasoning about the system. This will bring two systems 
under study: the modelled system and the human reasoning about the system. 
Qualitative models of this kind, may play an important role in instructional pro
grams e.g. in simulations in which the learner must play a certain role in interact
ing with other people. The simulation then models the counterplayers of the 
learner. Another application might be to compare learners behaviour with expert 
behaviour in order to be able to give appropriate feedback to the learner. Quali
tative models can play a role during model development. In this case the relations 
of a system are first stated in a qualitative form. During model development 
several version of the model may be developed, possibly with the help of qualitat
ive simulation techniques. In the end the qualitative model can be translated into 
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a quantitative model. In this paper we will not go deeper into this matter, model 
development will be elaborated in Van Joolingen et al. (1989). 

3.4.1.l A quality-based algorithm 

Kuipers (1986) describes an algorithm for quality-based simulations, QSIM, for 
systems that can be described by differential equations. In this section this 
algorithm will be described in brief to give an impression of the type of reasoning 
systems that exist in qualitative simulation. 

QSIM starts with the differential equations modelling the system under study. 
From this equations qualitative rules are developed, like: DERIV(f,g), meaning 
that g is the derivative of the function f and ADD(f,g,h) meaning that 
f(x) + g(x) = h(x), for all x in an appropriate domain. 

For each variable in the system, landmark values are defined as those values 
where something interesting happens, e.g. a maximum of the function or crossing 
zero or another critical value, depending on the system characteristics. Also some 
distingu.ished time points are defined as the time points where (one or more) vari
ables reach landmark values. 

The qualitative state of a system is now described by a set of propositions of 
the form < qval, qdir > indicating the value of the variables, and the direction of 
change (corresponding to the sign of the derivative). qval can take the form Ii, 
indicating that the variable is at a landmark value or (l, li+ 1), indicating that the 
value is somewhere between two consecutive landmark values. The qdir slot takes 
values of the set {inc, std, dee} as mnemonics for increasing, steady and decreas
ing. Time is described in terms of ti and (t; ti+J, where the ti's are the distin
guished time points. 

From a certain qualitative state, transitions are possible to other qualitative 
states. In fact there are not so many possible transitions, Kuipers gives 16 possible 
transitions while from a particular state at most four transitions are possible. The 
algorithm builds a tree of possible system development, using the initial state and 
the possible state transitions. The reasoning mechanism is capable of adding new 
landmark values to functions if there is a need for this, e.g. when it is discovered 
that a derivative travels through zero. 

The qualitative model rules now constrain the development of the system tree: 
by an inference mechanism, impossible branches of the system tree are eliminated, 
resulting in one or few possible system development paths. It is stressed that, using 
this algorithm, it is possible that there are several ways the qualitative state of the 
model can develop. The qualitative reasoning mechanism is not deterministic. 
Kuipers proves that this is true in general for this kind of reasoning systems. 
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3.4.2 Abstraction-based models 

Abstraction-based models model non-qualitative aspects of systems. An example 
was already mentioned at the beginning of this chapter. This system (electronic 
circuits modelling) was implemented in an instructional program by White and 
Frederiksen (1987ab). Their system contains three, increasingly complex, models 
of electronic circuits. Using Fishwick's terminology, these models could be clas
sified as abstraction-based, quality-based and quantitative. The abstraction-based 
model is capable of generating the new states of every component in the system 
when something in the system is changed, e.g. when a switch is opened or closed 
the burning of a bulb will be re-evaluated. 

In a representation of abstraction-based models the causality of the system 
must be represented. This can be done by using a set of if-then rules (production 
rules, see for example Klahr, Langley & Neches (1987)) or by constructing graphi
cal representations: causal graphs or finite state machines. 

These techniques are essentially knowledge representation techniques, as they 
are used in artificial intelligence. In principle all knowledge representation tech
niques can be used for the construction of models but not all of these models will 
be suitable for simulation. 

3.5 Underlying models, procedures and scenario's: the interaction 
process 

The Sections 3.2 - 3.4 presented an overview of internal characteristics of the 
models underlying the simulations. One of the characteristics of the model is 
whether one of the independent variables is time, thus defining a difference 
between dynamic and static models. This concept of time should not be confused 
with another time aspect frequently found in describing interaction with a simula
tion: the timing of learner input and system output. This latter interaction aspect 
describes the sequence of the different inputs by the learner and the different 
outputs by the system. Mostly the learner has to provide the system a number of 
different inputs and the system returns (at least one) output. When there is a 
normative sequence of input and output associated with the interaction we will 
speak of the procedure or skill associated with the (underlying) model or the real 
system that is modelled. 

The input sequence is sometimes at free choice of the learner, but sometimes 
it is prescribed and thus fixed. Of course mixed initiative is also possible. Prescrib
ing the sequence can be, amongst others, the result of instructional decisions. In 
principle, this timing aspect is independent from the dynamic properties of the 
model, but in practice a relation wilJ exist. 

A third possibility is that the process of interacting is subject of instruction 
itself, in other words it is a learning goal. This is the decisive distinction between 
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learning the properties of the underlying model (both static and dynamic) and 
learning a procedure or skill: the skill is not only aimed at providing the right 
input but also at the process of interaction. However, it will be also clear that for 
insightful learning of the procedure, knowledge of the related model will be neces
sary, at least in some qualitative, informal sense. 

Figure 3-2 gives a schematic overview of the interaction sequence aspect in rela
tion to the underlying model. Of course this figure only depicts an example. The 
underlying model is depicted as a simple box with (input)variables, (input)parame
ters and output variables indicated. Sequencing these inputs and outputs defines 

Figure 3-2 

model interaction 

variable A __ ,__ __ ....,_ 

variable B 

parameter B _....., ___ .._~ 

output B ---""---.... -~ 

time 

Schematic overview of adding an interaction element to simulation 
models. 

the timing of the interaction. If a choice can be made by the learner when to give 
certain input and/or output, this is indicated by grey areas. The direction of the 
lines does not indicate input or output relations but gives the relation between 
internal component of the model and the time axis. 
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Decisions on the place of components on the time axis can be based on: 

1. Dynamic characteristics of the internal model; 
2. Logical relations in the internal model (some input is necessary before some 

output can be given); 
3. Instructional strategies; 
4. A (normative) procedure or skill as performed in the real world. 

After considering these four elements, free choice for the learner might be 
left (in fact for many simulations there is only a time barrier between input and 
output, the learner can give all the input in the sequence s/he likes). This free 
choice is indicated by grey areas in the figure. 

The interaction aspect is one of the elements of what sometimes is denoted as 
scenario's (Reigeluth & Schwartz, 1989). A second element related to scenario's is 
the concept of roles. Roles define what input a learner may give (so not the 
sequence), and what output s/he receives. As an example we might take a simula
tion model on environmental issues. Roles in this simulation might be politician, 
scientist, plant owner, and member of Greenpeace. Each role has different input 
possibilities and access to different outputs. Scenario's (including interaction and 
roles) thus define the basic interaction of the learner with the simulation. 

Figure 3-3 adds the concept of role assignment to the interaction aspect. The 
other agents in the figure might be other people (even other learners) but it might 
also involve non-human agents (such as computers that e.g. provide random input 
to a variable). The computer might also be used to simulate another agent. 

In summary we can say that additional to the internal characteristics of a 
model, a second objective of learning with computer simulations might be the 
learning of an associated procedure. The procedure concerns the interaction of the 
learner with an underlying model. The process of interacting with the model may 
not only be influenced by a possible associated procedure, but also by internal 
characteristics of the model (dynamic properties, logical relations), and last but 
certainly not least, the instructional strategy that is applied. A description of the 
interaction process together with a role assignment is denoted as the scenario of 
the simulation. For designing simulation in an instructional context, a classification 
of scenario's would be useful. 

3.6 Classifications of simulation learning environments in literature 

In the preceding sections two main ingredients of computer simulations have been 
described: the model and the scenario. These two main ingredients are, in princ
iple, sufficient to provide a framework for a complete classification of internal 
characteristics of simulations, in terms of the themes, discussed in Chapters 1 and 
2. 
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scenario 

/ "' role 
assignment model interaction 
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vart e '----"" earner 

' parameter A --r--r--4-"::th~~d=====k====<"\~:~'0~~~ 
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time 

Figure 3-3 Schematic overview of building a scenario 

Before an attempt is made to develop this classification first some classifica
tions found in literature will be discussed. An attempt will be made to describe 
these classifications in terms of the main two ingredients of the internal character
istics of simulations (models and scenario's). As will become clear, most classi
fication are not based at clear dimensions, thus resulting in quite unstructured and 
seemingly ad hoc categorisations. 

One of the most influential classifications of simulations in education is given by 
Alessi and Trollip (1985). They distinguish the following types of simulations: 

• Physical simulations. These are simulations of some physical object, giving the 
learner an opportunity to use it or to learn about it. Typically these are simu
lations of machines or laboratory equipment. 

• Procedural simulations. In this kind of simulation the student must learn cer
tain skills needed to operate the simulated physical device. A typical example 
is a flight simulator, in which the learner must learn the necessary skills for 
operating an airplane. Diagnosis simulations are a subset of procedural simul
ations. These simulations are concerned with trouble shooting: the task of the 
learner is to locate a defective part in a non functioning device. 

• Situational simulations. In these simulations the student plays a certain role in 
a particular situations. For example the student could act as if s/he where a 
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newly starting teacher at a school, confronted with all kinds of problem situa
tions. 

• Process simulations. In process simulations the learner provides a model with 
some initial values and watches the state development. There is no possibility 
of controlling the simulation during run time. 

Alessi and Trollip's classification combines a number of the dimensions that we 
have identified. The first type of simulation, the physical simulation, refers to the 
relation of the model with the real system. In this, we also distinguished abstract 
and artificial models. The relevance for putting physical simulations apart as a 
separate type of simulation, is that physical systems mostly are related to learning 
some procedure (operational knowledge). The latter category is, however, covered 
by Alessi and Trollip's second category, procedural simulations. Process simula
tions are covered by our classification of dynamic simulations, simulations in which 
one of the independent variables is time. Finally, Alessi & Trollip distinguish 
situational simulations, a classification that is covered by our scenario dimension. 
By describing it as a separate category the authors deny, implicitly, the fact that a 
physical simulation or a procedural simulation and a process simulation, could 
have related scenario's as well. 

Reigeluth and Schwartz (1989) present a classification of simulation, based on the 
one by Alessi and Trollip and, what they call, the instructional overlay of the simu
lation scenario and model. They separate: 

procedural simulations "include both the physical and procedural categories 
described by Alessi and Trollip (1985)". 

• process simulations "teach naturally occurring phenomena composed of a speci
fic sequence of events." 

• causal simulations "teach the cause-effect relationship between two or more 
changes." 

To start with, this classification suggests that a physical simulation will always have 
an associated (normative) procedure, which of course, will generally, but not nece
ssarily be true. Process simulations should be placed in the context of dynamic 
simulations. Causal simulations are possibly a good subclass of simulations, 
because causality is not captured by the classification we have made thus far and 
it plays an important role in education. 

Reigeluth and Schwartz characterize their classification further by describing 
the level of access to variables and parameters the learner has in each of the types 
of models (so they set the level of learner activity as allowed for by the interaction 
model). In the first category, procedural simulations, most learner activity can be 
present. The learner has, in principle, access to all (or many) variables and can 
choose his own scenario, he can really interact with the model. At all times (s)he 
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has access to the variables, unless these are inaccessible due to restrictions 
imposed by the structure of the model. 

Process simulations leave almost no activity for the learner. At the most some 
initial values may be set, but there is neither freedom of choice for the scenario 
nor access to variables during simulation run time. These simulations are, in the 
definition by Reigeluth and Schwartz, near to demonstration devices. 

Causal simulations leave only a little activity for the learner. The learner may 
choose variables and watch the effect of his choices but is not able to alter the 
scenario. Also the number of variables that can be accessed will be small ("two or 
more") and thus does not suggest a large number of manipulable variables. 

Conkright (1985) orders simulations according to the complexity of the 'path' the 
learner can take through the simulation. Conkright distinguishes three categories: 

• Linear, the learner is, at certain critical moments, confronted with a choice 
between several values for a variable. Only one choice for a value is allowed 
to proceed with the simulation. This kind of computer programs can hardly be 
called "simulation" because the behaviour of the program is predefined, which 
is conflicting with one of the basic requirements we have identified for simula
tions (a computational model). It is ·not even necessary to represent the model 
into the "simulation program" because all development of the state is known 
at implementation time. 

• Branching, the learner is again confronted with a choice between several 
values but now the simulation may proceed with more than one choice of 
values. This kind of program is already more a simulation than the linear 
program but the number of possible paths that the learner can take through 
the simulation is still finite, so there could still be a "simulation without a 
model". 

• Complex - Now the learner is completely free in determining values for some 
variables. In this case there is an infinite number of possible paths through the 
simulation. This really requires a model to be implemented in the simulation 
environment. 

Conkright's classification is mainly concerned with the interaction of the learner 
with the simulation (see Figure 3-3). Conkright does not say anything on the 
nature of the manipulable factors. These may be discrete, continuous or qualitati
ve. Also there is no elaboration on the time points where the learner may change 
or choose values, especially in the complex simulations. Conkright's classification 
is thus a very limited one that allows, moreover, for situations that we would 
certainly exclude from the definition of simulations, to be called simulations. 

A final classification we like to present was made by Gredler (1986). He devel
oped a taxonomy for microcomputer simulations where the assignments for the 
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learner and the learner activity are the central criteria for the classification of 
computer simulations. He classifies: 

• Structured questions and graphics "simulations" [Gredlers quotes]. These are in 
fact drill and practice or tutorial programs with some graphic demonstrations. 
Gredler is right in putting the word "simulation" between quotes (in fact the 
same situation as with Conkright's linear "simulations" exists here). 

• Variable assignment exercises. The scenario for the learner is fixed, but the 
learner is free to choose values to assign to certain variables or parameters 
and watch the development of the state of the model. This type of simulation 
is similar to Alessi and Trollip's process simulation and Conkright's complex 
simulation. 

• Diagnostic simulations. The learner is confronted with a problem which must 
be solved, e.g. a trouble shooting problem. The strategy the learner takes is 
compared with an expert strategy. 

• Group interactive simulations. A more flexible version of the former category. 
The learner is now completely free in determining the scenario. 

The difference between the last two categories is rather vague. Gredler does not 
succeed in making this difference very clear, no sharp distinction is given to distin
guish these two categories. 

Gredler gives a checklist in order to classify a simulation. However the 
checklist results in a yet another classification: a further distinction (between drill 
and practice and tutorial) for the first category is given and the last two categories 
are combined when using this checklist. 

The main problem with Gredler's classification is that he allows for non com
putational model to be called simulations. He introduces elements that do not fit 
in the classifications we have made in this chapter (giving an assignment, and the 
context (individual vs. group)), but we would place these extra elements not direct
ly in the simulation itself but rather in the instructional environment that sur
rounds it. 

It can be concluded from this short overview that most existing classifications of 
simulations are not based at clearly defined dimensions, that they allow for non
simulations to be classified as simulations and that they tend to include character
istics that do not pertain to the internal structure of the simulations. 

In the next section the four themes that we found as defining educational use of 
simulations will be related to the simulation model that is for this moment put in 
the broader context of domain. 
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3.7 Theme 1: Models and domain knowledge 

As noted in the introduction to this chapter, the overlap between the theme "mod
els" and the design component "domains" is very large since the model itself is one 
of the most important parts of the domain. However, the model that makes the 
simulation run (the runnable model) does not cover all domain aspects that are 
important for learning. One of these aspects has been discussed in section 3.5: the 
description of the interaction with the model. In this section we will pay attention 
to another issue: the knowledge that is not contained in the model but that is 
needed in order to interact in a proper way with the model or to obtain some 
deeper understanding of the model (and/or the domain that is modelled). The 
additional knowledge and the model that drives the simulation together will form 
the domain representation of the ISLE. This section will give some outlines of this 
domain representation of which an elaborated discussion can be found in the 
SIMULATE report on formalisation (Van Joolingen & De Jong, 1990). 

It is clear that, when the interaction with the model is at stake, the knowledge 
that is represented in the lumped model is not sufficient to reconstruct the com
plete interaction between external agents and the model. Where as the model 
contains sufficient information to drive the simulation, additional knowledge of the 
domain is needed in order to be able to"make decisions to interact with the model 
or to understand the relations in the underlying model more deeply. In fact it will 
be this type of knowledge that is to be acquired in order to access a certain pro
cedure or skill. 

An example can be a chemical plant with as one of the variables of the model 
the temperature in a certain part of the plant. The model will calculate this tem
perature but will not assign a meaning to several values that are calculated. For 
example the temperature can be too high or too low for a good controlled func
tioning of the plant. Additional knowledge of the critical values of temperature is 
needed in order to be able to make decisions on when and how to interact with 
the plant simulation. This is (in principle) the same knowledge that a real oper
ator of a real plant should have. 

Besides the knowledge when to interact also knowledge is needed of how to 
interact. Of course the effects of possible actions are determined by the model, 
and the model can be used, by performing the simulation, for investigating these 
effects but in a longer term one expects a learner to anticipate on these effects. In 
order to make this anticipation possible some higher order, more informal and 
qualitative, knowledge is necessary. This knowledge should be represented in the 
domain representation. 

Another very important issue is that the conceptualisation that is used to build 
the runnable model may not be the most suitable conceptualisation to understand 
the model. The variables and rules that constitute the runnable model are chosen 
to drive the simulation in an efficient way, not to obtain a transparent understand
ing of the model. Other conceptualisations of the model may offer a clearer view 
on the domain. We will refer to these conceptualisations as cognitive descriptions of 
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the domain. The complete set of cognitive descriptions will be called the cognitive 
model. An example will make this point more clear. 

A pendulum can be described by physical laws in terms of two variables, the devi
ation from the equilibrium position and the velocity, and two parameters, the 
length of the pendulum and the acceleration of gravity. A model consisting of 
these four elements and two first order differential equations22 (or one second 
order equation which is functionally the same) provides a complete model for the 
pendulum. All possible pendulum behaviour can be described with this model. 

However when an expert is asked to describe the processes that take place 
s/he will almost never use the terms from this runnable model. S/he will say that 
at the lowest point the pendulum has a maximum kinetic energy and a minimum 
potential energy. At the maximum deviation the kinetic energy will be zero, the 
potential energy will be at a maximum there. Without using the state equations 
directly the expert can extract most interesting features from the model. 

The expert is able to do so because he introduces new variables, which are 
dependent of the state variables and uses them for his/her alternative description, 
using relations for his new variables that can be derived from the state equations 
and the definition of the new variables. With these relations and variables the 
expert is able to build both a qualitative and a quantitative reasoning about the 
model and give an adequate description of the behaviour of the simulation. 

All knowledge that the expert uses is implicitly present in the runnable model but 
it is very hard to extract it without using the additional instruments of new vari
ables and new relations. It is not reasonable to assume that a possible reasoning 
system can derive its own conclusions from the rather small information base that 
the runnable model is. This illustrates the need for the inclusion of an explicit 
cognitive description of the simulation model in the domain representation. 

Another kind of knowledge that should be included in the domain representation 
is teaching knowledge about the domain. This knowledge includes, among other 
things, information about which concepts are important to learn, logical depend
encies between concepts, which could influence the order in which they should be 
taught, and knowledge about typical situations which are to be shown to the 
learner. Also information about possible misconceptions may be included in this 
teaching knowledge base. 

22rhese equations are: 

v-l·sina 
cX -v 

Where a is the deviation from the equilibrium in radians, vis the velocity in radians/s, I is the length 
of the pendulum. The dot denotes the derivative with respect to time. 
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Summarizing, the additional knowledge that should be included in the domain 
representation of an ISLE should consist of: 

• A cognitive model of the domain 
• Interaction knowledge of the domain 
• Teaching knowledge of the domain 

Together these three knowledge sources will be called the Learning Tailored 
Domain Model (LID model). As noted before, the structure of this LTD model 
will be elaborated in Van Joolingen and De Jong (1990). The subdivision in three 
parts of this LTD model, as presented here, is to be regarded as tentative. 

3.8 Theme 2: Learning goals and internal characteristics of simula
tions 

In Section 2.2 a classification of possible learning goals has been given identifying 
three dimensions for the classification of learning goals: a knowledge representa
tion dimension, a knowledge category qimension and a knowledge scope dimens
ion. In the present section we will investigate the consequences of a choice for a 
certain learning goal for the internal characteristics of simulation, the model, the 
scenario and the experimental frame. 

The consequences of the knowledge category dimension are the clearest for the 
model and the scenario. The learning of conceptual knowledge is learning about 
the structure and behaviour about the underlying model. Of course the experimen
tal frame should allow the model entities to be recognized as a representation of 
a part of the real system. The learning of operational knowledge is concerned with 
the scenario. Not the model is the most important but the sequence and kinds of 
operations that are performed with it. However, in order to be able to perform 
the right operations some knowledge of the underlying model is necessary, of 
course, at least in a qualitative way. 

For the knowledge representation dimension it is harder to see what the conse
quences are for the internal characteristics of the simulation. It is tempting to 
state that a declarative knowledge representation is associated with a quantitative 
model and that a compiled representation is associated with a qualitative model 
but this cannot be true in general. For instance it is possible (and perfectly natur
al) to teach declarative knowledge about a qualitative model. Also to get "a feel 
for the model" does not require the model to be qualitative. The same applies for 
an automatizing of skill learning goal, which are often taught by the operation of 
a quantitative model (for an example, see the annex of this document). Possibly 
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this dimension does not have many effects on the model and scenario, but more 
on the learner interface and, possibly, learner activity. 

However, the knowledge representation dimension does set some demands on 
the cognitive model. For example, when the learning goal is to obtain compiled 
knowledge of a (qualitative or quantitative) model, the cognitive model must 
provide "shortcuts" for thinking. This means that the model will be described only 
in quite general terms within the cognitive model, with stress on the relations 
between important variables. On the other hand declarative knowledge requires a 
more detailed and elaborate representation in the cognitive model. 

The knowledge scope dimension has relations with the experimental frame. For a 
domain specific learning goal any experimental frame that results in a model that 
is a more or less faithful23 representation of the real system, is good enough. For 
a more general learning goal the experimental frame must be chosen in a way that 
the relation of which the general character is to be learned, is emphasized. This 
means that it must be possible to find more than one real system with experimen
tal frames which produce models which share the general relation. The generality 
of a relation can be emphasized by showing that in a different real system the 
same kind of relationship is applicable. 

In the case that knowledge acquisition skills, like experimenting, are a learning 
goal, this argument may no longer hold, but it seems reasonable to say that learn
ing of knowledge acquisition skills is more concerned with general relations than 
with domain specific relations putting the same demands on the experimental 
frame used. 

3.9 Themes 3 and 4: Learning processes and learner activity. 

In this section both the relations of learner activity and learning processes with the 
internal characteristics of simulation are discussed. Since learning processes are 
cognitive actions which result in some physical learner action (whether associated 
with the internal simulation characteristics or not), we will restrict ourselves here 
to a discussion of the possible types of learner activity. Of course there the prob
lem remains which type of learner activity can be associated with some learning 
process. 

In Section 2.4 several possible types of learner activity have been mentioned. 
In this section the effects of these possible activities on the model and scenario 
will be analyzed. 

First it should be noted that choosing a certain kind of representation and 
manipulating the representation apply to user interface aspects of the ISLE and 

23 Depending on the desired fidelity level 

SAFE/SIM/WPI/EUT-rep /comp.final page 73 



Simulation Design Components The SAFE project 

will not be treated in this chapter. Of course the interface realisations of the other 
possible types of learner activity will not be discussed in the present chapter but in 
Chapter 6. 

3.9.l Handles on input variables and parameters 

Setting environmental qualities applies to the possibility the user has to alter the 
values of parameters, both in quantitative simulations and qualitative simulations, 
where parameters represent a certain quality of the environment of the real sys
tem (E.g. it is warm outside or: it is cold outside). Activities of this kind requires 
a handle on the alterable parameters. Static parameters only need to be accessible 
at the start of the simulation because they are not subjected to change during 
simulation time but dynamic parameters require a more complex input mechani
sm. First it is possible that they are given as a function, which makes it possible to 
calculate the values at all times, second it is possible that they are controlled by 
the learner (or other agent) during simulation time. This means that their value 
can be changed at any moment by the operating agent. 

Defining initial conditions for an experiment requires the possibility to change 
the initial state of the model. In scenario terms this must be done before the 
simulation time is started. 

Intervening on the systems state during simulation run time requires that the 
state variables are changeable by external agents (the learner) during simulation 
run time. This means that, inside the model, there must be a representation of this 
external agent and that this representation must be connected to the learners 
input mechanism. 

Selecting and composing experimental equipment requires that input variables of 
one submodel can be connected to the outputs of another. E.g the output of a 
model of a sine wave generator is connected to the inputs of an electrical circuit. 
This can be done before the simulation run time but also during the simulation 
time, e.g by opening and closing a switch. 

Building of an experimental subject requires that, using small building blocks, a 
model can be generated of the builded subject. E.g. of an electrical circuit the 
differential equations of the time development are generated from the circuit 
characteristics. 

3.9.2 Scenario freedom 

Deciding on the next step in the interaction can result in several actions concerning 
the model, but has, of course, the most effect on the scenario. Performing an 
experiment requires that, at the moment that this is allowed, the learner has one 
or more of the possibilities mentioned in the previous section and the freedom to 
choose which variable or parameter to access. 
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Two special cases need attention. In the first, the model is in some predefined 
state (possibly evolving with simulation time) and the learner is allowed to change 
this state in order to obtain a certain goal. To reach this a certain sequence of 
actions is needed, each action addressing one or more variables or parameters. 
This kind of simulation is often important when a procedure or skill is a major 
learning goal. The term "experiment" is not really applicable here. 

In the second case the initial state of the model is undefined and must be 
defined by the learner. The learner will choose this state in such a way that 
his/her experimental questions can be expected to be answered. Now a certain 
check is needed to make sure that the initial state is defined in a proper way, in 
order to make sure the simulation will run smoothly. This does not necessarily 
mean that the experiment itself may not be faulty but only that the simulation is 
supplied with the necessary inputs. 

3.9.3 Metacontrol 

Metacontrol has its effects on the independent variable(s) (in the strict mathemat
ical sense, see Section 3.3.1.5). In most cases this will be simulation time. Several 
types of time control are possible. First ·a major distinction must be made between 
the case in which the simulation is performed completely before the results are 
presented (e.g. in a graph where the value of one or more variables is plotted 
against time) and the case in which the simulation results are presented dynami
cally, changing with simulation time. 

In the first case no control is possible during simulation time (including other 
types of learner activity). The only freedom a learner may have is the choice of 
the starting and end points of simulation time. 

In the second case more control is possible. The learner may start and stop the 
simulation time when he likes. This requires that the state of the model is kept in 
memory during the (real) time the simulation time is held. The learner may also 
adjust the pace of simulation time. This is important when processes are to slow or 
to fast to make an observation in real time impossible. Finally, the learner may 
also be able to change the direction of simulation time, in order to watch processes 
go backwards. 

When the independent variables represent something other than time, in 
principle the same types of control are possible but in practice only the first case 
is likely to occur, giving the learner a viewport on the simulation results. 

3.9.4 Control over output 

Control over output is concerned with which data is collected and how data is 
collected. One way of collecting data is connecting measuring instruments (in a 
wide sense of the word) to the modelled system. This requires the possibility of 
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connecting the output variables of the model with the models of the measuring 
instruments. The choice of instrument determines how the data is collected, the 
choice of variable determines which data is collected. 

3.10 Towards formalising the domain representation 

In the present chapter the characteristics of the domain component of computer 
simulations have been investigated. Stress was laid on the (runnable) model, which 
is a central component of computer simulations in general. In Section 3.7 another 
component of the domain representation of simulation learning environment were 
introduced, the cognitive. This section will offer a preview on the issue of 
formalising the domain representation of Intelligent Simulation Learning Envir
onments. This formalisation will have to address two issues: the formalisation of 
the runnable model and formalisation of the cognitive model. Also the interaction 
between hoth models will have to be described. 

In the present Section for both of these formalisation issues a short introduc
tion will be offered. However, details will not be discussed here, a more elaborate 
description of domain formalisation for ISLEs will be given in Van Joolingen and 
De Jong (1990). · 

3.10.1 Formalisation of the runnable model 

A formalised description of the runnable model should offer a basis to run the 
model in an unambiguous and efficient way. This requires a rather naked descrip
tion of variables and relations, without any extra information or possible sources 
for misunderstanding. 

For the description of simulations several dedicated languages and software 
tools have already been developed. It is a good idea to start an investigation to 
find a formalised description of runnable models with these existing languages and 
tools. 

Until now tools exist that are appJicable to one class of models, i.e. there exist 
separate tools for continuous and discrete simulations. For each type of simulation 
several different kinds of representations exist. A very short overview of these 
representations will be given here, a more elaborate discussion of simulation tools 
can be found in Van Joolingen et al. (1990). 

Essentially there are four different kinds of representations that are used in tools 
for continuous simulation: 

A direct notation for differential equations, used in SLAM (Pritsker & 
Pegden, 1988) and all CSSL-like languages (CSSL, 1967; ACSL, 1986). 
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• A notation which requires the user to specify the integration technique, in fact 
these representation require the user to write some code in a dedicated lang
uage. Examples are DMS(Ogborn, 1985, 1988) and DYNAM0(1970). 

• Graphical representations exist in two flavours. One is the analog computer 
metaphor (TUTSIM, 1983; PSI, 1984; SYSTEM BUILD, Commercial 
material) which represents variables as lines ("signals") and operations as 
blocks. The other flavour is based on system dynamics, representing variables 
as containers and flows representing the changes in variables (STELLA, 
Macintosh Program). 

• Domain dedicated representations, often graphical, which uses specialised 
building blocks which represent components, present in a certain domain. 
Examples are HYSAN(1989) for hydrodynamics and ChemCad for chemical 
engineering. 

For discrete simulation there exists tools and languages in two classes: event 
approach tools and process approach tools. Process approach tools and languages 
are more common, however some languages for event approach simulation exists, 
e.g. SIMSCRIPT. 

The paradigm of process oriented simulation languages is SIMULA (Franta, 
1977). This approach to simulations, 'which offers a structured description of 
objects that take part in the simulation in terms of classes turned out to be the 
start of a new programming paradigm: object oriented programming (Meyer, 1988; 
Thomas, 1989; Thompson 1989; Wenger 1989). The scope of this programming 
style has since already found many applications outside simulation, also in continu
ous systems and more object oriented programming languages have been develo
ped, like C+ + (Soustrup, 1987) and SMALLTALK (Goldberg & Robson, 1983) 

A representation which should form the basis of SIMULATE simulation models 
should clearly incorporate the best of both worlds. It should be possible to repre
sent both continuous and discrete models. Also mixed systems should be modelled 
in an integrated way. Finally the runnable model should allow a proper adjustment 
with the cognitive model. 

3.10.2 Formalisation of the cognitive model 

To design a formalised description of the cognitive model we will have to start 
more or less from scratch. While there are many examples of formal representa
tions of simulation models, no such examples exist for the cognitive model, due to 
the fact that this concept is new. There are, however, some clues where to start. 

A general framework for representing domain knowledge may be found in general 
Al literature. The basic concepts that will play a role in this framework may be 
defined using familiar simulation concepts. The concepts of variable, parameter 
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and state change rule may be extended to represent more general knowledge. 
Since all knowledge that will be represented in the cognitive model is related with 
the variables and parameters of the runnable model the 'cognitive variables' will 
represent many of the same variables. It will, however, be necessary to introduce 
cognitive variables which have no counterpart in the runnable model to represent 
some higher order concepts. Also not all variables present in the runnable model 
will need to be represented in the cognitive model. Some variables will be intro
duced there only for calculation purposes, without representing important conc
epts. 
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Abstract 

This chapter reports work on two aspects of learning with simulations. The first is the development 
of an account of the learning processes implicated in learning with computer simulations and of the 
potential problems learners may encounter in exploratory learning. The second is the creation of an 
inventory of attributes of learners which are of relevance to learning with computer simulations. 
Learning with simulations is viewed as essentially exploration-based. Some of our account of learning 
processes can therefore he derived from the literature on exploratory learning, discovery learning, 
problem-solving and induction. In addition, we provide a synthesis of the research which is directly 
concerned with learning from computer simulations - analyzing the known problems of 
simulation-based learning and offering an empirically-derived classification of relevant learning 
processes (planning, model exploration, prediction, generalisation etc.). 
A knowledgeable toolset for creating knowledgeable simulation-based learning environments (ISLEs) 
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needs to have means for the explicit representation of knowledge about learners. Such knowledge is 
necessary for both the creation and the operation of an ISLE. We therefore provide an inventory of 
characteristics of learners which are of relevance in simulation-based learning. The inventory draws 
on accounts of learner characteristics found in the literature on Aptitude-Treatment Interaction, on 
learning styles and cognitive styles and on phenomenographic treatments of adult learning. Our 
analyses of learner characteristics relevant to the representation of the learner in an ISLE focuses on 
the status of mental models, the interaction with instructional goals and specific learning processes, 
and the centrality of learner activity. 

4.1 Introduction: Learning Processes, Learner Attributes and Simula
tions 

This chapter reports on two strands of work within SIMULATE: (a) an account of 
the learning processes that are implicated in learning with computer simulations 
and (b) an inventory of attributes of learners, of relevance to learning with com
puter simulations. The literature on learning with simulations is not extensive and 
neither is it of very high quality. In this chapter, as elsewhere in the present rep
ort, we have tried to extend the literature on learning (generally) and on "explora
tory" learning (more particularly) so as to build an account of learning with com-
puter simulations. · 

An understanding of learning processes is, of course, fundamental to work in 
almost all areas of SIMULATE and the implications of the account of learning 
processes are drawn out in many other chapters. In the remainder of section 4.1, 
we offer the account itself and we indicate some potential problems of exploratory 
learning. Sections 4.2 to 4.8 contain a report of work towards an inventory of 
learner attributes. We distinguish (and identify the relations) between learning 
processes and learner attributes in section 4.2.2. For now, it is sufficient to say that 
knowledge of the attributes of an individual learner, or of a real or abstract class 
of learners, is a useful component in both the creation and run-time action of an 
ISLE. We need to be able to make some predictions about the kinds of learner 
attributes in which authors of ISLEs will be interested. 

4.1.1 Learning processes 

In Section 2.3 of Chapter 2 a description scheme of simulation learning processes 
is presented. The scheme presents the learning processes of the learner taking 
place when s/he interacts with the simulation. For the definition of the concept of 
'learning processes' and the description scheme we refer to section 2.3. In the 
present section ( 4.1.1) we discuss the sources the description scheme is based 
upon. These sources are of two kinds. The first source includes general views on 
learning in an exploratory environment. As we regard learning with computer 
simulations, the general opinion is that it is exploratory in nature and therefore 
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involves aspects of problem solving, inductive and discovery learning (see section 
4.1.1.3). For now, we also assume this generally received opinion. Second, specific 
literature and studies on learning with computer simulations directly or inherently 
consider aspects of learning processes. 

In short, an overview of this section on learning processes is as follows: first of all, 
some general views on learning processes will be briefly discussed, followed by 
learning processes in an exploratory environment; further specific learning pro
cesses for computer simulations will be presented and finally, a discussion of the 
findings will indicate the aspects which will recur in the description scheme. 

4.1.1.l General learning processes 

At the risk of labouring the obvious, it has to be mentioned that learning is an 
extremely complex process, which is only partially understood at present. Divers 
theories, such as the information processing paradigm, the behaviouristic approach 
and the social learning theory, have tried to unravel the mysteries of learning. The 
information-processing paradigm will be the basic approach for this section on 
learning processes and will be briefly reviewed. · 

The information-processing approach analyzes cognitive processes into a sequence 
of ordered stages. Each stage reflects an important step in the processing of cog
nitive information (Anderson, 1985). This approach highlights issues such as stora
ge, organization, encoding and retrieval of information. From this perspective, 
learning processes execute various forms of internal transformations of infor
mation (Gagne, 1974). For instance, those processes that influence the (re)organi
zation of information. Anderson (1983) describes the following processes involved 
in his ACT* framework: storage, retrieval, match, execution, application, encoding, 
and performance. In the performance of a cognitive task, the sequence or serial 
order of the mental operations and their products, i.e. information, is characteris
tic of the information-processing approach. 

Apart from general learning processes, several authors refer to phases or proces
ses responsible for learning. These learning processes are related to the represen
tation of information in the learner's mind. A brief discussion of two prominent 
views will be given: 

• Schemata-theory (e.g. Rummelhart & Norman, 1978; Rummelhart, 1980). 
Within the schemata-theory knowledge is considered to be represented in 
schemata. A schema consists of a set of interrelated concepts. The concepts 
themselves can be (part of) other schemata. Thus, schemata are organized 
as active, interrelated knowledge structures. The representation of knowle
dge in schemata also facilitates the use of the knowledge, the network of 
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interrelations, and the meaning of the concepts. Therefore, schemata are 
actively engaged in the comprehension of information, in the guidance of 
the flow of processing in the system, and are employed in the diverse lear
ning processes. Three modes of learning can be derived: accretion, tuning 
and restructuring. 

1. Accretion: In the accretion mode new knowledge elements are 
added to existing schemata. This is done according to 
the principles contained within the existing schemata. 
Comprehension processes are part of this mode. Ac
cretion can be regarded as fact learning because there 
are no structural changes in the information-proces
sing system itself. 

2. Tuning: During tuning, modification of existing schemata takes 
place as a result of the application of the knowledge. 
Tuning can bring the schemata more in congruence 
with the functional demands placed on them and is 
executed to improve accuracy, generality and specifi-
city. . 

3. Restructuring: Within restructuring, creation of new schemata and 
development of new concepts occurs. Restructuring 
takes place when new information does not fit cur
rently available schemata or when the organization of 
existing data structures is not satisfactory. The new 
structures, which are a result of restructuring, allow 
for new interpretations of the knowledge, for different 
(improved) accessibility to that knowledge, and for 
changes in the interpretation. The outcome is the 
acquisition of new knowledge. 

• ACT*-theory (Anderson, Kline & Beasley, 1980; Anderson 1983). Within 
the ACT*-theory knowledge is represented by networks of propositions for 
conceptual knowledge. For operational procedures, a collection of produc
tions (condition-action pairs) and production rules (if-then statements) are 
involved. 
Since productions are central to the ACT*-theory, skill development attains 
considerable attention. In section 5.2.4.1.2. the three stages involved in skill 
acquisition are discussed. In the present section the tuning stage will be 
further considered. 
The tuning of productions involves additions to, and modifications of, prod
uctions, and an improvement in selectivity. It can be attained by generaliza
tion, discrimination and strengthening. 
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a. Generalization: Generalization refers to complementary proces
ses that result in better performance by exten
ding the range of applicability of the produc
tion rules. 

b. Discrimination: As contrasted with generalization, discrimina
tion refers to complementary processes that 
restrict the range of applicability to just the 
appropriate circumstances. 

c. Strengthening: With strengthening, better production rules are 
strengthened and poorer production rules are 
weakened. It can be considered as an evalua
tion of the changes caused by generalization or 
discrimination. 

Anderson, Kline and Beasley (1980) also mention 'designation' as the ab
ility of productions to call for the creation of new productions. 

A meaningful distinction is made by Lodewijks (1985). He distinguishes three 
levels on which research of learning processes can focus. The first level is the 
transformative level where the processes are studied that transform (domain)infor
mation into knowledge. On the second level, the regulative level, the processes 
related to executive control issues are of primary interest. The third level can be 
characterized as a metacognitive level. 

4.1.1.2 Learning processes in an exploratory environment 

In general, learning with a computer simulation is characterized as learning in an 
-exploratory environment. Several authors assume (see section 4.1.1.3) that these 
environments stimulate the application of certain processes, such as: 

A. problem solving 
B. discovery learning or 
C. inductive learning. 

Next, these three learning processes will be discussed successively, followed by a 
brief discussion of differences and similarities. 

A Problem solving 

According to Anderson (1985), it seems that all cognitive activities are fundamen
tally problem solving in nature. The basic argument is that human cognition is 
always purposeful directed to the achievement of goals and to remove the obsta
cles to the achievement of those goals. So when a learner is learning with a com
puter simulation, s/he is involved in a problem solving process. The learner is 
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directed to achieve several learning goals. 
In regard to problem solving there has been an extensive range of studies. The 

classification of Mettes and Gerritsma ( 1986) is a suitable summary of the relevant 
phases in the process of problem solving: 

1. Preparation: orientation and planning 
2. Execution: transformation, determination of the solution and evaluation 
3. Control: interpretation of results. 

According to Cronbach (1977) problem solving is a complex combination of cog
nitive actions such as interpretation, trial and confirmation. Problem solving is 
divided into two processes: 

a. divergent thinking: process of recalling, recognizing and inventing alternative 
solutions. 

b. convergent thinking: reducing the array of possibilities and choosing an ade
quate solution. 

Anderson (1985) distinguishes several methods one can use with problem solving, 
e.g. use of algorithms and heuristics, th

0

e difference-reduction method, means-end 
analysis, working backward, and working by analogy. All these methods involve the 
finding of a sequence of operators that transforms the initial state into a goal 
state. 

B. Discovery learning 

In the field of educational psychology there has been strong interest in discovery 
learning (e.g. Bruner, 1966; Ausubel, Novak & Hanesian, 1978). First of all, 'dis
covery' is actually a very ambiguous term (Hawkins, 1966). It does not exclusively 
imply the discovery of new previously unknown entities or facts but also refers to 
the ways of classifying and relating known information. Furthermore, it is functio
nal to make a distinction between autonomous and guided discovery learning. 
Autonomous discovery resembles the true scientific discovery method. According 
to Ausubel, Novak and Hanesian (1978) the processes of discovery are amongst 
others: 

a. hypothesis formulation 
b. hypothesis testing 
c. determining the strategy of application 
d. identifying fruitful approaches 
e. using systematic and economic methods of inquiry. 

Ausubel, Novak, and Hanesian dispute the effects of the discovery method in an 
educational setting. One of the main arguments is that learners need adequate 
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background in substantive and methodological principles of the discovery method 
and learners often miss this background. What is typically characterised as dis
covery learning is really a contrived type of the truly scientific discovery method. 
Discovery learning used in an instructional context will not resemble genuine 
autonomous discovery learning or the actual scientific discovery method but will 
mostly be guided. 

In general however, (guided) discovery learning allows for and encourages 
active experimentation and exploration. The learner can discover important con
cepts, principles, find solutions to problems etc. for him/herself. It encourages 
reflective thinking and self regulation. The essential feature of (guided) discovery 
learning is that the principle content of what is to be learned is not given but must 
be discovered by the learner before it can be meaningfully incorporated into the 
learner's cognitive structure. The processes involved are for example: rearrange 
infonnation, integrate it with existing cognitive structure and reorganize or transform 
the integrated combination in such a way as to generate a desired end-product or 
discover a missing means-end relationship. 

According to Kolesnik (1976) learning by discovery is essentially a matter of 
recognizing relationships. It occurs when we come to perceive a situation in a new 
way, extrapolate our information, draw inferences or when we restructure our ex
perience in such a way that new patterns or relationships emerge. 

C. Inductive learning 

Related to the approaches of problem solving and discovery learning is the issue 
of inductive learning. Cronbach's (1977) description of inductive learning shows 
quite a lot of similarities with the other two approaches. With inductive learning 
the learner also formulates general rules of principles or preferred procedures and 
discovers these by her /himself. 

According to Anderson (1985) The main components of the inductive-reason
ing process are hypothesis formation and hypothesis evaluation. 

Michalski (1987) considers inductive learning as a process of acquiring knowl
edge by drawing inductive inferences from tutor- or environment provided facts. 
This process involves generalizing, transforming, correcting and refining knowledge 
representations. In order to perform inductive inference one needs some addi
tional knowledge to constrain the possibilities and guide the inference process 
towards one or a few most plausible hypotheses. In his overview of fundamental 
learning strategies, Michalski distinguishes the following inductive learning strat
egies: learning from examples, by experimentation, observation or discovery. These 
strategies include a variety of processes, such as creating classifications of given 
observations, discovering relationships and laws governing a given system, or fanning 
a theory to explain a given phenomenon. An additional problem is that inductive 
learning may involve several concepts and that the learner must be able to manage 
the available time and resources to acquire several concepts at once. 
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Klahr and Dunbar (1988) have done research which emphasizes the induction 
approach within scientific discovery. They propose a general model of scientific 
reasoning: Scientific Discovery as Dual Search (SDSS). The fundamental as
sumption is that scientific reasoning requires search in two related problem spa
ces: 

a. Hypothesis space: The space that represent all the possible hypotheses dis
tinguished by characteristic attributes or frames. Search 
in the hypothesis space is guided both by prior knowledge 
and experimental results. 

b. Experiment space: The space that represents all the experiments that can be 
conducted within an informative value range of charac
teristic attributes. Search in the experiment space can be 
guided by a current hypothesis and may be used to gene
rate information for the formulation of subsequent hypot
heses. 

The results of their studies indicate that the problem spaces also relate to the two 
main strategies that subjects use during scientific reasoning. The subjects are 
referred to as "Theorists" or "Experimen'ters" dependent on the problem space they 
prefer to search in. Theorists search the hypothesis space and conduct experiments 
to test the stated hypothesis. Experimenters are recognized by the attribute that 
they can explore the experiment space, i.e. conduct experiments without an explicit 
hypothesis. Thus, Theorists and Experimenters diverge in the way they search for 
new hypotheses once an initial hypothesis is abandoned: Theorists search the 
hypothesis space for new hypotheses, Experimenters search the experiment space 
to see if they can induce some regularities from experimental outcomes. The 
experimenters also conduct more experiments than the theorists and the ex
periments are conducted without an explicit hypothesis statement. 

The SDDS model is divided into components and sub-components, processes 
and sub-processes ordered into a hierarchy. The three main components at the top 
of the hierarchy are: 

a. Search hypothesis space 
b. Test hypothesis 
c. Evaluate evidence. 

These components are further divided into processes and sub-processes such as 
use prior knowledge, generate experiment, make prediction, and observe. It is notable 
that some (sub )processes have multiple roles and occur at different places in the 
hierarchy. 
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The SDDS model can function as a rationalization for findings within the field 
of scientific reasoning and disconfirmation such as: failure to seek disconfirmation 
(see also section 4.7.2), tolerating disconfirming evidence, and abandoning verified 
hypotheses. 

Greeno and Simon (1984) have also recognized these two approaches and iden
tified them as the top-down and bottom-up method of inductive inquiry. The top
down method involves hypothesis generation, hypothesis evaluation, and modification 
or replacement of hypotheses that are found to be incorrect. The bottom-up method 
involves storing infom1ation about experimental outcomes and making judgements 
about new outcomes on the basis of similarity or analogy to the stored information. 

To conclude, these views on learning in general and learning in an exploratory 
environment show great similarities and constitute a general framework for the 
description scheme of simulation learning processes. 

The similarities are in the active, constructive and goal-oriented character of 
the learning processes. In the three approaches the learner has to formulate gene
ral rules of principles, preferred procedures, or higher order skills and has to 
discover these rules by her /himself. Th~ general idea is that this active, construc
tive attitude of the learner encourages meaningful incorporation of information 
into the learner's cognitive structure. The goal-oriented aspect is most strongly 
recognized in the problem solving approach but is not negligible in the other 
approaches. 

Since the similarities are so apparent, differences between the three ap
proaches are difficult to conceive. Discovery can be considered as a part of the 
problem solving process (Kolesnik, 1976) and in learning by discovery the learner 
can use learning by induction (Ausubel, Novak & Hanesian, 1978; Klahr & Dun
bar, 1988). One difference can be noted between discovery learning and inductive 
learning. Michalski (1987) indicates that one of the inductive learning strategies is 
learning by observation. As opposed to discovery learning, inductive learning by 
observation does not necessarily require learner activity as it is defined in the 
concept of computer simulations in an instructional context (see section 1.2.1). So, 
discovery learning always implies an active involvement of the learner whereas 
inductive learning can be the result of 'physically passive' processes. 

4.1.1.3 Simulation learning processes 

In the present section the specific learning processes for computer simulations as 
presented in literature and empirical studies will be reported. The processes men
tioned in the present section will be related to the processes referred to in the 
previous section ( 4.1.1.2) of on learning in an exploratory environment. 
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Different, but related, approaches are given by various authors. Learning with 
computer simulations is labelled by Hartley (1988) as a process of investigation, 
Kearsley (1985) considers it as active learning, Min (1987) primarily regards it as 
discovery learning, Hille (1980) as a problem solving process, and Samson (1986) as 
a combination of knowledge acquisition and problem solving. 

A. Computer simulations and problem solving 

First, the viewpoint of computer simulations and problem solving is elaborated. 
According to Hille (1980) the learner regards the computer simulation as a black
box of which s/he must try to recognise the structure, relations and proportions of 
the model. Next, the learner has to perform an input-output-analysis, in which the 
functional dependency relations between input and output (if-then-relations) are 
to be stated. Hille distinguishes several processes in working with a computer 
simulation. These processes are categorized in three phases: 

a. hypothesis generation 
b. analysis of conflicts or difficulties. 
c. data- and graph interpretation. 

The first phase directs the problem solving process by the generation of one or 
more hypotheses. Hypotheses are structured assumptions about model relations. 
This phase has a heuristic character and is strongly related to the third phase. The 
correctness of the hypothesis is verified by the interpretation of the data. Data 
interpretation results in the formulation of more precise hypotheses. The quality 
of the new hypothesis is dependent on the accuracy of the second and third phase. 
If the learner is able to generate relevant hypotheses, a cognitive strategy is devel
oped which determines the sequence of the operations in the next phases of the 
problem solving process. 

The second phase (of purposive analysis of conflicts or difficulties) is charac
teristic of the problem solving process. This second phase mediates between hyp
othesis generation and data- and graph-interpretation. Difficulties in the first or 
third phase can be effected by the deficiency of abstractions of relevant data, 
which results in non-systematic analysis of incorrect hypotheses. So, rational reflec
tion, on the causes of conflicting results of difficulties and the rejection of false 
hypotheses, is a meaningful phase in the development of heuristics. 

In the third phase the learner has to complete the problem solving process by 
the interpretation of data. A meaningful cognitive process within this phase is 
comparison. 

The classification of Hille is more detailed than the general classification of Met
tes and Gerritsma (1986). Although Hille's classification can be applied generally, 
he seems to have connected the general phases with particular characteristics of 
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computer simulations. For instance, the control processes are executed by data
and graph interpretations. 

The phases in the classification of Mettes and Gerritsma do resemble a recent 
classification of Reigeluth and Schwartz (1989). They distinguish three phases in 
the process of learning with simulations: acquisition, application and assessment. 
According to them the learner must first acquire a basic knowledge of the content 
or behaviour of the simulation. Then the learner must master the application of 
this knowledge to the full range of relevant cases or situations. Generalization, 
automatization and utilization are required for this phase. The final phase is the 
(self)assessment of what has been learned. However, it must be stressed that they 
have a limited view on simulations and take only into account simulations that 
teach conceptual and operational knowledge. 

B. Computer simulations and discovery learning 

Min (1987), amongst others, sees working with computer simulations as discovery 
learning. According to Ausubel, Novak ,and Hanesian (1978) the essential feature 
of discovery learning is that the content of what is to be learned is not given, but 
must be discovered by the learner before it can be meaningfully incorporated into 
the learner's cognitive structure. Discovery learning and working with computer 
simulations allow for and encourage active experimentation and exploration. The 
learner can discover important concepts and principles, find solutions to problems, 
etc. Min (1987) does not specify the particular learning processes involved in 
discovery learning with a computer simulation. However, he indicates that dis
covery learning implies that the learner must be able to formulate a problem in 
order to apply the discovery method. By investigating the problem, determining 
the solution etc. the learner is able to discover the important conceptual knowle
dge in mutual coherence. 

C. Computer simulations and inductive learning 

In relation to the discovery method Min (1987) also looks at inductive learning. 
Reimann (1989) has also studied the behaviour of learners in a scientific discovery 
learning task using a computer simulation that required incremental building and 
testing of hypotheses. This study is related to the inductive approach. Reimann 
describes the following phases: 

a. testing and modifying hypotheses 
b. to design an experiment 
c. making a prediction 
d. evaluating the prediction 
e. evaluating/modifying the hypotheses. 
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Reimann makes a distinction between hypotheses and predictions. In his view a 
hypothesis is a descriptive generalization over a set of observations and a predic
tion results from applying a hypothesis to a particular experiment with specific 
design constraints. A single hypothesis can thus account for several predictions. 

This classification is a more detailed representation of the generation and 
evaluation of hypotheses as, for instance, Hille reported. It is strongly integrated 
with the processes mentioned by Ausubel, Novak and Hanesian (1978) for autono
mous discovery learning. However, Reimann's definition of a hypothesis seems 
limited. In our view it is possible to formulate a hypothesis without any obser
vations, in the sense of observations from experiments. Perhaps, 'observations' 
should be interpreted as model explorations. 

Dependent on the learning environment of the computer simulation, learning with 
computer simulations can also be characterized as deductive learning. Shute 
(1990) presents two environments, an inductive and a deductive one. The dif
ference between the two learning environments was the result of a differentiation 
of the nature of the feedback. In the inductive environment the learner is given 
feedback in which, along with the correct problem solution, only the relevant 
variables in the current problem are e~plicated. The relationship(s) between the 
variables are left to be induced by the learner. In the deductive environment 
however, the variables and their relationship(s) are explained for the current 
problem. Njoo and de Jong (in press b) present a study in which learners are 
provided ready made hypotheses for exploration with a computer simulation. It is 
likely that the discovery process is a mixture of inductive and deductive inquiry. 
The fact that learners should have some pre-requisite knowledge supports this 
presumption. 

Other studies have not resulted in a complete inventory of the learning processes 
that occur when learners are working with a computer simulation. However, some 
studies mention a few processes and these will be discussed. 

Rivers and Vockell (1987) have been doing research on the impact of com
puter simulations on scientific problem solving. The results of this study suggest 
that a computerized simulation can help high school students increase their pro
blem solving abilities substantially. This may occur because students using com
puters have more opportunities for active, reinforced practice to help them dev
elop a generalized skill in scientific problem solving. Though the identification of 
the learning processes was not a specific purpose of this study, it considers wor
king with a computer simulation as a problem solving process. Thereby, Rivers 
and Vockell state that the generalization or transfer of the problem solving strate
gies to other situations is an important outcome of learning with computer simula
tions. Therefore, it can be inferred that generalization may also be an important 
learning process that has to be performed by the learner. 

Also taking an inductive learning perspective Lavoie and Good (1988) studied 
the prediction skills of students working with a computer simulation. This study 
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led to the identification of various program exploration and prediction behaviours 
of successful predictors. Successful predictors tend for example: 

- to predict how a given independent variable will relate to a given dependent 
variable during program exploration, test out the relations/zip and then judge 
the predictive success 

- to plan future action during program exploration. 

Some of these behaviours are related to the learning processes but there are some 
drawbacks with their account. First, there is a difference in the level of detail. 
Next to the behaviours mentioned ahove, Lavoie and Good give excessively det
ailed behaviours such as procedures in which a learner can vary the independent 
variable(s) systematically or methods of identifying the important dependent varia
ble(s) and conditions. For example: 

- to return independent variable to a base line condition 
- to look for the best and worst conditions for the dependent variables. 

Second, the excessive distinction between behaviours is also given on the basis of 
different relationships between the independent and dependent variable(s). For 
example: · 

- to wonder about, try to find, identify, and use bi-directional relationships (rel
ationship between independent-dependent variable) 

- to wonder about, try to find, identify, and use ratio relationships (relationship 
based on quantitative comparisons over a range of independent-dependent 
relationships). 

Njoo and de Jong (1990a) identified several learning processes in a study of 
students working with a computer simulation in mechanical engineering. The 
computer simulation was used in a practical educational setting. The analysis 
scheme is based on Mettes and Gerritsma (1986), Rivers and Vockell (1987), 
Lavoie and Good (1988) and the study of Ferguson-Hessler and de Jong (1990) 
and distinguishes the following processes: 

a. Looking for and/or finding of information 
b. Planning 
c. Conversion of information 
d. Model exploration 
e. Predicting 
f. Manipulating 
g. Output interpreting 
h. Verifying 
i. Evaluating 
j. Generalizing. 
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This classification shows a combination of aspects of problem solving and dis
covery learning. A remarkable category which occurred quite often is 'looking for 
and/or finding of information'. In the practical educational setting of this study, it 
appears that students did not have sufficient knowledge for a successful interaction 
with the simulation. Engagement in the other categories of learning processes was 
less common. 

4.1.1.4 Towards a description scheme of simulation learning processes 

In section 2.3 a tentative description scheme of simulation learning processes is 
given. The scheme implies a multi-layered structure and the processes have an 
iterative character. On the first level the scheme consists of four phases: orienta
tion, hypothesis generation, test and evaluation. 

The terminological confusion of the concept of 'process,' as Kirby (1984) has 
indicated, was noticeable in the literature discussed (see section 2.3.1.1.). Most 
learning processes are not described as abstractly as in the information-processing 
paradigm but are described as phases. Gagne (1974) for example, deduces phases 
of an act of learning from the internal learning processes by relating them to 
external events (e.g. 'generalization' as a phase of the learning process 'transfer'). 
For reasons of functionality we also use phases in the description scheme to desc
ribe the learning processes. Together with more detailed processes this results in 
the multi-layered structure of the scheme. 

Although one of the characteristics of the information-processing approach is the 
sequence or serial order of the mental operations, we hold the opinion that the 
learning processes of the learner interacting with a simulation are so complex that 
they are better described in terms of iterative processes. 

The four phases on the first level of the scheme resemble a commonly found cycle 
of scientific research. Several of the phases are mentioned in the discovery and 
inductive approach (Ausubel, Novak & Hanesian, 1978; Anderson, 1985; Michal
ski, 1987; Klahr & Dunbar, 1988; Hille, 1980; Reimann, 1989; Lavoie & Good; 
1988). 

Following Lodewijks (1985) we can indicate the processes mentioned above as 
transfomiative processes. In the study process we can, however, also find regulative 
processes, such as monitoring, planning, checking, and verifying. These regulative 
processes seem to play an important role in the exploratory learning process (Njoo 
& de Jong, 1990b) and may also be responsible for problems that learners en
counter (de Jong & Njoo, 1990). 

page 92 SAFE/SIM/WPI /EUT-rep /comp.final 



The SAFE Project Learner Attributes 

4.1.2 Problems with simulation-based learning 

Ever since the advent of computer simulation in education and training strong 
claims have been made for its practical advantages and its effectiveness. As for the 
latter, simulation-based learning is usually expected to motivate, to invite active 
and deep processing of subject matter, to allow for systematic exploration, for 
fruitful failure, and for unlimited practice, all of which should contribute to better 
learning outcome, reduced learning time, or both. 

Many of these claims represent strong beliefs of professionals who work with 
computer simulations in instructional research or application (e.g. Merrill, 1987; 
Schank & Farrell, 1988; Galitz, 1989; Reigeluth & Schwartz, 1989). Often, such 
beliefs receive indirect support from basic theory and research on human learning. 
Sometimes, empirical studies provide more direct evidence for the potential b.ene
fits of simulation-based learning (e.g. Choi & Gennaro, 1987; Lavoie & Good, 
1988; Woodward, Carnine & Gersten, 1988). On the whole however the empirical 
evidence has been mixed (Woodward et al., 1988). 

Why have the results of simulation-based learning been disappointing? Why 
has the impressive list of claims not been corroborated by an equally impressive 
list of results? Of course, to answer such questions, those who firmly believe in the 
potential of simulation-based learning can fall back on acknowledged problems in 
the design and interpretation of evaluative studies (Barnett, 1984; Woodward et 
al., 1988). These include the use of wrong criterion measures that do not tap the 
real simulation effects, the failure to devise a proper control condition, and the 
use of badly designed simulations. 

We believe, however, that there is a more fundamental cause of disap-point
ment. Plain simulations allow for free exploration of usually very complex subject 
matter (dynamic systems). In order to explore the multitude of options in an effec
tive way, the learner will need sufficient prior knowledge of the domain, skill in 
organizing and monitoring the learning process, attentional capacity to deal with it 
all without getting overwhelmed, and motivation to see it through. Some learners 
may simply fall short of these high demands, thereby annihilating or even rever
sing the expected beneficial effects. 

In the next sections we will review evidence that people can indeed have 
difficulty in learning from plain simulations. We agree with Bork (1989) that it is 
knowledge of such problems, not the possibilities offered by fancy technology, that 
should guide the development of technology-based learning material. 

4.1.2.1 Problems with problems 

In compiling the evidence on problems with simulation-based learning, we unfor
tunately ran into some problems ourselves. First of all, literature that directly 
addresses the issue is scarce. We have therefore widened our scope to include 
problems with exploratory learning and with information systems, for as far as they 
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seemed relevant to simulation-based learning. 
Secondly, we had tremendous difficulty in organizing the little material we 

found. Neither the theme-oriented approach advocated in previous chapters nor 
the learning processes classification in the present chapter seemed appropriate for 
structuring our material. One of the difficulties is that learning problems are no 
absolute phenomena, but relative to the type of learning goal at hand (see Section 
2.2 and 5.2). The often quoted failure to make explicit predictions, for example, is 
indeed a problem when learners should improve their scientific reasoning skills, or 
their (explicit) understanding of the simulation model; it can however hardly be 
called a 'problem' when learners are to improve their (implicit) feeling for com
mon ranges and covariation patterns amongst variables, or their skill in automatic
ally carrying out a procedure. 

Another difficulty lies in the fact that a learning problem usually arises from 
subtle combinations of simulation and learner attributes. Features such as 'high 
model complexity' (e.g. exponential or time-lagged relationships) and 'large explor
ation space' (e.g. many manipulable variables) only become problems in com
bination with limited attentional capacity and insufficient prior knowledge. Experts 
can easily find their way through a large and complex space of possibilities bec
ause they have enough knowledge to structure the situation and pick out the relev
ant variables. This illustrates that concepts such as 'high model complexity' and 
'large exploration space' are in fact relative concepts. 

It seems that, in the end, all problems with learning from simulations can be 
seen as caused by a mediating factor called relative simulation complexity. Relative 
simulation complexity is in tum determined by 'objective' features of the simula
tion model (number and type of manipulable variables, relations, etc.) on the one 
hand, and features of the learner (prior knowledge and skill, learning style, wor
king memory capacity, etc.) on the other. Different combinations of factors may 
well give rise to an identical surface problem (e.g. random manipulation of variab
les). 

The above complications have led us to list the material we have found with
out trying to impose an a priori framework. We have only made a division based 
on the nature of evidence: Section 4.1.2.2 describes evidence that directly involves 
simulation-based learning, while Section 4.1.2.3 and 4.1.2.4 (exploration-based 
environments and information systems) deal with material that is only indirectly 
related to features of such learning. We will finish with some global conclusions in 
Section 4.1.2.5. 

4.1.2.2 Problems with simulation-based environments 

The fact that simulation-based learning need not be optimally effective is illustr
ated by two different kinds of evidence. Some studies report on the difficulties 
encountered as such. Other studies try to show that simulation-based learning 
becomes more effective when additional support is available, thus illustrating that 
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unsupported simulation-based learning is not optimal. 

Lavoie and Good (1988) found that the use of a computer simulation of water 
pollution on average speeds up learning compared to other means of instruction 
(e.g. field studies). However -- and perhaps not surprisingly -- they also found that 
the amount of prior knowledge is an important determinant of predictive success: 
learners with little initial domain knowledge do badly. This result has led Lavoie 
and Good to suggest that "high initial knowledge may have helped subjects focus 
attention on relevant relationships, integrate the material into existing conceptions, 
and enhance meaningful learning" (p.353). 

Research by Broadbent and colleagues (e.g. Broadbent & Aston, 1978; Berry 
& Broadbent, 1988; Hayes & Broadbent, 1988; see also Stanley, Mathews, Buss & 
Kotler-Cope, 1989) consistently shows that simulation-based learning may lead to 
a dissociation of results. When the relationships between variables or between 
manipulations and their effects are relatively transparent, people will both learn 
how to control the system and learn explicit knowledge about the underlying mod
el24. On the other hand, if model relationships become increasingly oblique (e.g. 
time-lagged effects), the results of learning start to diverge. While the acquisition 
of explicit model knowledge deteriorates, people can still learn how to control the 
system. Clearly, such dissociation of simulation-based learning results can be a 
problem25. 

Self and Twidale (1990) carried out an informal minisurvey by asking each 
participant at a workshop on guided discovery learning what in their experience 
are the two most significant problems that prevent learners from gaining what is 
intended from simulations. This resulted in the following list (literally taken from 
Self & Twidale ): lack of prerequisite knowledge, simulation pitched at 'too high' a 
level, the student has unrelated experience, it takes too long, simulation cannot 
answer student questions, the interface is too complex to manipulate, lack of 
system action/effects/surprise, student has a different 'view' of the domain, inflexi
bility -- student cannot experiment as he wishes, student cannot find what he 
wants, student cannot 'see' relevant things, lack of mental model of the system's 
model, no explanation of actions, different interpretation of the objects given, 
management of information overflow, student has different goals, student gets 

24In terms of the learning goal classification in Sections 2.2 and 5.2, these learning outcomes 
would be referred to as compiled (or implicit) operational knowledge and declarative (or explicit) 
conceptual knowledge respectively. Indeed, the terms implicit and explicit have been derived from the 
work discussed here. 

25The Broadbent et al. research is not specifically concerned with detecting problems of simula
tion-based learning, but instead focuses on a basic distinction between two modes of human learning: 
implicit and explicit. The observed dissociation of implicit and explicit learning results is definitely 
not limited to learning from simulations, but generalizes to learning about complex dynamic systems 
in general. 
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stuck in a small repertory, student reaches a local optimum, no assurance that 
conclusions are drawn, abstract intentions divorced from meanings, exploration 
insecurity, and incoherent explanations. 

Goodyear and Tait (1989) list "a number of well-documented problems" in 
simulation-based learning: inadequate domain knowledge, lack of higher-level 
skills that promote effective exploration and experimentation, unhelpful beliefs 
about the nature and value of the simulation (e.g. about the relation between 
physical fidelity and educational value), and lack of transfer. De Jong & Njoo 
(1990) distinguish 4 stages involved in (a particular style of) simulation-based 
learning (analysis, hypothesis generation, hypothesis testing, and evaluation), and 
continue to suggest that potential problems can arise in any of these stages, as 
well as in higher-level control. Protocol data of a related study (Njoo & de Jong, 
1989) suggests that people do not profit maximally from a computer simulation in 
mechanical engineering: learners do not seem to solve problems in a very sys
tematic way, they do not spend a lot of time on explicit prediction, and they need 
a lot of additional domain knowledge. 

Dorner (1980) carried out a qualitative study on the difficulties people have 
when dealing with a complex simulation. Nearly all people have problems with 
systems that develop over time. They seem more interested in the status quo than 
in trends, and have particular difficulty with exponential developments. They also 
tend to ignore multiple side effects of an action, and instead focus on a single 
chain of events. Low-performing subjects display a host of additional problems, 
such as a tendency to jump from topic to topic, a decreased willingness to make 
decisions, and a stronger external attribution of failure. Under conditions of threa
tening or experienced failure, these subjects also show a degeneration of plan
oriented behaviour, a tendency to take more risks, to violate rules, or to escape 
the problem, as well as a degeneration of hypothesis formation behaviour (towards 
more global hypotheses) and of hypothesis testing behaviour (towards positive 
evidence only; i.e. a confirmation bias). 

In a later study, Dorner (1983) lists a set of features which make a problem a 
complex problem: vague goal criteria, multiple goals, ignorance of the task en
vironment structure, and lack of knowledge on the current system state. According 
to the author, these are typical aspects of a task environment in which people 
must deal with very complex dynamic systems. 

Such systems are exactly the ones that lend themselves well to instructional 
simulation. In extending his 1980 work, Dorner has found that people who deal 
with (simulated) complex dynamic systems are prone to commit a number of 
errors: they may redefine the final goal, try to solve any partial goal that happens 
to come into sight, try to escape complexity (e.g. by holding on to a single theme), 
refuse to gather more data or to incorporate disconfirming evidence, fluctuate 
between under- and oversteering, and fail to analyze trends (often enough). 

The simulation characteristics that Breuer and Kummer ( 1990) enumerate in 
the context of higher-order learning are fairly representative of the complexity that 
simulations usually involve: "high amount of information, relevant and irrelevant 
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information, diversity of goals, contradictory goals, intransparency of interrelations 
between variables, nonlinear (exponential) interrelations, feedback loops (positive 
and negative), and internal dynamics" (p.75-76). 

We conclude the description of difficulties encountered as such with Coote, 
Crookal and Saunders (1985), who discuss the risk of overinvolvement with the 
computer simulation at the expense of interpersonal communication. Although this 
somewhat unorthodox warning against 'potential loneliness' is given within the 
context of role-playing simulations (incorporating multiple human agents in the 
simulation), it may also be extended beyond this context: if the simulation is only 
designed for a strictly private one-to-one learning situation, learning need not be 
optimal. 

Very limited evidence exists that additional support of simulation-based learning 
makes that learning more effective. In the context of a high-school biology cur
riculum, Rivers and Vockel (1987) compared the effectiveness of traditional minic
ourse setups, those enhanced with plain computer simulations, and those enhanced 
with supported computer simulations. Support consisted of off-line advice on 
strategies to use and relationships to watch for. All of five plain simulations were 
at least as effective as their traditional minicourse counterparts, but in two cases 
the gain of supported simulation was higher than the gain of the corresponding 
plain simulations. An overall test of critical thinking revealed a significant benefit 
of supported simulation over both unsupported simulation and traditional setups. 
The authors therefore tentatively conclude that "to be most effective, it appears 
that these simulations ( ... ) should provide guidance to direct students to use the 
simulation efficiently" (p.413 ). 

Research with a simulation-based learning environment on laws of electricity 
(Shute, 1990a) showed that learners with a less exploratory style of operation 
learned more in a supportive than in a plain environment, while their high-explor
ation counterparts did neither benefit nor suffer from additional support. The 
same pattern of results was obtained for learners with high working memory capa
city, as well as for learners with high inductive reasoning skills and high general 
knowledge. Support was given by explicit on-line hints on the relevant principle for 
a particular problem. 

Shute (1990a) also suggested that the addition of support to a simulation may 
be more appropriate for 'procedural learning' than for learning in 'declarative 
domains'26

• Although Shute's intended learning goal contrast is not entirely ob
vious (compiled-declarative, operational-conceptual, or both?), it does point to the 
fact that different learning goals may be accompanied by different problems (cf. 
Section 4.1.2.1). Similar remarks can be found in Glaser (1990). 

26Incidentally, Shute's own results demonstrate that simulation-based learning in what she calls 
'declarative domains' can very well benefit from the addition of support; her paper does not address 
this inconsistency. 
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Many people seem convinced that unsupported learning with simulations is 
problematic, and that additional support is the way to go27

• Ellinger and Brown 
(1979), for instance, discuss various forms of support (such as progressive model 
complexity and additional tutorials) that are in their opinion indispensable for 
effective and efficient use of computer-based simulation. They report the existence 
of "several simulations that would be excellent instructional simulations, but for 
the fact that the authors failed to realize that the complete simulation would 
overwhelm the beginning user with too many options" (p.57). 

In a paper on his new Component Display Theory for courseware authoring 
Merrill (1987) holds that simulation-based (or experiental) learning needs to be 
enhanced by "an advisor which monitors the student's interactions and provides 
guidance" (p.23-24). Reigeluth and Schwartz (1989) consider artificial feedback 
and various forms of help as essential to the optimization of learning with simulat
ions, and they therefore devote full attention to proper design of what they call 
the 'instructional overlay'. 

Similarly, Woolf, Blegen, Jansen and Verloop (1987) suggest that "a simula
tion alone might not provide the conceptual fidelity ( ... ) necessary for an operator 
to learn how to use the concepts and trends of the process and how to reason 
about the simulation" (p.413-414). And De Vries (1988) holds that, if the discovery 
space of a simulation is too large, students will not be able to systematically in
tegrate the subject matter into their current knowledge base: "Working with a 
simulation package in itself does not induce planned learning. It is the environ
ment (task, feedback, explanations, etc.) that sets the learning task" (p.4 ). 

According to Breuer and Hajovy (1987), evaluations of skill-oriented simulati
ons for complex tasks show that they are most often inadequate because learners 
have insufficient prior knowledge to start with, and because there are no provisi
ons to remediate or help in recalling necessary knowledge once they are "in simul
ation". The authors therefore emphasize the need of on-line adaptive guidance of 
the learning process. 

4.1.2.3 Problems with exploration-based environments 

An exploratory environment is a computer-based system which can be manipul
ated by the learner. A learning environment of this kind is developed in such a 
way that a learner can learn about a domain by exploring the environment. The 
system itself doesn't take control of the actions. Most exploratory environments 
have been developed for educational games. Recently, some exploratory environ-

27It is not clear to what extent this conviction is based on the experience people have gained in 
the field, on the empirical evidence they have read about or collected themselves, on inferences they 
have drawn from theory and research on human learning, or on the general research tradition and 
value system in which they operate. We obviously hope that the first three sources have fed their 
opinions, but the influence of research traditions and values is certainly not negligible (Glaser, 1990). 
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ments have been developed which are used for instruction. In these exploratory 
learning environments (which always involves learning-by-doing) the learner is 
supposed to achieve a learning effect by initiating actions. This approach has the 
advantage of placing more initiative and therefore more control in the hands of 
the learner. 

There is one stream in research that claims that a combination of learner and 
environment is all that is needed. Another research stream suggests that in order 
to be effective, additional support (either by a person or by a device or set of 
devices) is required. A very clear example of the latter research stream is the work 
of White and Frederiksen (1990). The QUEST system (Qualitative Understanding 
of Electrical System Troubleshooting) teaches electronic troubleshooting and has 
a strong emphasis on learning a carefully sequenced, progressively complex dom
ain models. The major assumption for this approach is that a carefully designed 
sequence of models and problem sets, will almost prevent the learner to develop 
any misconceptions. Burton and Brown (1982) however, signalled the development 
of misconceptions as one of the potential weaknesses of discovery learning. They 
state: "While a student's incorrect decisions sometimes lead to erroneous results 
that he can immediately detect, they often produce symptoms that are beyond his 
ability to recognize. For an informal environment to be fully effective as a lear
ning activity, it often must be augmente

0

d by tutorial guidance that recognizes and 
explain weaknesses in the student's decisions or suggests ideas when the student 
appears to have none." 

Wishart (1990) demonstrated that the amount of learning from an educational 
computer game could be significantly increased by allowing the learner to have 
control over the actions, by increasing the complexity of the game (with colour 
graphics) or making it more challenging. In particular the learner control is men
tioned as the factor to be most significant in creating involvement with and lear
ning from the educational game. However, she concludes with the remark that the 
use of simulations where the emphasis is on controlled exploration of the topic, 
still ought to be guided by a teacher to ensure that it is being used effectively. 

Bierman (1986) claims that the fact that just offering an exploratory environ
ment to student does not yield the expected learning results is due to 2 factors: (1) 
people are remarkably clever handling evidence that conflicts with their own 
mental model by either suppressing it or by incorporating it in their (wrong) mo
del; (2) the quantitative findings do average over a number quite different stud
ents. Some of them might benefit while others get lost (or even succeed to rein
force their wrong beliefs on basis of the right discoveries). 

In a comparison between direct instruction and discovery learning Linn ( 1986) 
mentions that the most frequent criticism is that discovery learning is inherently 
time consuming. However, in spite of this ineffectiveness, discovery learning is 
potentially the best approach for helping learners gain metareasoning skills and 
deep understanding since it provides opportunities for learners to discover impor
tant scientific principles by interacting with scientific material. They experience the 
process of selecting an approach to their problems, testing the approach, receiving 
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feedback, generating alternatives and testing these again. However, the picture is 
more complex as an advantage simultaneously includes a potential disadvantage, 
because there is a risk that learning doesn't remain the prime objective in the 
discovery type of learning. Some users of LOGO appear to give the computer 
haphazard instructions, and are satisfied when the system responds, but neglect to 
exploit the precise feedback available because they do not have the right expec
tations. Furthermore, they fail to use the metareasoning skills of testing their own 
problem solution and responding to feedback. In particular learners with a low 
processing capacity and a low ability to organize the material presented may not 
benefit from discovery learning. Therefore, it is suggested that an optimal instruc
tion probably will include a balance between directed and discovery learning: 
directed discovery. This type of learning (guided discovery learning) reduces the 
freedom of the learner, but directs the learner to engage in discovery learning in 
areas, in which s/he is most likely to encounter experiences which may increase 
his/her understanding of a scientific discovery. 

Also prior knowledge is considered relevant in acquiring and transferring 
procedural device knowledge in an exploration based training situation. Kamouri, 
Kamouri and Smith (1986) demonstrated that part of the ability of exploration 
learners to adapt to new situations may be based on their ability to effectively 
reason from prior concrete experiences·or from abstract knowledge induced from 
those experiences. This process of making use of existing knowledge of related 
problems in an attempt to solve a new problem situation, is called analogical 
reasoning (Carbonell, 1983; Carroll and Mack, 1985). A somewhat simplistic re
presentation of the process of analogical reasoning from devices could consist of 4 
not necessary sequential and probably iterative steps: 

1. an individual encounters a new device and forms a partial representation of 
it in memory; 

2. a portion of an existing device representation is activated in memory in the 
process of attempting to comprehend the new device; 

3. salient aspects of the existing device representation, device attributes, and 
procedures for operating the device are mapped onto the new device; 

4. a new portion of the new device is constructed incorporating some portion, 
usually relationships between attributes rather that attributes themselves, of 
the existing device representation and any knowledge acquired about the 
new device. 

The knowledge that a person possesses about a device can be characterized as a 
set of attributes and the relationships associated with those attributes, which are 
mostly procedures. If learning a new device, the analogy to the familiar device 
creates expectations concerning attributes and relations in the new device that may 
not be accurate, but which nevertheless serve as a initial representation of the new 
device. Possession of prior knowledge in the form of an analogous domain is a 
necessary but not a sufficient condition for analogical reasoning. Individuals must 
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activate relevant representations in memory before analogical reasoning can occur. 
It has been found, however, that subjects involved in laboratory problem-solving 
tasks often fail to spontaneously notice the relevancy of previously acquired know
ledge unless explicitly informed about its potential importance in solving the new 
problem. (Gick & Holyoak, 1983; Perfetto, Bransford & Franks, 1983) 

According to the examples above, there is clear evidence of the value, to 
motivation and learning, of having a learner to acquire knowledge and skills by 
exploring a domain. However, because of potential dangers associated with explor
atory learning (development of misconceptions, disorientation), it still is preferred 
to enhance the learning environment with some coaching support (Burton & 
Brown, 1982). 

4.1.2.4 Problems with information systems 

In the preceding section the area of exploratory environments served as a source 
of information about potential problems of learning with simulations. The difficul
ties learners are faced with when they try to acquire knowledge or skills with a 
simulation bear resemblance (by their complexity and the fact that the user /lear
ner has to interact with the system) to· problems users of information processing 
systems encounter (at trying to accomplish a task with the system). Both learners 
and users have to translate their mental plans into a formal activity or sequence of 
activities. Therefore, in this section reference will be made to a specific type of 
learning context, i.e. situations where people learn to use a complex interactive 
system. 

To learn and use a complex interactive system correctly and efficiently, users 
have to structure the information concerning the system. The better the struc
turing, the more usable the system. While the ideal may be for the user to have a 
unified model of the whole system, this rarely seems to be achieved in practice. 
The information structures generated by the user may not be coherent but usually 
is fragmented with each fragment having a restricted range of applicability (Halasz 
& Moran, 1982). 

The EUROHELP project (Breuker, 1990) focussed on 2 empirical phenomena 
of the use of information processing systems: (1) in general people learn to use a 
sytem just by doing (which in practice often means: by trial-and error) and there
fore have considerable difficulty learning to use a system, and (2) their skills tend 
to asymptote at a relatively mediocre level, i.e. users are likely to stick to procedu
res they already know, regardless of the presence of more efficient ways of ac
complishing a task. 

Within the EUROHELP project Hartley & Smith (1988) investigated issues 
related to explanation-giving in response to user questions. Data showed that users 
of information processing systems (like e.g. an electronic mail system) undertook 
a variety of activities akin to problem solving, and not surprisingly, their requests 
for help related rather directly to this process. Seven general classes of inquiry 
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were identified: 

- Elaboration questions request a description of an object, a command, or a 
means of referring to an object. (Example: "what is a folder"? Or a more 
complicated, comparison form "What is the difference between A and B"? 

- Enablement questions assist the user in planning and method specification. 
(Example: "how do I send a message?") 

- Justification questions are usually subsidiary to an enablement question, and 
request a justification of a decision implicit in the answer to that question. 
(Example: "Why use CR"?) 

- Exploration questions are an opportunity for users to expand their knowledge, 
and/or to verify their understanding of the system. (Example: "What would 
h "f "?) appen I .... 

- Clarification questions occur when users are assessing the system state and/or 
their progress against some overall plan. (Example: "What messages left"? 
"What mode am I in"?) 

- Interpretation/evaluation questions occur when the user has difficulty under
standing the system feedback and work out the current state of the system. 
(Example: "What happened"?) 

- Orientation questions refer to possible moves forward from the current positi
on, usually in relation to an original task plan or in recovery from some error. 
(Example: "What can I do next"?) 

This identification of question types was based on the assumption that a know
ledge request was made by the user in relation to task activities performed to 
achieve a goal (see also Table 4-1) 

Several general themes emerge as conclusions from the research performed within 
the area of learning to use complex interactive systems: 

1. users tend to form partial or fragmentary information structures to explain 
and to predict local aspects of the system. One knowledge structure may be 
independent or even inconsistent with another fragment even if they address 
the same system aspect; 

2. users do not always successfully access a required knowledge structure at the 
appropriate time (although they may quickly realize their error); 

3. in particular during the early stages of learning, users seem to form a know
ledge structure explaining the system's functioning rather intuitively and to use 
very little evidence for it (Lewis & Mack, 1982). 
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Table 4-1 Relation between activities and question types 

Activity 

Goal setting 
Planning 
Method specification 
Interpretation/ 
Evaluation 
Debugging 

Exploration 
Recapping 

Reorganization 

4.1.2.5 Conclusion 

Question type 

Exploration 
Enablement 
Enablement 
Interpretation/Evaluation 

Interpretation/Evaluation 
Clarification 
Exploration 
Orientation 
Exploration 
Clarification 
Orientation 
Elaboration 
Enablement 

As mentioned in the introduction, we have refrained from imposing an a priori 
structure on the material. In retrospect, we still do not see a clear 'Gestalt' emer
ging from what we have found. Next to the complications mentioned in the intro
duction, another reason for this might be that (empirical) database on experienced 
learning problems is too small. Since we have undoubtedly missed out on existing 
references, this calls for continuing literature research. Of course, it also calls for 
more empirical research of simulation-based learning. The project's Workpackage 
Ill, in which several partners are currently doing experimental research, will cer
tainly provide us with some new material. 

Perhaps a more fundamental reason for our lack of structuring is that the 
ideal framework for such organization would be a well-established theory of how 
people learn in general. Such a theory would provide the necessary hooks on 
which to hang (expected and/or observed) problems with simulation-based lear
ning. This theory doesn't exist. 

To finish on the bright side, we feel that the material discussed sofar suggests 
that simulation-based learning can indeed be improved by adding a supportive 
environment. Evidence on the effectiveness of simulation-based ITSs is slowly 
coming in (Hijne & van Berkum, 1990; Shute, 1990b), and strengthens our belief 
in the potential of learning with simulations. 
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4.2 Learner Attributes and Simulations 

4.2.l Rationale 

Two broad categories of factors influence the acquisition of knowledge: attributes 
of the learner and characteristics of the learning situation (see, for example, Dil
lon, 1986, p. 5). Characteristics of simulation-based learning situations are dealt 
with in section 4.1 above, and elsewhere in this report (e.g. Chapters 3 and 5). In 
the following sections, we focus on learner attributes. We espouse the view that 
knowledge of learner attributes can be used as a basis for adapting instruction, at 
macro as well as micro levels and during instruction as well as during the design 
of instruction. There is good evidence that experienced teachers are able to use 
knowledge of attributes of learners in order to adopt appropriate instructional 
strategies (Hummel-Rossi, 1981). Moreover, the idea of adaptation based on the 
system's knowledge of the learner is central to work on Intelligent Computer 
Aided Instruction (ICAI) or Intelligent Tutoring Systems (ITSs): 

''It is now widely accepted that intelligent adaptive tutoring requires some dy11amic represe11ta
tion of the current state of k11owledge of the individual stude11t. 171is individual studelll model 
must be generated from (or at least implicitly based upon) a theory of cognitive skill and its 
acquisition: a theory whid1 determi11es how knowledge in the target domai11 is represellled, at· 
various levels of expertise; and how it d1anges from one level to a11other, u11der what co11diti
ons." (Payne, 1988, p. 68). 

We make some attempts to broaden the range of attributes which might be con
sidered to be of relevance to the design and run-time adaptation of instruction in 
simulation-based learning environments. This is premised on the belief that what 
a system may know (at any particular time) about the domain- specific knowledge 
of an individual learner, is an inadequate basis for individualising instruction. 

4.2.2 Attributes 

''.Attribute - a property, quality or feature belonging to or representative of a per
son or thing." 

We distinguish between learner attributes and learning processes. If a learner can be 
described as currently being engaged in a particular learning process, then that 
engagement is one of the learner's current attributes. However, other learner 
attributes are not descriptions of engagement in a learning process. In addition, it 
is possible to talk of learning processes without necessarily referring to the current 
state of a learner. 
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4.2.3 Scope 

In sections 4.4 et seq., we will describe attributes of learners that may be of relev
ance to the effective use, and to the creation, of simulation-based learning environ
ments. 

We are concerned with attributes in the context of use, in so far as a system's 
knowledge of the learner with whom it is interacting can enable the system to 
optimise its behaviour. 

We are concerned with attributes in the context of creation, in so far as some 
of the SIMULATE authoring tools may use knowledge about (classes of) learners 
in supporting the author's work. 

At this stage, it is not possible to specify in detail the kinds of knowledge a system 
will be able to use in its decision making. This means it is better, for the moment, 
to cast a net widely over the set of potentially relevant learner attributes and not 
to exclude attributes on the unwarranted assumption that they will not be usable 
in the system. 

Much of the literature that can be used to relate learner attributes to learning 
from simulations is not primarily concerned with simulation-based learning. Given 
the position of SIMULATE within SAFE, and SAFE within DELTA, the scop.e of 
this Chapter will be extended to include attributes of learners relevant to open 
learning environments more generally. However, every effort will be made to draw 
out specific implications for simulation based open learning environments. 

4.2.4 Nature of knowledge on learner attributes 

We need to make it clear that the research base from which knowledge about 
learner attributes may be derived has severe limitations. At first glance, the quan
tity of relevant literature appears to be enormous. Thousands of research reports 
exist which attempt to relate learner attributes to differential effectiveness of 
instructional treatments. Unfortunately, very many of these are correlation studies 
with weak theoretical underpinnings. They are able to produce statements of the 
form: 

"Learners with attribute xl, x2 and x3 given instructional treatment i performed 
better on test t than did learners with attributes yl, y2 and y3" 

But we are often: 

a) Unable to integrate (at a theoretical level) what test tl measures in study 1 
with what test t2 measures in study 2. 
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b) Unable to integrate (at a theoretical level) the conceptualisations of learner 
attributes and instructional treatments used in different studies 

c) Unable to estimate the effect of all the other learner attributes not reported in 
the studies 

d) Unable to estimate the effect of interactions not reported in the studies. 

It is clear that the derivation of "physical law-like" statements from meta- analyses 
of educational research is not likely to be fruitful. Does this mean that intelligent 
adaptation of instruction is impossible? We suggest not. It is probable that "ins
tructional laws" do not constitute a proper knowledge base either for human tea
chers or for ICAI systems.There is a growing realisation that the production of 
knowledge in instructional science needs to take into account the practical use of 
that knowledge by intelligent instructional agents. 

"Ultimately, the aim of research on teaching and on teacher training should be to 
show how individual teachers can best adapt to individual students. That should 
also be the aim of research on ICAI. Unfortunately, still today, only a small prop
ortion of educational research addresses this issue." (Como & Snow, 1986, p. 625). 

4.2.5 Acquisition of learner attribute knowledge by a system 

In this chapter, we make no strong assumptions about how a system might acquire 
knowledge of the attributes of a learner (or class of learners) with whom it is to 
interact. We reject the notion that the system's knowledge of the learner must be 
restricted to what it can infer (covertly) from the learner's task performance ( c.f. 
Megarry, 1988; Laurillard, 1988b ). 

It is common practice in industrial training (and not unknown in parts of 
formal education) for the results of standardized tests to be used in determining 
instruction (see, e.g., Honey and Mumford, 1982). Such tests include measures of 
many kinds of learner attributes - including all of those in the inventory which 
follows. We see no reason to presume that authors producing ISLEs will reject the 
use of such information. We believe that they may look for tools with which to 
represent such information, or to create facilities which allow a trainer to help the 
system acquire such knowledge. 

Secondly, we believe authors may wish to construct ISLEs in which the sys
tem's knowledge of the learner is (at least in part) obtained or refined through 
negotiation with the learner (e.g. Cumming and Self, in press). This again broad
ens the range of knowledge of learner attributes to which we should attend. 
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4.2.6 Organization 

• Theme-centered framework 

One method of structuring the account of learner attributes, which would aid its 
integration into the rest of this deliverable (and also conform to the outline design 
methodology described in Chapter 1 above) would be to use the four- part them
atic framework of Models/Learning Goals/Learning Processes/Learner Activity. 
This does not readily map onto the taxonomies of learner attributes found in the 
educational research literature and would not ensure a comprehensive coverage of 
relevant learner attributes. 

• Taxonomy of attributes 

There are a number taxonomies of learner attributes in the literature. Use of one 
of the more widely recognized of these (e.g. Como and Snow, 1986) should permit 
proper coverage of the attributes of concern to the community of instructional 
designers. However, not all the attributes or classes of attributes be found in such 
taxonomies are of equal importance to the design of systems such as SIMULATE. 
Production of an inventory, on its own, would not satisfy our requirements. 

• Resolution 

The resolution we have selected in structuring our text is to make two passes 
through the topic of learner attributes. The first is an inventory (section 4.4) 
whose structure is partly based on the Como and Snow taxonomy. The concerns of 
this section should look familiar to those with a background in research on learner 
characteristics. The goal of the inventory is comprehensiveness - to describe (at an 
appropriate level) all those attributes of learners which may be of relevance. The 
second pass (sections 4.5 to 4.8 inclusive) draws out the implications of the at
tributes identified for SIMULATE. Its goal is applicability. 

4.3 Attributes and Aptitudes: Initial Considerations 

All sorts of attributes can be used to characterise an individual - hair colour, size 
of feet, age of car .... Any or all of these may be brought into some relation with the 
individual's ability to achieve some particular goal. We are interested in a subset 
of attributes: those which one can argue are predictive (in certain circumstances) 
of the individual's ability to achieve some particular learning goal. In the educatio
nal literature, such attributes are often referred to as aptitudes. 

"The term aptitude signifies some aspect of the present state of an individual that 
is propaedeutic to some future achievement in some particular situation. A such, 
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it incorporates conative and affective, as well as cognitive attributes of persons 
that predict success in specified endeavours. It includes also prior achievement 
differences among persons that serve as such predictors." (Como and Snow, 1986, 
p. 605). 

In this chapter, our selection of attributes is limited to those for which we believe 
there is a prima facie case that they can be predictors of learning (particularly the 
kinds of learning of relevance to computer-based simulations). It should be noted, 
however, that we do not subscribe to simple or monolithic accounts of learning. 
Attributes selected also include those associated with learning achievements whose 
function is subsidiary or incidental to other (possibly, or apparently, more central) 
learning goals. 

4.3.1 Atomistic accounts of attributes 

Research on learning aptitudes has made progress principally through studying 
aptitudes singly. Typically, researchers try to identify or define an attribute which 
they believe may interact with instruction (and/or be a predictor of learning out
comes). They design a test which operationalises their conceptualisation of the 
attribute. They attempt to discover correlations between scores on that test and 
learning outcomes. There is a very large literature on their results (e.g. Gagne, 
1967; Como and Snow, 1986). 

The difficulty with this "atomistic" approach is that, in reality, (in a real lear
ning situation) the learner's state is characterised by a multiplicity of attributes 
which interact with one another and with the learning process and its outcomes 
(Lewis, 1976; Shuell, 1981; Snow 1987). Thus although one well-studied attribute 
may have demonstrated good predictive ability, the attribute's effect in interaction 
with other attributes may be reduced, nullified, or even reversed. A plausible 
resolution to this difficulty is to deal with attributes in "clusters" rather than in
dividually. Snow (1987), for example, proposes the study of "aptitude complexes". 

4.3.2 Stability of attributes 

The life of some learner attributes is very short. Entities currently in working 
memory provide one good example. Other learner attributes we think of as having 
a much longer life, to the extent that they may be thought of as virtually perma
nent personality traits. Reigeluth (1983, p. 32) distinguishes between "traits" ("stud
ent characteristics that are relatively constant over time, such as cognitive styles 
and those kinds of abilities that are measured by IQ tests") and "states" ("student 
characteristics that tend to vary during individual learning experiences, such as 
level of content specific knowledge"). 

Recent research (e.g. Laurillard, 1984) points to the danger of awarding too 
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stable a status to such things as a learner's preferred learning style. Referring to 
"deep" versus "surface" processing accounts of learning style, she observes that 
" ... the deep/surface dichotomy does not characterise a stable characteristic of the 
student, but rather describes a relation between the student's perception of a task 
and his approach to it." (op. cit, p. 135). 

4.3.3 Insider and outsider accounts 

The great majority of the literature on learner attributes comes from work which 
is essentially positivist/empiricist in character. The research methods employed 
result in labels being applied to learners, which (more often than not) the learners 
themselves would neither use nor recognise. Entwistle ( 1984 ), for example, makes 
this criticism of his own earlier cluster-analytic work on learner attributes (e.g. 
Entwistle and Brennan, 1968; Entwistle and Wilson, 1977). More recent "humanis
tic" or phenomenologically-oriented research on learning styles seeks to develop 
categories of learner attributes out of the learners' own conceptions. This has 
some implications for work on learner modelling. If, for example, an ISLE has 
instructional goals relating to the acquisition of generic knowledge (such as know
ledge about methods of testing hypotheses - see Chapter 2 above) then it may be 
necessary for the system to engage the learner in a dialogue about learning ap
proaches. To do this, it must be able to relate conceptualisation of learning ap
proaches to that of the learner. It must be able to use the learner's frame of refer
ence. 

4.3.4 Pedagogical responses 

• Treatment & circumvention 

It is useful to recognize two classes of instructional response which can be made in 
relation to knowledge of learner aptitudes. Firstly, one can adapt instruction in 
order to circumvent areas of inaptitude. (E.g., if a learner finds it difficult to learn 
concepts from formal definitions, use some other method). Alternatively, one can 
attempt to treat the inaptitude directly (e.g. by instruction intended directly to 
encourage an ability in learning concepts through formal definitions). See, for 
example, Weinstein and Mayer (1986), Winne and Marx (1980), Sternberg and 
Weil (1980), Glaser (1984), Nisbet and Shucksmith (1986). The work of Entwistle, 
Odor and Anderson (1988) on a knowledge based environment for improving 
study strategies is of particular relevance here. 

macro- and micro-adaptation 

Adaptation of instruction to individual aptitudes can also take place at macro- and 
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micro- levels. Much of the work on ATI (Aptitude Treatment Interaction - Cron
bach and Snow (1977)) is more relevant to adaptation of instruction at the 
macro-level: for example, in the design of whole courses of study. It is likely there 
is only partial overlap between the sets of learner attributes relevant to 
macro-level adaptation and micro-level adaptation (such as that provided in the 
moment by moment instruction of an ITS, - Self ( 1987) ). Reviewing the psycho
logical research on learner attributes and science learning, this concern is echoed 
by Linn (1986, pp. 162-163): 

". . . it appears that the stable characteristics of individuals, whidz can be measured using 
standardized tests of general ability, general a11Xiety and general attitude toward science, 
correlate with performance on scientific tasks but do not predict specific performance in 
learning situations. These stable characteristics may govern the acquisition and use of meta
reasoning strategies more than the selection of subject matter knowledge for a given problem." 

4.4 Inventory of Learner Attributes 

The following inventory is structured on the basis of major divisions in the res
earch literature on learner attributes. It is related to Como and Snow's (1986) 
attempt to map intellectual abilities, cognitive styles and academic motivation onto 
the three traditional spheres of psychology: the cognitive, conative and affective 
(see Figure 4.1). It differs in the addition of a fourth set of attributes, associated 
with "learning approaches", and in the paying of greater attention to domain know
ledge. 

4.4.l Intellectual attributes 

Research on intellectual attributes can be partitioned into work on academic 
intelligence (e.g. such things as are measured by IQ tests) and work on specific 
prior knowledge (that is of relevance to the reaching of a particular learning goal). 
Much of the research on aptitudes seems content to separate these two. The divi
sion is useful here in so far as it is consistent with the mainstream of the literatu
re. However, the adoption of a cognitivist perspective, particularly one which 
stresses the importance of metacognitive attributes, makes the distinction less 
tenable. (The implications of this for SIMULATE are drawn out later in this 
Chapter). 
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4.4.1.1 Academic intelligence 
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Figure 4-1 Como and Snow's (1986) Aptitude Taxonomy 
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For many early educational writers, differential intelligence and differential lear
ning ability were indistinguishable. The vast research literature certainly confirms 
the consistency of very high correlations between measures of intelligence and 
achievement in formal education. However, intelligence and learning ability are 
not the same thing; nor is either a single undifferentiated attribute. A number of 
syntheses of the many factor analytic studies of intelligence (as operationalised in 
intelligence tests) have adopted a three-part division: into crystallized, fluid and 
visualizational intelligence (e.g. Horn, 1978). 

• crystallized 

Of the three, crystallized (or verbal-educational) intelligence is the most closely 
correlated with achievement in formal education. It is a good predictor of per
formance generally in formal educational settings, is measured well by traditional 
scholastic ability and achievement tests, and is thought to be most consistent with 
learning in a stable, familiar, well-structured learning environment. 
To the extent that we conceive of exploratory simulation-based learning as not 
being well-structured and familiar, crystallized intelligence may be a misleading 
predictor of the learner's ability in using an ISLE. 

• fluid 

Fluid intelligence, in contrast, tends to be reflected in tests of analytic reasoning 
and in performance on novel problem-solving tasks. 

• visualizing 

Visualizational intelligence is concerned with the ability to reason about 2 and 3 
dimensional spatial relations (Cronbach, 1970). It is therefore narrower in its 
range of implications for learning, but could be particularly important in the con
text of learning from computer simulations. 

A second perspective on intellectual abilities, which may be of some relevance to 
SIMULATE, is the Piagetian developmental sequence and in particular its division 
between concrete operational and formal operational thinking (e.g. Flavell, 1963). 
Some studies of learning with computer simulations have used Piagetian stage as 
an independent variable (e.g. Lavoie and Good, 1988). In the context of adult 
lc:rarning, it is probable that Piagetian stage is of limited relevance. Individual 
predispositions towards "concrete" and "abstract" modes of thought are covered 
under cognitive and learning styles (4.4.4.6, below). 
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4.4.1.2 Specific prior knowledge 

Como and Snow (1986, p. 616) hold that the strength of the correlations fre
quently found between crystallized ability and academic knowledge mean that, as 
far as instructional adaptations go, the two can be equated. That is, allocate no 
special importance to what they call "specific prior knowledge". We suggest that 
this may be a sensible position if one is concerned with macro- level adaptation of 
instruction (Tobias, 1976, 1981), but it is less defensible at the micro-level with 
which we are more concerned in the design of SIMULATE. Indeed, many authors 
would hold that the particular strength of an ITS is its ability to tailor instruction 
on the basis of quite specific features of the learner's knowledge. In the context of 
simulations, the possession of the right specific prior knowledge about phenomena 
in the domain of the simulation would seem to be a crucial pre-requisite of suc
cessful learning (e.g. Good & Lavoie, 1988). Adequate domain knowledge is also 
believed to be a necessary attribute for learner controlled use of CBL, for com
puter-based exploratory learning (e.g. Hartley, 1980, 1981 ). 

The role of inadequate domain knowledge is given a central importance in 
information-processing accounts of expertise and student learning:-

" ... problem solving difficulties of novices ca11 be attributed mainly to i11adequacies of their k11owledge 
base and not to /imitations i11 either the architecture of their cognitive systems or processing capabilities 
(sud1 as the inabilities to use powerful search heuristics or the inability to detect important clues in the 
problem statement)" (Chi et al., 1982, p. 71). 

For SIMULATE, we need to unpick a number of themes related to the learner's 
knowledge. First, we need to point to the importance of specific prior domain 
knowledge as a pre-requisite for success in further learning from a simulation. 
Second, we need to shed light on the nature of the domain knowledge which work 
with a simulation can help elaborate (see also Chapter 2.2 above). Finally, we 
must attend to more general (less domain specific) knowledge that is associated 
with successful use of simulations (such as prediction skills). Further discussion of 
these issues is postponed until section 4.5 and following, below. 

4.4.2 Academic motivation (and other personality factors) 

The educational research literature is replete with studies that demonstrate that 
certain attributes of the learner, in addition to his intellectual abilities, correlate 
with performance on academic tasks (see, for example, Catell (1965)). Some of 
these attributes are things which are measured on the "personality tests" generated 
by mainstream psychology. In general, they are held to be stable traits rather than 
attributes which change from moment to moment or even from one year to anoth
er. In general, they can be related to psychological accounts of personality and are 
referred to (in the educational literature) as "personality factors". 
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In evaluating the older educational literature on personality and learning 
achievement, we should be aware that the recent tendency in psychological res
earch on personality has been to emphasise situational factors. That is, it may be 
unhelpful to think in terms of individualistic, stable, a-social personal traits and 
more helpful to think of these as being at least modifiable (and possibly generated 
by) the individual's interaction with a situation. It would be unreasonable to think 
of a "situation" as being as broad-ranging as, say, "educational experience". But 
clearly some attributes which appear to manifest themselves as stable traits in 
formal education may not do so in open learning situations. 

A great number of so-called "personality factors" correlate with academic achieve
ment but research has focused particularly on a few for which it is relatively easy 
to build strong conceptual links to academic performance. By far the most impor
tant of these is academic motivation. (The mechanistic image of "motivation" is not 
a helpful one. It implies something is needed to get or keep the cognitive proces
ses in motion, whereas motion is their natural state. It also chimes with the image 
of the recalcitrant learner, (Entwistle, 1981)). 

Academic motivation, as with motivation more generally, is not a simple or 
unitary construct. (It has been particularly misused in CAL/CBT where such trivia 
as smiling faces on the screen are somehow thought to be "motivating"). Studies of 
academic motivation have tended to investigate separate constituents of motivati
on, producing separate (and not always complementary) conceptualisations or 
theories. They share a view that the traits identified reflect the habitual forms of 
satisfaction (and dissatisfaction) derived by different individuals from their ex
perience of learning (Kozeki, 1984). 

In this inventory, we will restrict ourselves to four constituents (or alternative 
conceptualisations) of academic motivation: achievement motivation, anxiety, 
self-concept and locus of control. 

4.4.2.1 Achievement motivation 

Studies of achievement motivation are based on the original work of McClelland 
(e.g. 1965). Among psychological conceptions of motivation, McClelland's is unus
ual in its strongly cognitive orientation. In educational studies, level of achieve
ment motivation frequently demonstrates a U shaped relationship with task perfor
mance (both very high and very low levels of achievement motivation produce 
poor performance, see, for example, Lens, 1983). Entwistle's account of academic 
motivation in higher education (e.g. 1984) can also be placed here. He sees achie
vement motivation as one of two forms of intrinsic motivation, the other being 
motivation derived directly from an interest in the subject being studied. (Intrinsic 
motivation is contrasted with extrinsic motivation - manifested in "grade-hunting" 
approaches (see 4.4.4.1) - and competence motivation (see 4.4.2.3)). 
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4.4.2.2 Anxiety 

Like achievement motivation, anxiety also has a U shaped relationship to task 
performance (Sarason, 1980; Lens, 1983). Anxiety is not entirely predicted by the 
learner's self-concept (see below). It is also important to differentiate between 
anxiety as a trait and anxiety as a state experienced in a learning situation (e.g. 
during use of a complex real-time simulator). The "learning sets" described in 
4.4.4.3 below may owe their origins to academic anxiety (Ausubel et al., 1978). 

4.4.2.3 Self concept 

This refers to the learner's estimation of themself as a good or poor learner. It is 
also called "perceived self-efficacy" and is sometimes referred to as "competence 
motivation" (e.g. Entwistle, 1981). It can be used in both broad-range and nar
row-range ways. Empirical findings suggest many individuals have an overall con
ception of how good a learner they are, that this may also be disaggregable into 
specific kinds of learning or subject areas, and that they will also venture an opin
ion on how well they will perform on a specific task. (We do not take a position 
here on how "accurate" the conception might be). There are strong positive relati
ons between prior perceived self-efficacy on a task and performance of that task 
(e.g. Bandura, 1982; Salomon, 1983). 

Since part of the rationale for an ISLE is that it can adapt the complexity of 
the view of the model presented to the learner, some adaptation based on a goal 
of increasing the learner's perceived self-efficacy would be advantageous. 

4.4.2.4 Locus of control 

Locus of control (Weiner, 1980) refers to the learner's feeling of being in control 
of the learning situation. "In control" does not refer to whether the learner is 
succeeding with the current learning problem. Rather it attempts to capture the 
difference between 

a) a situation in which the learner feels that their actions are strongly controlled 
from outside (either by a teacher's very directive teaching or by some other con
straints of the learning situation), and 

b) a situation in which the learner feels chiefly or entirely responsible for deter
mining their own actions. 

In general, situation (b) correlates with better task performance (Weiner, 1980) 
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4.4.3 Cognitive style 

Cognitive styles are held to be "information processing regularities that develop in 
congenial ways around underlying personality trends" (Messick, 1976, p. 4 ). Many 
have definitions which are cast in terms of ability and many show high correlations 
with measures of intellectual ability or academic performance. There is some 
doubt, consequently, about their construct validity (e.g. Como and Snow, 1986, p. 
617). 

Nevertheless, there is a large quantity of empirical research which attempts to 
relate cognitive style to the differential efficacy of instructional treatments, and a 
number of instruments exist which are held to measure certain cognitive style 
attributes. Hence a (brief) account of the major perspectives on cognitive style is 
included in this inventory. 

It should be noted that some learner attributes are described by some authors 
as "cognitive styles" and by other authors as "learning styles" or "approaches to 
learning". No satisfactory division is possible here. Attributes have been allocated 
to the "learning approaches" category if they are limited to the cognitive processes 
implicated in learning. If they are more general, they have been allocated to "cog
nitive style". 

4.4.3.1 Ji'[)] 

Field Dependence and Field Independence (FDI) are held to represent a global 
versus an analytic orientation to processing information (Witkin et al., 1962). The 
suggestion is that some individuals are more influenced by the totality of the 
phenomena/stimuli/problem with which they are faced (FD), while others are 
more able to analyze out the elements of the situation which are key (FI). The 
principal FDI tests are essentially visual, perceptual ones. FDI is a good example 
of a cognitive style construct which has been elaborated well beyond its sensible 
limits. Correlation studies have attempted to demonstrate that FD individuals are 
conforming, submissive and passive, while FI individuals are active and self-reliant 
(Elliot, 1961). Men do better than women on FDI tests. A good critique of FDI 
research can be found in Halpern (1986). 

Some aspects of FDI have been found to correlate strongly with measures of 
fluid intelligence. The residuals (which have a stronger claim to be attributes 
cognitive style) are concerned with such things as ability to select relevant pro
blem-solving strategies (Linn and Kyllonen, 1981). Studies have also linked FDI 
with concept learning performance and performance in particular curriculum areas 
(e.g. Lees et al., 1963; Witkin and Goodenough, 1981). 
There may be arguments for trialling different styles of user interface with FD and 
FI subjects. Alternatively, it may be enough to recognise the potential variability in 
preferences for processing visual information by allowing significant learner-con
trol over the interface. 
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4.4.3.2 Cognitive complexity 

Individuals differ in the degree of differentiation or hierarchic integration of cog
nitive structures (Cronbach and Snow, 1977). Within cognitive psychology, this 
seems a truism, especially if applied to knowledge in particular domains. Outside 
cognitive psychology, work based on Kelly's Personal Construct Theory has evo
lved a body of literature on "cognitive complexity" as a factor derivable from anal
ysis of individuals' repertory grid data. This has entered the educational literature, 
to the extent that studies can be found relating "cognitive complexity" in the Kel
lyian sense to instructional treatments (e.g. Pope & Keen, 1981). 

Only brief descriptions of other conceptualisations of cognitive style are given 
below. The interested reader is referred to Messick (1976). One can conceive of 
authors wishing to model certain consistencies in learner behaviour by reference 
to such constructs. If, for example, an author believes that, (a) in the context of a 
particular simulation, a tendency to spend a long time making overly accurate 
measurements is an unhelpful learner behaviour, and (b) that such a tendency may 
differ in its strength between learners and be relatively stable for any one 
learner (in the absence of tutorial intervention), then he may wish to either (i) 
have each learner take some pre-instructional test of "impulsivity" in order that the 
ISLE be forewarned, or (ii) include a monitoring of symptoms of "impulsivity" in 
the behavioural repertoire of the learner modelling system. 

4.4.3.3 Reflectivity /Impulsivity 

This is intended to capture the tendency to approach tasks with speed or with 
accuracy (Lewis, 1976). 

4.4.3.4 Risk-taking 

Captures differences in willingness to take chances when working towards a goal. 

4.4.3.5 Convergence/Divergence 

The tendency to converge toward, or diverge away from "the obvious" when ma
king hypotheses. 

4.4.3.6 Metacognition and control (a note) 
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It may be useful at this point to acknowledge the difficulty of integrating two 
rather different perspectives on learning, learner attributes and mental processes. 
It should be clear by now that most, if not all, of the work on such things as "cog
nitive style" and "general intellectual ability" comes from a tradition in which the 
ideas current in contemporary cognitive science are unfamiliar. (See, for example, 
the difficulties in distinguishing between domain-related and domain-independent 
elements of expertise alluded to in 4.4.1 above). 

Yet the phenomena being described in this literature are often things for 
which some level of account is now available in cognitive science. One may argue 
that it would be useful to try and translate from the varied and relatively informal 
language prevailing in educational psychology into the more precise and more 
computationally plausible language of cognitive science. This is a task beyond the 
scope of the current Activity. Moreover, it does not provide a total solution to the 
difficulties in this area. For one thing, it is likely that the future user SIMULATE 
authoring tools are going to be more familiar with the conceptualisations of lear
ning and learner attributes that prevail in mainstream educational and instruc
tional psychology than they are with the concepts of cognitive science. For as long 
as this is the case, we will need to be aware of the problem of working from the 
author's frame of reference. 

What will be needed, at some stage, is an attempt to map some of the con
cepts in the "cognitive styles and "general intellectual abilities" literature onto 
concepts in cognitive science. An important area for consideration is that con
cerned with metacognition and the control of problem-solving (see sections 4.5 
and following below). 

4.4.4 Learning Approaches 

This category includes attributes brought to our attention by the largely qualitative 
work on students' approaches to learning in higher education (e.g. Marton et al., 
1984) and also the attributes going under the heading of "learning styles" investi
gated in mainstream educational psychology (e.g. Kolb, 1984; 1985). It should be 
noted that the theoretical basis of work on learning styles fragmented and uneven 
(Sweeney, 1989) and that over 30 different instruments purporting to measure 
learning style currently exist (Renzulli & Smith, 1984). 

4.4.4.1 Instrumental 

Studies of student learning in higher education reveal a strong instrumentalist 
tendency. That is, learners' goals are concerned more with maximising marks than 
with learning achievements per se (Becker, 1968). There are several implications. 
Not all students (or all learners) are equally instrumentalist. Learners who have 
had long and successful experience of heavily-assessed formal education will dev-
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elop appropriate coping strategies for maximising marks. Observed learning behav
iours may reflect the learner's conception of rewards in the learning environment, 
rather than some more stable personal traits. 
While we conceive of open learning environments avoiding excessive instrumen
talism, we need to acknowledge (a) that old habits die hard, and (b) that any 
ISLE which the learner believes to be doing a serious job of monitoring his per
formance will be an object of his suspicion. 

4.4.4.2 Dualistic/Relativistic 

Perry (e.g. 1970, 1981) offers a developmental sequence which is held to typify the 
evolution of students' thinking styles, or their personal epistemologies, as they 
progress through higher education. 

Students were observed to pass through a sequence in which they moved from 
an absolutist or simplistic stance on the nature of knowledge towards a complex, 
pluralistic position. The following nine position framework gives a flavour of Per
ry's account. 

1. Every question has a right answer. Teaching equates to the provision of right 
answers. 

2. Diversity of opinion and uncertainty are perceived. These are ascribed to 
inadequate understanding (or dishonesty) on the part of the teachers. 

3. Diversity and uncertainty are accepted as legitimate but temporary (the Right 
Answers haven't been found yet). 

4. Perception of the legitimacy of uncertainty is used to adopt an "everyone is 
entitled to their own opinion" epistemology. 

5. All knowledge and values are perceived as contextual and relativistic. 

6. The student realises the necessity of orienting himself in a relativistic world by 
the making of a personal "commitment". 

7. The student makes an initial commitment in some area. 

8. The implications of commitment begin to be discovered. 

9. Commitment is realised to be an ongoing, permanent, unfolding activity. 

Implications of personal epistemologies are drawn out in section 4.6 below. 
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4.4.4.3 Meaningful/Rote 

Ausubel et al. (1978) believe that students have "learning sets" which predispose 
them to engage in either "meaningful" or "rote" learning. They hold that this pre
disposition is based on the student's previous experiences of learning, and in par
ticular their perceptions of the reward system in the learning environment. Anxiety 
related to chronic failure in the past learning history is held to be a causal factor, 
with rote learning as a protective/low risk strategy. 

4.4.4.4 Deep Processing/Surface Processing 

"Deep processing" (e.g. of a text to be studied) involves active engagement with 
the content of the text, searching for its meaning. "Surface processing" frequently 
involves a more mechanical approach, concentrating on the surface form of the 
task and not its deeper implications. 

This dichotomization of student learning approaches is a central feature of the 
so-called "phenomenographic" studies associated with Marton and his colleagues 
(e.g. Marton et al., 1984, Ramsden, 1988). It has similarities with the "learning 
sets" of Ausubel. There is also a (rarely acknowledged) similarity to the "shallow 
to deep" transition, held to be characteristic of the passage from novice to expert 
performance in a domain, that is a central to information-processing studies of 
expertise (e.g. Larkin et al., 1980; Chi et al., 1981, 1982) 

The distinct character of the phenomenographic conception comes from its 
emphasis on learners as active participants in the construction of their own ap
proaches to learning. Learners are seen as adopting "shallow" approaches to the 
reading of instructional text (for example), not as an involuntary personal defence 
against expected failure (Ausubel) nor because they have insufficiently rich dom
ain knowledge (Chi et al.) but because they construe their learning environment in 
such a way that "shallow processing" is the most efficient strategy. 

Laurillard (1978, 1984) has demonstrated that "deep" and "shallow" ap
proaches can also be found in students' work with problem-solving tasks (not just 
in text processing). She suggests that although the adoption of a particular ap
proach on a particular task reflects the learner's conception of that task (in con
text), the learner's experience over the years may predispose them (in general) 
towards surface or deep approaches. 

4.4.4.5 Holist/Serialist (Atomist) 

The division of learners into "holist" and "serialist" (sometimes referred to as 
"atomist") types has probably attracted more interest in the CAL/CBT field than 
any other attribute construct (e.g. Hartley, 1981 ). The construct, and its empirical 
roots, go back to Pask (1976; Pask and Scott, 1972). Given its influence, the extent 
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of its subsequent empirical testing is remarkably limited. 
Pask accounts for the adoption of a holist or a serialist learning style by refer

ence to the amount of uncertainty that a person is prepared to tolerate in their 
learning. Those with a low tolerance of uncertainty will tend to adopt a serialist 
approach - learning "one step at a time" - while those with a high tolerance of 
uncertainty will work in a "top down" manner - attempting to build a conceptual 
framework within which the elements of their learning can be located, and defer
ring the acquisition of a detailed understanding of the basic concepts. These lear
ning styles are held to be stable across tasks and there is empirical evidence to 
suggest that learners forced to adopt their non-preferred style exhibit a marked 
decrease in performance (Pask, 1976). 

Any decision to use the serialist/holist construct as a way of characterising 
learners should be made in the knowledge that the empirical basis of the con
struct's validity is quite narrow, that it involves some generalisation of findings 
from psycho-motor to cognitive tasks, and that it assumes a particular epis
temological basis for concept learning. 

The intuitive appeal of the holist/serialist construct is obviously quite strong. 
One can envisage some authors wanting to offer just two main instructional strate
gies in an ISLE - with quite different implications for the progression of views of 
the model made available to the learner. 

4.4.4.6 Experiential Learning Theory (ELT) 

Probably the most influential work on learning style is that of Kolb (1984, 1985) It 
is included here as an example of the kind of treatment of learner attributes which 
we could envisage an author wishing to use. This is because it is supported by 
well-documented tools (LSI) for classifying learners and by a growing body of LSI 
research linking learning styles to instructional treatments. It has been used in the 
design of adaptive IV systems (Sweeney, 1989). 

Kolb's ELT produces descriptions of learning styles which look something like 
cognitive styles and something like intellectual abilities. He has four main cat
egories of learner:-

Divergers: prefer concrete experiences which can be processed via reflection on 
the meaning of the experience 

Assimilators: prefer the kinds of learning experiences offered m conventional 
classrooms or by texts 

Convergers: prefer the kinds of learning involved in converting abstract descrip
tions into working models 
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Accommodators: are active and situation-sensitive, processing information in order 
to be adaptive to the needs of the situation. 

4.5 Theme 1: Representing Complex Knowledge 

In this section we consider learner attributes from the perspective of Theme One, 
which emphasises the role of models. We acknowledge that a primary instructional 
goal for learning in a simulation environment is that the learner should acquire or 
elaborate a mental model of the domain. Consequently, in thinking about learner 
attributes which must be considered in the system design, we emphasise the im
portance of specific domain knowledge not only in terms of its content but also its 
form of representation. This necessitates a brief account of mental models and 
associated higher-order knowledge representation constructs. We follow this with 
a consideration of faulty knowledge and its representation. The section closes with 
a position statement on the dependency between modelling the domain and mode
lling the learner's knowledge of the domain. 

4.5.1 Simulations and complex learning 

Learning with a computer simulation is time consuming and an inefficient way of 
acquiring simple factual or conceptual knowledge. It is probably best suited to 
situations where an understanding of dynamic relations is required (Reigeluth and 
Schwartz, 1989). It may be that learning the form of simple (e.g. linear) bivariate 
relations is not sufficiently complex to warrant the use of a simulation. Such relati
ons are easy to encode in propositional form. It is when we want the learner to 
understand multivariate relations or complex (e.g. exponential) relations that 
simulations may begin to be worthwhile. In addition, practice may be viewed as a 
requirement - particularly in those cases where the instructional goal requires 
knowledge compilation (Anderson, 1983; Card et al., 1983). Simulations are good 
for supporting practice. 

4.5.2 Knowledge representation and learner modelling 

In section 4.4.1.2 (above) we emphasised the need for the learner to have suf
ficient domain knowledge to operate and learn from a simulation. In considering 
the representation of learner attributes we need to include 

a) this simple factual or conceptual pre-requisite knowledge, as well as 

b) the more complex forms of knowledge which use of the simulation is intended 
to develop. 
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In the latter case, we need to be clear about the form we think this knowledge will 
take in the mind of the learner. There will be important discrepancies in outcome 
if the representational forms of the learner's knowledge and the learner model do 
not match. (For example, if the system models in declarative form some knowle
dge which is compiled in the mind of the learner, the system will be wrong in its 
inferences about what the learner can articulate). 

4.5.3 Mental models 

The intersection of the "modelling" theme with the "learner characteristics" design 
component can be identified as "mental modelling" (see Chapter 1 above). At this 
stage, we need to become clearer about what a mental model might be. There are 
a number of accounts in the cognitive science literature - not all of them com
patible (Streitz, 1988). Payne (1988) identifies two levels epistemological commit
ment to mental models. 

a) Weak commitment 

This, in effect, is no more than a shift of interest from general principles of cog
nition to a concern for the very specific knowledge and beliefs that facilitate prob
lem-solving in a domain. It is reflected in the growing number of studies which 
focus on domain knowledge as a key component of expertise (e.g. Chi et al., 1982, 
Gentner & Stevens, 1983). It is a commitment of the kind made by Norman 
(1983) in his attempt to distinguish between 

t a target system 

a conceptual model of that target 

the (learner's) mental model, and 

c(t) 

m(t) 

c(m(t)) 
model. 

the (psychologist's) conceptual model of the learner's mental 

(There is not space here to provide a critique and clarification of the ambiguities 
of the above. The reader is referred to Streitz (1988) for a clear, formal elabor
ation which is applicable to learner modelling). 

b) Strong commitment 

This goes further, by making a commitment to a particular mode of represen
tation, on the basis that mental models facilitate certain kinds of inference (Craik, 
1943; Johnson-Laird, 1983). Mental models are seen as concrete, analogical, tran-
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sient and dynamic representations of particular situations. They are "run" (or other
wise manipulated) in order to make qualitative predications. They are to be con
trasted with abstract, propositional representations, are closer to images than 
verbal descriptions and rely heavily on experiential knowledge (Payne, 1988, pp. 
78-79; Holland et al., 1986, pp. 12-14). 

Why should we be interested in mental models of the second kind? Without 
them, we have two main representational possibilities available - production sys
tems for representing compiled knowledge and declarative networks for represen
ting concepts and facts. We may choose to adopt these representations as ade
quate for modelling learning. In so doing, we would be following Larkin ( 1981 ), 
Langley (1985) and, most notably, Anderson (1983). What we would lose is the 
ability to model some aspects of learning as an increasing level of articulateness 
about the domain - what folk psychology means when it refers to "understanding" 
(Payne, 1988, p. 77). 

The direct manipulation and rapid feedback available in modern computer 
simulations can actually be used to promote the acquisition of compiled concep
tual knowledge (see van Berkum, Chapter 2, this issue), or what Broadbent et al. 
(1986) refer to as "implicit knowledge". If we are content with promoting this kind 
of learning, representations such as those of ACT* may be sufficient. If, however, 
we also seek to promote an ability in the learner to make explicit his knowledge 
acquired through use of the simulation, we may need to consider the representa
tion of mental models. 

In conclusion, it should be noted that some computational progress has been 
made on this topic, particularly in the area of qualitative physics (e.g. Forbus 1984; 
de Kleer and Brown, 1984; Williams et al., 1983; White and Frederiksen, 1987). 

4.5.4 Misconceptions 

A learner's knowledge can be viewed as having correct (or accurate) parts and 
incorrect (or inaccurate) parts. There will also be gaps in the learner's knowledge. 
Following the argument in 4.5.2 (above) we would suggest that the learner at
tributes we should model include missing and erroneous factual/ conceptual know
ledge. Such knowledge can be represented using techniques associated with work 
on "bugs" and mal-rules (Brown and Burton, 1978; Brown and Van Lehn, 1980). In 
addition, we need some representation which will allow us to work with flawed 
mental models, such as is suggested by the studies of learners' "naive" or "alter
native" scientific conceptions (Driver al., 1985; Carey, 1985). The purpose of this 
would be to allow the instructional system to design "critical experiments" 
(Laurillard, 1988a). (A critical experiment is one whose running forces the learner 
to realise they have a flawed mental model of causal relations in the domain). Just 
as some systems use their beliefs about a learner's misconception to plan "entrap
ment" moves, which will cause the learner to confront their misconception (e.g. 
Collins and Stevens, 1983), so a system which is able to build a representation of 
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a learner's incorrect mental model will be able to plan a critical experiment. 

4.5.5 Implications for domain representation 

A decision to represent the learner's evolving mental model has serious implicati
ons for domain representation. In short, a purely quantitative domain model will 
not be adequate. The work of White and Frederiksen ( 1987), using increasingly 
sophisticated zero and first order qualitative models, followed by a quantitative 
model, is indicative of progress here. However, it should be noted that White and 
Frederiksen make no strong claims about the psychological status of their learner 
models, seeing them rather as a useful and elegant way of supporting the evolving 
teaching interaction. Finally it should be noted that progress in qualitative model
ling has been mainly in areas where features such as device topology can be used 
to suggest the form of the model. There is little evidence that success in this lim
ited area will be generalisable. (Goodyear and Stone, 1988). 

4.6 Theme 2: Learner Attributes and Learning goals 

In this section we use the term "instructional goal" in order to emphasise there can 
be a discrepancy between the goals of the learner and the goals of the instruc
tional system. We agree that instructional goals should refer to effects or results, 
expressed as cognitive/mental changes in the learner (see 2.2 and 2.3 above). 

As we have suggested in 4.5 (above), the learning goal cube (see Figure 2-1, Chap
ter 2) may need some elaboration for the purposes of learner modelling. Before 
that, we need to attend to some sources of discrepancy between learners' goals 
and instructional system goals that can be predicted from work on approaches to 
learning. 

The prevalence of instrumentalist approaches to learning (4.4.4.1) means it is 
naive to assume that the learner will unquestioningly adopt the instructional goals 
of the system. (Indeed, we would rarely want them to, since active re-interpreta
tion of goals is a valuable part of the learning process). As Laurillard (1984a) has 
pointed out, the common focus for learners is not on "the problem itself' but on 
"the problem as set by a teacher in the context of a particular course" (p. 131 ). It 
is dangerous to assume an ISLE would be exempt from this phenomenon. 

A second source of discrepancy comes into sharper relief when we remember 
Perry's (1970, 1981) cognitive developmental model (4.4.4.2). A source of tension 
in any ITS environment in which the system can solve the problem it is setting for 
the student, and the student knows this, is the authenticity of the task. Particularly 
for learners attached to a dualistic epistemology (Perry's Position one - in which 
every question is seen to have an answer which is either Right or Wrong -) the 
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learner may view the task with considerable suspicion. (Take, for example, a task 
where the instructional goal is that the learner should acquire a relatively elabo
rate mental model of the simulated system. The learner is to do this by induction 
from many successive runs of the domain model. He may well ask, for any par
ticular relation, "why didn't you just tell me that dx = f(dy) ? "). 

4.6.1 Domain specific goals 

In 4.5 we outlined a position on mental models as a candidate form for concep
tualising the knowledge to be acquired through use of a simulation. We also made 
the point that, while the acquisition of "simple" conceptual or factual knowledge 
may not be an appropriate instructional goal for an ISLE, it would nevertheless be 
important for the ISLE to be able to represent such knowledge in its learner 
model. So, as far as the representation of learner attributes is concerned, the cube 
may need expansion. 

At this point we should attempt to integrate the discussion on mental models 
(4.5.3) with that on procedural - declarative forms of knowledge (2.2). We do this 
by considering instructional goals from the perspective of "operational" and "figu
rative" accounts of learning (Payne (1988), though see also Pask (1975)). 

Crudely put, an operational account is one that provides methods for carrying 
out some task - it offers procedures. A figurative account provides the declarative 
knowledge from which methods have to be induced - it offers an elaborated men
tal model. A simulation can be used to acquire domain knowledge in either way. 
The learner can learn to "drive" the simulation - inducing and compiling the se
quence of operators needed to achieve a particular goal (such as establishing an 
equilibrium); see, for example, Broadbent et al. (1986). This would be acquiring 
an operational account. A figurative account would necessitate a more thorough 
and probably more wide- ranging exploration of the simulation and would doubt
less entail good conceptual knowledge of the domain of the simulation. It is con
ceivable that instructional goals in an ISLE might be expressed in terms of operat
ional or figurative accounts. It is important to recognize the possibilities and con
sequences of interaction between such instructional goals and 

a) the form of representation of the learner's domain knowledge in the learner 
model 

and 

b) other learner attributes, such as engagement in "deep" vs "shallow" processing. 
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4.6.2 Knowledge acquisition goals 

Knowledge acquisition learning goals relate to the acquisition of relatively domain 
free knowledge that is useful in simulation-based or exploratory learning environ
ments. Such knowledge might include principles for controlling the manipulation 
of variables, prediction skills, graph interpretation skills and so 

In the context of representing learner attributes we need to reconsider the 
limitations of the"goal cube" as is also recognised in the Chapters 2 and 5. We 
suggest that, whereas the cube may be an adequate representation of learning 
goals, it does not fully capture the knowledge space needed for learner modelling. 
Indeed, it may be that some generic knowledge which we hope learners will ac
quire through use of an ISLE is best described as factual or conceptual knowledge 
rather than knowledge of principles or procedures. We need also to consider that 
learners may acquire "generic" mental models, in the sense of representations of 
good scientific practice. 

On a related point, we should also note the uncertainty in the literature on 
student acquisition of knowledge of "scientific procedure". Wedekind (1988), Good 
and Lavoie (1988), Rivers and Vockell (1987), Day (1987) and many others stress 
the usefulness of simulations in allowing learners to acquire an understanding of 
the components of "scientific method". Laurillard (1988a) points to a paradox here, 
in that what learners are exposed to may be the rhetoric of Popperian science not 
the practice of scientists. Knowledge acquisition learning goals need to be clear 
about what attributes the learner is meant to be acquiring. Available options 
include a knowledge of procedures compatible with accepted scientific method, as 
well as (perhaps heuristic) knowledge of how to "explore" the space of a scientific 
problem. The former is akin to normative descriptions of the logic of science, the 
latter is closer to the skills of real scientists. (See also Kulkarnic and Simon, 1988). 

4.7 Theme 3: Learner Attributes and Learning Processes 

In this section we examine the interaction between learning processes (a described 
in 2.3 and 4.1.l above) and the representation of learner attributes. We concur 
that learning processes may be differentiated from learning goals (and instruc
tional goals) in that the former are directly concerned with cognitive transactions, 
and only indirectly with the effects or results of those transactions. 

4.7.l Account of learning processes (for simulations) 

Learning processes can be characterised in a number of ways. In Section 4.1 we 
proposed a taxonomy that has the following stages: 
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a) Orientation 
b) Hypothesis generation 
c) Test 
d) Evaluation 

These may be articulated into a more specific learning processes and be distin
guished from more regulative processes as planning and monitoring (see also de 
Jong & Njoo, 1990, see Section 2.3 for further details). The important thing to 
recognize is that some processes tend to be temporally related to others, and more 
than one may be active at any time. 

This has two kinds of implications for the representation of learner attributes. 
Firstly, the state of being engaged in a particular learning process is a learner 
attribute. Having a good taxonomy of learning processes is a pre-requisite for 
enabling an ISLE to model the leaner's activity. We should note that different 
taxonomies are available, with different levels of empirical and theoretical support 
and different levels of detail. (Good and Lavoie (1988), for example, identified 63 
separate cognitive processes associated with program exploration and prediction 
behaviour. However, their study was based on data from only 14 subjects). As well 
as a good taxonomy, the ISLE needs to have methods for allocating the current 
learner activity to a place in the taxonomy. Heuristics recognizing what process the 
learner is engaged in are needed. (These might include knowledge of typical hier
archical or sequential relations between processes). 

Secondly, the various learning processes are associated with other (long las
ting) learner attributes. For example, if there is a literature on connections bet
ween generalization processes and certain learner attributes then those learner 
attributes become relevant. This helps us become more specific in the use of an 
inventory of learner attributes. We move down from "all learning" to a specific 
learning process. 

4.7.2 Learning domain knowledge 

Separation of 

a) learning domain knowledge 

from 

b) learning generic "control" or "scientific/ experimentation" knowledge 
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is artificial but necessary. At any one moment in the learning interaction it may be 
impossible to say that the learner is learning something about the domain, rather 
than acquiring some generalisable knowledge. Usually both will be happening (or 
neither!). However, we may often want the ISLE to act as if one of these was in 
focus. At some times, acquisition of some specific domain knowledge may be the 
foregrounded task. At other times, this will be subservient to the development of 
a generic procedure (such as graph interpretation). Communication between the 
ISLE and the learner will be difficult if there is a mismatch of purpose on this 
point. 

If the foreground task is learning some domain knowledge then certain sets of 
learner attributes become more relevant than others. The learner's current know
ledge about the domain is an obvious set, and issues relating to the representatio
nal form of this knowledge will be relevant to any consideration of the learning 
processes in which the learner is engaged. 

One example must suffice. A major problem with simulation-based learning 
can be the way in which learners can avoid conducting experiments (runs of the 
model) which will disconfirm their current belief. (This tendency can also be rel
ated to personality characteristics). 

In order to cause the learner to confront a misconception about the domain, 
the system needs a learner model containing a representation of this misconcep
tion such that it can propose a "critical experiment" (Laurillard, 1988a) - a run of 
the model - which will provide the contradicting evidence (see Zietsman and 
Hewson, 1986). 

4.7.3 Learning generic knowledge acquisition knowledge (control knowledge) 

When the foreground task is the acquisition of some "control" or "knowledge 
acquisition" knowledge other sets of learner attributes become relevant. 

Firstly, there is good reason to associate attributes of so-called "fluid" intelli
gence with the skills that are entailed in successful exploratory learning. In the 
absence of better evidence, knowledge of such attributes might be used to deter
mine the level of support that the learner's exploration might require. Seron
dly, modes of exploration of a complex model might relate to certain "cognitive 
style" attributes. One might choose to predict a relationship between "impulsivity" 
or "risk-taking" and a propensity to explore many elements of the model simul
taneously. "Convergence/Divergence" might be related to hypothesis testing and 
prediction processes. A serialist or holist orientation might also be related to 
exploratory style. 

Finally, engagement in certain "generically-oriented" learning processes may 
be encouraged by certain instructional interventions. Transfer, generalisation and 
reconstruction for example, can all be encouraged by appropriate "de-briefing" 
interventions (Crookall et al., 1987). This would be inappropriate if the learner 
were currently engaged in a "domain-oriented" learning process. An ISLE which 
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could not distinguish between "generic knowledge acquisition" and "domain" orien
ted processes would be at a serious disadvantage here. 

4.8 Theme 4: Learner Attributes and Learner Activity 

4.8.1 Simulations and learner activity 

It is difficult to imagine the educational use of computer simulations in situations 
other than those where the learner has a high degree of control over the running 
of the program. (Though Hartley (1980) mentions their use in "illustration" mode). 
The use of a simulation both demands and develops certain characteristics of the 
learner. 

The educational rationales for using programs with a high level of learner 
control are quite varied. Some would argue that significant learning is only pos
sible when the learner has self-confidence in their ability to learn and feels the 
experience will be personally rewarding and meaningful (cf Rogers, 1969; Ausubel 
et al., 1978). Others focus on the importance of learner control in allowing the 
learner to develop their learning skills ("knowledge should be subsidiary to lear
ning to learn"). 

4.8.2 Learner activity /learner control and learner attributes 

A number of learner attributes are associated with successful use of CAL pro
grams that have a high level of learner control. Not all of these are metacognitive 
attributes. Hartley (1980, 1981) insists that a sufficient level of domain knowledge 
is a pre-requisite for effective use of "exploratory" learning packages. 

Metacognitive, and relatively domain independent, skills are also important in 
exploratory learning of course (Rivers and Vockell, 1987; Berry and Broadbent, 
1987). Fry (1972), Hartley et al. (1972), Pask (1975), and Hartley (1981) all pro
vide evidence that learner controlled situations are problematic for many or most 
learners. 

A few issues need unpicking here. 

a) The studies of learning in situations with high learner control that provided 
negative results have usually measured the acquisition of domain knowledge rather 
than the enhancement of ''generic" skills. They can also be accused of focusing on 
"shallow" knowledge, failing to look at how thoroughly the knowledge acquired has 
been made meaningful by the learners concerned. 

b) Some negative studies (e.g. Hartley et al., 1972) indicate that eventually learner 
control groups overtook "directed" groups, and reported their experience as more 
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enjoyable. 

c) The literature on motivation and cognitive style suggests that not all learners 
are likely to prefer (or do well in) learner-controlled situations. We need to be 
able to offer different levels of control to different learners on different tasks. 

d) "Control" is actually multi-dimensional (see below). 

4.8.3 Three areas for learner control 

Learners' using exploratory learning programs can exercise control over a number 
of aspects of the program's operation. Following Laurillard (1988a) we identify 
three main aspects, the first of which can be further sub-divided. We suggest that 
different learner attributes may be relevant to different areas or forms of control. 

4.8.3.1 Control over learning strategy 

• control over sequence of content 

This allows learners to find their own way through the learning materials - a typ
ical image being free navigation through a HyperCard stack. Learners require 
navigational aids (indices, concept maps etc.). A number of studies (e.g. Lauril
lard, 1984b) indicate that, given such freedom, learners do make use of alternative 
pathways through material. Nevertheless, there is some considerable doubt about 
whether "free navigating" learners learn as much (and particularly, as completely) 
as learners who are given some kind of external guidance (e.g. Fry, 1972; Hartley, 
1981, and see above). 

• control over sequence of learning activities 

Learners may also be given control over the kinds of learning activities in which 
they are engaged - choosing to see an example, do an exercise, receive infor
mation or take a test, for instance. 

4.8.3.2 Control over the manipulation of content 

This form of learner control is probably closest to what we have in mind in simul
ation-based learning context11. It prioritises the learner's ability to manipulate 
objects in the domain of interest and to act like a Popperian scientist - making 
conjectures and testing them. 
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4.8.3.3 Control over description of the domain 

Brings us closer to "model-building". The learner is provided with tools that allow 
the construction of a representation of his/her understanding of a domain. 

4.8.4 Critical experiments and conceptual change 

The twin rocks on which learner-controlled study is prone to run aground are: 

a) a "mastery" level of learning is rarely achieved 
b) learners rarely find themselves creating the circumstances in which they will 

be forced to confront a misconception. 

On the other hand, a tutor needs very good knowledge indeed if it is to effectively 
direct the learner towards (for example) the "critical experiment" which will lead 
to conceptual change (Laurillard, 1988a; White and Horwitz, 1988). Effective 
direction requires a balancing of attention - taking into account motivational, 
metacognitive and learning style attributes, as well as the form and content of the 
learner's domain knowledge and the range of possible misconceptions (or sources 
of misconceptions) in the domain. 
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Abstract 

Constructing an instructional environment around simulations seems to run counter to the freedom 
(in terms of learner control and learner activity) the learner is allowed to in 'stand alone' simulati
ons. However, it seems necessary to construct an instructional environment for simulations in order 
to promote fruitful learning. One of the purposes of the SIMULATE project is to look for the 
optimal range of freedom for the learner. 

An extensive discussion of learning goals brings two main types of learning goals to the fore: 
conceptual knowledge and operational knowledge. A third type of learning goal refers to the know
ledge acquisition (exploratory learning) process. 

Cognitive theory has implications for the design of instructional environments around simulati
ons. Most of these implications are quite general, but they can also be bound to the three types of 
learning goals. For conceptual knowledge the sequence and choice of models and problems is impor
tant, as is the providing of explanations and minimization of error. For operational knowledge 
cognitive theory recommends learning to take place in a problem solving context, the explicit tracing 
of the behaviour of the learner, providing immediate feedback and minimization of working memory 
load. For knowledge acquisition goals, it is recommended that the tutor takes the role of a model 
and coach, and that learning takes place together with a companion. 

A second source of inspiration for designing instructional environments can be found in lnstruc-
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tional Design Theories. Reviewing these, showed that interacting with a simulation can be a part of 
a more comprehensive instructional strategy, in which for example also prerequisite knowledge is 
taught. Moreover, information present in a simulation can also be represented in a more structural 
or static way and these two forms of presentation can be alternated. A third conclusion is that 
learners can be provoked to perform specific learning processes and learner activities by tutor 
controlled variations in the simulation, and by tutor initiated prodding techniques. And finally, 
instructional design theories showed that complex models and procedures can be taught by starting 
with central and simple elements of these models and procedures and subsequently presenting more 
complex models and procedures. 

Most of the recent simulation-based intelligent tutoring systems involve troubleshooting of 
complex technical systems. Learners are supposed to acquire knowledge of particular system prin
ciples, of troubleshooting procedures, or of both. Commonly encountered instructional features 
include (a) the sequencing of increasingly complex problems to be solved, (b) the availability of a 
range of help information on request, (c) the presence of an expert troubleshooting module which 
can step in to provide criticism on learner performance, hints on the problem nature, or suggestions 
on how to proceed, ( d) the option of having the expert module demonstrate optimal performance 
afterwards, and (e) the use of different ways of depicting the simulated system. 

A selection of findings is summarized by placing them under the four themes of learning with 
computer simulations. For the theme of domain models we will discuss: multiple views, progressive 
implementation, and offering additional information. For the themes of learning processes and 
learner activity, instructional measures are divided into measures which: provide favourable con
ditions (such as setting boundaries to the input), stimulate learning processes and activity (such as 
providing hints and suggestions), and providing corrective feedback. 

We end with some notes on formalization of the instructional component. As far as we can see 
now, this will at least require the identification of valid instructional knowledge to be used, of a 
language of instructional primitives in which to express that knowledge, of appropriate lower-level 
representational formalisms, and of suitable control mechanisms for deciding on the next action. 
While the latter two issues will probably benefit from viewing instruction as a dynamic, plan-based 
problem-solving process, the former two seem much harder to deal with. 

5.1 Introduction 

The present chapter starts with a discussion of the theme 'learning goals' since this 
theme is the most closely related to the topic of this chapter: instructional environ
ments for simulations. In line with the 'advance organizer' function of the four 
themes (chapter 1) each of them needed to be described in a more articulate way. 
Since the theme of learning goals for simulations is closely related to the instruc
tional environment, we will discuss learning goals here. The final result of work in 
this area, a taxonomy of simulation learning goals, has been briefly described in 
Chapter 2. The work leading up to this result will be described in Section 5.2 of 
the present chapter; it deals with some previous learning goal taxonomies, and 
with justification of the current one. In view of their intimate relation, there is 
some unavoidable overlap between this section and the one in Chapter 2. 
The Sections 5.3 and 5.4 will deal with a number of different ways to look at 
instructional environments for simulations: cognitive theory, instructional design 
theory, and existing exploratory environments. These results will be summarized 
according to the four themes of learning with simulations (Section 5.5), and the 
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chapter will end with some notes on formalization (Section 5.6). 

5.2 Learning goals for simulations. 

Computer simulations are being used for a wide range of learning goals, such as 
radar system troubleshooting performance (Kurland, 1989), performance in opera
ting a complex oil-refinery control device (Timmermans, 1989), or understanding 
of the cardiovascular system (Min, 1987). The design, tailoring, and use of an 
Intelligent Simulation Learning Environment (ISLE) obviously depends on the 
learning result being aimed for. This may seem a trivial statement, since the incor
porated subject-matter knowledge will be different for different applications of an 
ISLE. However, learning a particular qualitative mental model of a physics theory, 
for example, differs from learning how to carry out a correct aircraft landing proc
edure in the type of knowledge to be acquired, and not just the domain from 
which it is derived. The type of knowledge to be learned seems a very important 
factor in establishing the nature of the most suitable ISLE. 

Learning a qualitative physics model will probably be facilitated by an ISLE 
which incorporates, among other things, instructional strategies and actions that 
induce 'deep' mental processing of the subject-matter at hand, learner modelling 
facilities which keep track of the learner's deep understanding, and an interface 
which need not necessarily represent the simulation model in a highly realistic 
way. 

Learning how to carry out a correct and swift landing procedure, on the other 
hand, will probably benefit more from an ISLE which incorporates, among other 
things, instructional strategies and actions that induce increasingly automatic per
formance, learner modelling facilities which keep track of the learner's sequencing 
and timing of procedure steps, and an interface allowing for a high degree of 
physical realism. 

The above examples suggest that the type of simulation learning goal to a 
large extent determines the type of ISLE to be used. In view of this, it is impor
tant to have a plausible classification of learning goals for simulations, one which 
captures relevant dimensions of the knowledge to be learned. The aim of the 
present paper is to come up with such a classification, which should subsequently 
serve as a common frame of reference within the SIMULATE project. Although 
the classification will be partly based on current ideas in cognitive science, its 
ultimate usefulness to the project remains to be established. 

In order to narrow down our concept of a learning goal, Section 5.1.1 will relate it 
to standard conceptions in the educational literature. There are many general 
classifications of learning goals around, and the brief description of some of these 
in Section 5.1.2 should provide a useful framework. After this, Section 5.1.3 will 
describe several existing taxonomies which deal with specific learning goals for 
simulations. Section 5.1.4 argues for several dimensions along which simulation 
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learning goals can be discriminated. Since these dimensions are only partially or 
implicitly present in existing taxonomies, Section 5.1.5 incorporates them into a 
new SIMULATE taxonomy of learning goals for simulations. 

5.2.1 The concept of a 'learning goal'. 

Educational literature shows several different terms related to the purpose of 
learning activity, such as objectives, aims, or achievements. In their Handbook of 
educational technology, Percival and Ellington (1988) describe the most common 
terminology involved. Educational aims are" ... normally considered to be broad or 
general statements of educational intent." (p50), which " ... usually indicate the 
overall purpose or desired goal of a course or part of a course." (p50). An exam
ple would be 'an understanding of electrical circuit theory in terms of the proper
ties of resistors, capacitors, switches, etc.'. 

Educational objectives, on the other hand, are " ... definitive descriptions of 
desirable educational outcomes, often expressed in terms of what the students 
should be able to do at the end of their course." (p50). The latter are often refer
red to as behavioural objectives, since they express the desired terminal behaviour 
of the learners. An example of such an objective would be 'being able to compute 
the voltage redistribution in circuit X as a result of closing switch Y'. 

The notion of educational objectives has been very much influenced by Mager 
(1962), who prescribed that such an objective should specify (a) the required 
terminal behaviour, (b) the conditions or constraints under which this behaviour 
should be performed, and ( c) the minimally acceptable standard of performance. 
In order to be as clear and explicit as possible, the required terminal behaviour 
should, according to Mager, be described in terms of a learner's external actions 
(such as being able to weigh objects, fire shots, generate synonyms, etcetera). 

However, in accord with the rise of cognitivism, instructional design theorists 
have gradually moved away from the 'behaviouristic' flavour of Magerian objec
tives, allowing for statements of a more cognitive nature. Current learning goal 
classifications often refer to desired outcome types in information processing rather 
than behavioural terms (e.g. Merrill, 1988; Romiszowski, 1984; Wager & Gagne, 
1988). Of course, in assessing the results of learning, one will ultimately have to 
resort to external learner responses again. The difference is one of emphasis: a 
single form of learner response may not be particularly interesting in itself, but as 
an operationalization of acquired information and information processing ability it 
may be very useful. 

Our classification of simulation learning goals will be similar to such recent educa
tional objective taxonomies, both in its cognitive approach and in its level of preci
sion. However, we will work towards an alternative taxonomy which is more adap
ted to simulation, and more explicit in the dimensions involved. We use the word 
learning goal, but the reader who prefers to stick with more familiar terms should 
feel free to replace learning by educational or training, and goal by objective. Howe-
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ver, we will avoid the term behavioural objective, since this suggests too much 
emphasis on external learner behaviour. 

A few remarks are in order here. First of all, our notion of learning goals 
deals with so-called terminal objectives as a result of using an ISLE, and not with 
intennediate objectives relevant while using the ISLE. This implies that inter
mediate learning goals which are instrumental in reaching the terminal goal, such 
as 'knowing prerequisite principle X' or 'having mastered prerequisite skill Y', are 
not considered (although such 'enabling objectives' could in principle be classified 
in the same way as terminal goals). In the same way, we do not deal with learning 
processes thought to be instrumental for a particular learning result, such as 'verif
ying the correctness of principle X' or 'rehearsing procedure Y'; such processes 
will be addressed elsewhere (Section 2.3 and Chapter 4 ). Related to this, our 
learning goal concept does not include momentary (sub )goals of the instructor in 
the course of instruction, such as 'get sufficient learner attention' or 'find miscon
ception held by the learner'. 

Furthermore, we are not particularly interested in who actually entertains 
certain learning goals. In educational situations one should usually distinguish 
between learning goals entertained by the instructional agent (such as a human 
tutor) and those entertained by the learner him- or herself. However, for present 
purposes it is not necessary to draw this distinction, since we are dealing with 
types of learning results that can in principle be achieved by educational simula
tions. Both agents in the educational situation may refer to their goals in terms of 
the proposed classification28

• 

Finally, and at the risk of labouring the obvious, learning goals do not include 
such things as safety, inexpensiveness, or the possibility of reduced complexity. 
Such items express the belief that simulation can have specific advantages over 
other forms of instruction in achieving a particular learning goal. These items do 
not, however, address that particular learning goal itself. 

5.2.2 General taxonomies of learning goals. 

Instructional design theory has a long-standing tradition with respect to the clas
sification of learning goals. Before getting into simulation-specific taxonomies, and 
in order to provide some relevant background, a few of these more general ones 
will be described. Two have been highly influential in the field of education 
(Bloom, 1956; Gagne, 1965), while a third and more recent one (Romiszowski, 
1981; 1984) is a useful elaboration of its predecessors. 

Bloom's learning goal tripartition (Bloom, 1956; Kratwohl, Bloom & Masia, 1964) 

~his is why we would also like to reserve the term instructional goals for goals entertained by 
the instructional agent, and learner goals for goals entertained by the learner. 
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has recently been described as: 

1. Knowledge-related objectives, i.e. " ... related to the acquisition and application of 
knowledge and understanding." (Percival & Ellington, 1988, p55). 

2. Attitude-related objectives, i.e. " ... concerned with attitudes and feelings which 
are brought about as a result of some educational process." (p55-56). 

3. Motor skills-related objectives, i.e. dealing with " ... the development of mani
pulative or physical skills." (p56). 

Bloom himself referred to objectives in these classes as belonging to the cognitive, 
affective, or psydwmotor domain respectively. His treatment of the cognitive dom
ain (Bloom, 1956) subdivided cognitive learning goals as pertaining to either kno
wledge, comprehension, application, analysis, synthesis, or evaluation. Bloom's 
sequencing of these subdomains should be taken to reflect " ... milestones on the 
way to perfect accomplishment, rather than watertight categories with specific and 
exclusive characteristics." (Percival & Ellington, 1988, p58). At the lower end, 
having achieved knowledge would simply allow a learner to for instance recognize 
an object or state a definition of it. At the 'higher' end of evaluation, learners 
would for instance be able to indicate logical fallacies in arguments, or compare 
different arguments. 

A similar subdivision has been worked out for the affective domain (Kratwohl, 
Bloom & Masia, 1964), but the psychomotor domain more or less escaped 
Bloom's attention (Romiszowski, 1984, p37). Although research attempts to vali
date both the cognitive and affective subdivisions have proved inconclusive, 
Bloom's global tripartition, as well as the formalization attempt by itself, have very 
much influenced later thinking about learning goals. With respect to simulation 
learning it would seem that all three types of goals can be of relevance. 

A second influential classification of learning goals, or learned capabilities in his 
terms, has been proposed by Gagne (e.g. 1965; 1985; Gagne & Glaser, 1987; 
Wager & Gagne, 1988). It is an attempt to provide a sufficiently detailed classifi
cation of learning goals, allowing for subsequent prescription of particular instruc
tional strategies and actions (instructional events). Five types of learned capabil
ities are distinguished: 

1. Intellectual skill, which " ... enables the learner to do something that requires 
cognitive processing. It is procedural knowledge." (Wager & Gagne, 1988, p36). 

2. Cognitive strategy, referring to " ... skill by means of which learners exercise 
control over their own processes of learning and thinking." (p39-40). 

3. Verbal infomiation, " ... sometimes called declarative knowledge, to imply that its 
acquisition makes it possible for the learner to declare it, or state it." (p40). 

4. Attitude, involving an " ... acquired internal (motivational) state that influences 
the learner's choice of personal action." (p41). 

5. Motor skill, which involves refining (muscular) movement " ... in timing and 

page 138 SAFE/SIM/WPI/EUT-rep /comp.final 



The SAFE Project Instructional Environments 

smoothness by the learning that occurs during practice." (p42). 

Gagne's approach is closely related to information processing accounts of human 
learning: particular instructional events should induce particular internal learning 
processes, which would in turn move the learner towards a particular learning goal. 
For our purposes, the major difference with Bloom's taxonomy involves an alter
native partitioning of the cognitive domain into intellectual skill (procedural know
ledge), cognitive strategy, and verbal information (declarative knowledge). If one 
momentarily adopts these distinctions, it would seem that simulation has more 
learning potential for intellectual skill and cognitive strategy than for verbal infor
mation. However, in a later section we will argue for an alternative and more 
explicit partitioning of the cognitive domain, more in line with current notions in 
cognitive psychology. 

The final learning goal taxonomy to be discussed comes from Romiszowski ( 1981; 
1984). Although up until now it has not been as influential as the previous two, it 
can be viewed as representative of the more recent approach to learning results 
(e.g. Williams, 1977; Merrill, 1983; 1988). 

One of Romiszowski's objections to Bloom's tripartition is that it does not 
really map onto current ideas in industrial training contexts, particularly those 
involving the difference between knowledge and skill. In order to compensate for 
this mismatch, he attempts to draw the line more clearly: 

"1. Knowledge refers to the information stored in the learner's mind. 
2. Skill refers to actions (intellectual or physical) and to reactions (to ideas, 

things, or people) which a person performs in a competent way in order to 
achieve a goal." (Romiszowski, 1984, p41). 

According to the author, knowledge can either be factual or conceptual, with fac
tual knowledge being subdivided into facts and procedures, and conceptual know
ledge into concepts and principles. This adds up to four types of knowledge, with 
quoted descriptions from Romiszowski (1984, p42): 

1. Facts: "Knowing facts, objects, events or people (either directly as concrete 
experiences, or as verbal information." 

2. Procedures: "Knowing what to do in give situations (ie knowing the procedu
re)." 

3. Concepts: "Specific concepts or groups of concepts (being able to define, etc)." 
4. Principles: "Rules or principles which link certain concepts or facts in specific 

ways (enabling one to explain or predict phenomena)." 
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Skills can be classified into four categories as well, which basically reflect Bloom's 
three domains plus one for human interaction: 

1. Cognitive skills. 
2. Psychomotor skills. 
3. Reactive skills; reacting " ... to things, situations or people in terms of values, 

emotions, feelings (self-control skills)." (p42). 
4. Interactive skills; interacting " ... with people in order to achieve some goal, 

such as communication, education, acceptance, persuasion, etc (skills in cont
rolling others)." (p42). 

A major theme underlying Romiszowski's taxonomy is that different types of infor
mation (content) should not be confounded with different ways of using infor
mation (operations). This means that the concept of skill is not exclusively tied to 
knowledge of procedures. Since, as Romiszowski puts it, "procedures are in them
selves information and the learning of the steps of a given procedure leads to the 
acquisition of knowledge." (p40), one can have knowledge about procedures with
out being particularly 'skilled' in executing them. 

In Section 5.1.4, work on skill acquisition will be discussed which clearly sup
ports this separation of skill from knowledge of procedures. Before getting into 
this, the next section addresses simulation-specific learning goal taxonomies. 

5.2.3 Taxonomies of learning goals for simulations. 

The increasing interest in using computer simulations for educational purposes has 
led to several recent attempts to classify the potential learning goals involved. In 
the current section, three of these efforts will be discussed. One taxonomy resulted 
from describing simulation types as part of a general overview of computer-as
sisted instruction (Alessi & Trollip, 1985), a second one from applying a particular 
instructional design theory to computer simulation (Reigeluth & Schwartz, 1989), 
and a third one from applying a similar theory to (not necessarily computer-based) 
simulation and gaming (Romiszowski, 1984 ). 

In their overview of computer-based instruction, Alessi and Trollip (1985) devote 
a separate chapter to educational simulation. Although their classification of simu
lation types is definitely not the most consistent one around (see Section 3.6.1.2), 
it does to some extent reflect what the authors see as viable learning goals. We 
will therefore briefly review their classification with respect to the goals involved. 

Physical simulation allows for the manipulation of physical objects displayed 
on the screen, " ... giving the student the opportunity to use it or learn about it." 
(Alessi & Trollip, 1984, p162). The authors give the example of a flight simulator, 
by means of which the student can learn apparently superficial relationships bet
ween use of the controls, instrument readings, and the plane's passage through the 
air. Other examples involve the acquisition of 'deeper' model relationships (by 
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simulating free fall experiments) and procedures for operating particular devices 
(such as a simulated Reverse-Polish-Notation calculator). The commonality in 
these examples seems to be the necessity of a directly manipulable physical object 
for learning, each time serving a different learning goal. 

Procedural simulations are more directly linked to a particular goal, which 
involves learning " ... about how the simulated machine works, not as an end in 
itself, but rather as a means for acquiring the skills and actions needed to operate 
it." (p165). Examples are landing a space shuttle, performing a titration, or diag
nosing a patient. These can also be physical simulations; what makes them proced
ural, however, is the presence of a normative sequence of steps to be preformed. 

Situational simulations, such as that of a teacher experiencing a first year of 
teaching practice, address Romiszowski's reactive and interactive domains. These 
simulations " ... deal with the attitudes and behaviors of people in different situati
ons, rather than with skilled performance." (p 165). 

Process simulations, finally, are distinguished from the above three by the fact 
that learner initiative is restricted to initial condition setting, after which the in
dependent development of a process can be observed. Examples, such as a simula
tion involving the balance between predator and prey populations, suggest that the 
learner is supposed to arrive at a 'deep' understanding of a complex and dynamic 
system. 

To summarize, Alessi and Trollip explicitly mention the acquisition of system 
understanding (physical & process simulations), of action-sequences (procedural 
simulations), and of understanding and coping with situations involving other 
people (situational simulations). However, they are not particularly systematic in 
their approach to simulation learning goals. There is no explicit separation of 
knowledge and its skill-related aspects (Romiszowski), nor any reference to more 
domain-independent learning goals. 

Recently, Reigeluth and Schwartz (1989) have tried to provide an instructional 
design theory for computer simulation, resulting in a somewhat more articulate 
classification of learning goals. The authors make the plausible assumption that, in 
view of their dynamic and interactive nature, simulation is " ... an ideal medium for 
teaching student content that involves changes." (Reigeluth & Schwartz, 1989, p2). 
Following this assumption, they restrict themselves to simulation use in teaching 
principles and procedures, and do not address its use for the teaching of facts and 
concepts. 

The authors differentiate three types of learning goals, each one defining a 
particular simulation type: 

1. A procedural simulation is used to " ... teach the learner to perform a sequence 
of steps and/or decisions." (p2), e.g. procedures for flying an airplane or wri
ting a good paragraph. 

2. A process simulation " ... teaches naturally occurring phenomena composed of 
a specific sequence of events." (p2), such as the process of photosynthesis. 
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3. A causal simulation " ... teaches the cause-effect relationship between two or 
more changes." (p2), e.g. as involved in the law of supply and demand. 

In line with current ideas on the separation of knowledge and its use, Reigeluth 
and Schwartz also discriminate between an acquisition and an application phase in 
the learning process. In the acquisition phase the learner must acquire an under
standing of change relationships (process/causal principles), or knowledge of what 
steps to follow when and how (procedures). In the application phase, further lear
ning involves the generalization of acquired principles or procedures, the suc
cessful utilization of (causal) principles in for instance prediction, and the develop
ment of automaticity in carrying out procedures. 

Incidentally, the authors state that the latter phase need not necessarily in
volve such automatization. This means that the learning goal for procedure execu
tion may be reached after having acquired knowledge about the procedure, and 
one need not aim for skill. The issue was already raised in the context of Romis
zowski's taxonomy: knowledge of procedures is not exclusively tied to skill, but 
may be a proper learning goal by itself. 

According to Reigeluth and Schwartz, process simulations deal with naturally 
occurring events, while causal simulations address the relation between two or 
more changes. However, this difference does not seem to be a basic one, since a 
process simulation also addresses the relation between two or more changes: a 
time-dependent system on the one hand, and passing time on the other. It remains 
to be seen whether, as the authors propose, both types of simulation really require 
different instructional environments. 

Although the authors acknowledge the existence of considerable overlap with 
the Alessi & Trollip taxonomy, the present classification of learning goals is cer
tainly more articulate than the previous one. It indicates that certain kinds of 
knowledge can be involved, and also refers to its skill-related use as a separate 
issue. Again, however, the possibility of relatively domain-independent learning 
goals is not considered. Moreover, the authors pay no attention to the use of 
simulation for affect-related objectives. 

In our view, the restriction to principles and procedures as two major kinds of 
knowledge is an unnecessarily strong one. Simulation can also be used to learn 
about concepts (particularly when they incolve change, e.g. 'acceleration' or 'dec
ay') and even facts (e.g. the. function of specific system components). We therefore 
prefer to distinguish between procedures (operational knowledge) on the one hand, 
and principles, concepts and facts (conceptual knowledge) on the other. 

Romiszowski (1984) categorizes specific goals for simulations (and games) along 
two orthogonal dimensions, in line with his more general scheme of learning goals. 
Simulations address a particular domain of learning (cognitive, psychomotor, reac
tive, or interactive), while potentially aiming for one or more principal categories of 
objectives: reproductive skill, productive skill, and related knowledge. These two 
dimension define a space in which a particular simulation or simulation type can 
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cover an area, which means that multiple goals can be involved. Flight simulators, 
for instance, would address skill and related knowledge in both the cognitive and 
psychomotor domain. 

The productive-reproductive distinction refers to the fact that some skills 
apply to fairly standard situations, allowing for 'reflexive', routine-like performance 
(reproductive), while other skills generalize to novel situations, which require 
more creative planning and decision making strategies (productive). Elsewhere, 
Romiszowski (1981, p251-253) equates reproductive skills with the application of 
procedures (algorithms), and productive skills with the application of principles 
and general problem-solving strategies. 

The above distinction seems to point to the possibility of relatively domain
independent learning goals, but its precise meaning remains somewhat obscure. 
Nevertheless, Romiszowski's classification is interesting in view of the previously 
discussed separation of knowledge and its skill-related aspects, and in view of its 
wide coverage of learning domains. In contrast to Reigeluth and Schwartz, Romis
zowski explicitly includes affect- and psychomotor-related learning goals for simul
ation. 

5.2.4 Dimensions of a simulation learning goal. 

In order to justify our proposal for yet another classification of simulation learning 
goals, we will have to show why previous taxonomies are not sufficient for the 
project. Their major drawback appears to involve the issue of knowledge and 
skills, and its relation to the procedural-declarative distinction. Clarifying this 
relation is considered important in view of the consequences it may have for ISLE 
design and use. Although it has already received some attention in previous sec
tions, the issue will now be elaborated further, leading to a proposal similar (but 
not equal) to Romiszowski's. After that, we will consider the nature of relatively 
domain-independent learning goals. 

5.2.4.1 Knowledge, skill, and the procedural-declarative distinction. 

Looking back at the general and simulation-specific learning goal taxonomies 
discussed, one finds two different views on the relation between skill and the type 
of knowledge it involves. Sometimes, skill is more or less equated with knowledge 
of procedures (particularly by Gagne, but also by Alessi and Trollip ). This is 
usually expressed in the phrase 'procedural skill', opposing it to knowledge of 
principles, concepts, and facts (which is then usually called 'declarative knowled
ge'). On the other hand,. some authors (partLcularly Romiszowski, but also Reige
luth and Schwartz) have tried to dissociate knowJedge and its skill-related aspects 
from the issue of whether that knowledge concerns principles or procedures. 

One of the advantages of such a dissociation is that it allows for a learning 
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goal which involves declarative knowledge of procedures. This is a perfectly respec
table goal for learning, as is evidenced in many real-life curricula. It is often useful 
to have learners acquire an explicit and 'accessible' representation of a particular 
procedure, such as for checking an airplane before take-off, or for troubleshooting 
radar equipment. Although this type of learning goal involves procedures, it does 
not involve the relatively implicit, inaccessible representation of knowledge usually 
associated with 'skill'. As examples of the latter, consider the fact that hardly 
anyone can articulate much knowledge about how to ride a bike, or the fact that 
experts have much difficulty in making their domain-knowledge explicit. 

We will argue that it is necessary to separate a dimension of how knowledge is 
represented (declarative v. procedural, or 'compiled') from what that knowledge is 
about (e.g. procedures or principles). In order to do so, the original meaning of 
the procedural-declarative distinction will be reviewed, as well as some related 
ideas on skill acquisition. 

5.2.4.1.1 Two kinds of knowledge representation. 

The basic issue involved in the procedural-declarative distinction has been nicely 
described by Rumelhart and Norman (1981, p336-337): 

II .. .it is impossible to evaluate a representational system apart from the process 
that operates on it. Consequently, in modeling any cognitive process, there is 
always the problem of deciding how to partition that part of the knowledge 
system that is "process" from that part that is "data." Depending on the relative 
amounts of the system allocated to "process" and to "data," we have what 
Winograd (1975) has called "procedural" or "declarative" representational 
systems. Some authors have emphasized the "data," trying to have as few spe
cial-purpose procedures as possible; such as system is called declarative. Oth
ers have emphasized the processes involved and have largely embedded the 
knowledge of the system within these processes. These systems are generally 
called procedural. " 

Based on Winograd's original paper, the authors summarize the basic differences 
between these two kinds of knowledge representation: 

1. Flexibility: Representing knowledge in a declarative way (e.g. as facts in a 
database) makes it explicitly available to any inference scheme operating on 
this database (such as a general-purpose problem-solving heuristic). Knowled
ge in a procedural representation, however, is implicitly encoded, and only 
available in those particular context(s) in which the procedure is supposed to 
operate. 

2. Leamability: Adding new knowledge to a declarative system is fairly easy, 
since one can just add some more elementary statements (facts) to the data
base, after which the general inference mechanism automatically takes the 
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new information into account. However, the nature of procedural represen
tation makes it more difficult to add new knowledge, since one will then need 
to meddle with the system's processing structure rather than its data29

• 

3. Accessibility: A declarative representation allows for a relatively easy expres
sion of the knowledge represented, while procedural representation is strongly 
related to the concept of 'tacit knowledge'. 

4. Efficiency: A general inference scheme working on a declarative represen
tation will, by its very nature, never be tuned to a particular problem or class 
of problems. A procedural representation, however, can directly incorporate 
context-dependent aspects of the problem or class of problems to which it 
pertains, which allows for more efficient solutions to those problems. 

The above characterization of differences between procedural and declarative 
representation is stated in very general 'representational systems' vocabulary. 
However, there is good evidence that something of the kind is also involved in 
human cognitive and noncognitive performance. That is, it appears that knowledge 
encoded in the human system is sometimes relatively easy to acquire, and once 
acquired very accessible to introspection and flexible in its use (declarative-like). 
At other times, knowledge is only learned with much practice, and once acquired 
it is much less accessible to introspection and flexible in use; all this, however, is 
compensated for by an increase in performance automaticity and efficiency (proce
dural-like )30. Much of the evidence involved for both representation types comes 
from the study of novice-expert differences (see Anderson, 1985, p232-260 for an 
overview), and of the process which turns the former into the latter: skill ac
quisition. 

29 This disadvantage of a procedural representation is very much diminished in recent produc
tion-system approaches (e.g. Anderson, 1983; Laird, Newell & Rosenbloom, 1987). Production 
systems are currently fashionable embodiments of procedural representation, basically linking know
ledge of what to do (actions) to knowledge of when to do it (conditions) in a set of relatively in
dependent production rules. All production systems minimally have a 'long-term' production memory, 
where these IF-THEN rules reside, as well as a global working memory, which contains 'short-term' 
declarative information on the current state of the system or its environment. The basic processing 
cycle of a production system is determined by a match phase, in which all productions check working 
memory to see if their conditions are fulfilled, and a subsequent phase in which one or more mat
ching (satisfied) productions modify the contents of that working memory (e.g. by adding new infor
mation). The modular nature of production memory, and the fact that productions only interact by 
means of a global working memory, makes it relatively easy to add new knowledge (as productions) 
to the system. For an introduction to production systems in the context of learning and development, 
see Klahr, Langley & Neches (1987). 

30 It is not our intention to say anything definite on the precise nature of human knowledge 
representation, such as "procedural knowledge definitely involves productions". What we do want to 
convey is that, no matter the underlying causes, there may be differences in the ease with which 
particular knowledge can be acquired and used (expressed in terms of flexibility, learnability, acces
sibility, and efficiency). 
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5.2.4.1.2 Skill acquisition. 

In his influential theory of skill acquisition, Anderson (1983, 1985, 1987) has lea
ned heavily on the distinction between declarative and procedural representation. 
His basic proposal is that practice in performance on some task leads to a gradual 
shift in the knowledge representation used in that performance. In line with ear
lier theories (particularly Fitts, 1964; Fitts & Posner, 1967), Anderson distinguishes 
three stages in the acquisition of a particular skill: 

1. A declarative stage, in which " ... skill-independent productions use declarative 
representations relevant to the skill to guide behavior." (Anderson, 1983, p 
216). 

2. A knowledge compilation stage, by which " ... the system goes from this interpre
tive application of declarative knowledge to procedures (productions) that 
apply the knowledge directly." (p231-232)31

• 

3. A tuning stage, involving both" ... strengthening processes, which can speed up 
the rate of production application, and tuning processes, which make produc
tions more judicious in terms of the situations in which they will apply." (p 
217). 

The acquisition of skill is by no means an exclusive perceptual-motor phenom
enon. Both Anderson (e.g. 1985) and others (e.g. Newell & Rosenbloom, 1981) 
provide many examples where the skills acquired are purely cognitive, such as 
generating geometry proofs or developing computer programs. 

More importantly, the difference between novices and experts seem to involve 
more than just a different representation of knowledge of procedures. As Anderson 
(1985) discusses in an overview chapter on the topic, the development of expertise 
in a particular domain does not only rest on the development of more efficient 
and appropriate problem-solving procedures, but to a large extent also depends on 
the perception and representation of larger, and more meaningful chunks of pro
blem features. The importance of this latter development has received its classic 
demonstration in the domain of chess (e.g. de Groot, 1965). Chess masters mainly 
differ from novices in their 'direct perception' of complex, meaningful chess pat
terns, and much less in their basic problem-solving procedures. In Anderson's 
words, " ... masters effectively "see" possibilities for moves; they do not have to 
think them out." (1985, p245). 

5.2.4.1.3 Implications. 

31 Here, the use of concepts like 'interpretive processing' and 'compilation' is very similar to the 
original computer science use (e.g. when talking about Lisp). 
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What is implied in the above is that skill and skill acquisition is not necessarily 
tied to the development of expertise in carrying out procedures (operational know
ledge), but also seems to involve qualitative changes in the perception and repres
entation of more conceptual knowledge, such as of the relation between different 
pieces in a chess pattern. What makes such a pattern meaningful is very much 
related to the notion of principles 'which link certain concepts or facts in specific 
ways'. This suggests that the phenomenon of knowledge compilation is not limited 
to operational knowledge, but that it also extends to more conceptual knowledge 
(particularly principles, and concepts that involve change). 

Thus, while recent work in instructional design theory (e.g. Romiszowski) 
allows for both a declarative representation of operational knowledge and a com
piled representation of conceptual knowledge as proper learning goals, current 
work in cognitive psychology lends support to such propositions. Skill acquisition 
appears to involve a qualitative change in the representation of knowledge used in 
performing that skill, with an increasing reliance on compiled rather than declara
tive representations32

• As novice-expert studies have shown, these represen
tational changes can pertain to both operational and conceptual knowledge33

• 

Note, however, that the above interpretation differs from Romiszowski's in a 
subtle way. While the latter one conceives of skills as efficient means for applying 
declaratively represented knowledge to a task, we see them as incorporating this 
same knowledge in a compiled format. For this reason, the distinction we propose 
is not between knowledge and skill, but between declarative and compiled repres
entations of knowledge. In our view, skill involves, among other things34

, an in
creasing reliance on compiled knowledge, which has its own advantages and draw
backs. The intended separation between the kind of knowledge (conceptual or 
operational) from its representation (declarative or compiled) is illustrated in Fig
ure 5-1. 

32Some interesting work by Broadbent and colleagues (e.g. Broadbent & Aston, 1978; Hayes & 
Broadbent, 1988) suggests that the acquisition of compiled knowledge need not always be mediated 
by a declarative stage. Learning to control a complex dynamic system will often take place in an 
environment with very much information as such (variables and relations), but with insufficient 
information as to what is truly relevant. In such task environments, learners frequently seem to 
engage in a mode of 'implicit' or 'unseJective' learning, which, according to Hayes and Broadbent 
(1988), directly leads to a more compiled representation of knowledge. 

33To avoid confusion, we will refrain from using the familiar but ambiguous term 'procedural 
knowledge' in our taxononomy. As argued, this term hides the meaning of operational knowledge 
(procedures) and compiled knowledge, and also erroneously suggests that the two always go together. 

34 Payne (1988) has likewise argued that the traditional, ACT*-like view of skill as method is a 
too restrictive one, since it denies the important role played by conceptual knowledge in the develop-
ment of expertise. According to the author " ... there are other skills besides purely procedural ones ... ", 
" ... even skills with a large procedural component rely on a great deal of conceptual knowledge ... " 
(Payne, 1988, p76). 
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conceptual 
knowledge 

operational 
knowledge 

dedarative compiled 
representation representation 

Figure 5-1 Classification of simulation learning goals with respect to the kind of 
knowledge (conceptual -- operational) and its representation (declarative 
-- compiled). 

Some choices implicit in this scheme need to be made explicit. First of all, the 
affect-oriented domain (Bloom, Gagne, Romiszowski) has been left out. It is 
plausible that simulations can be very useful in inducing a different attitude, for 
example, when simulating the effect of pollution or energy consumption behaviour 
on the planet's resources and environment. This can also involve the attitude 
toward one's own (actual or expected) performance, for instance when using simu
lation to increase one's confidence. 

While acknowledging the potential of simulations in the affective domain, the 
current project will not be concerned with it, but will instead focus on 'colder' 
cognition. With Reigeluth and Schwartz (1989), we assume that simulation-based 
learning is particularly useful for subject matter that involves changes. Never
theless, we do not wish to ignore its potential for learning about concepts and 
facts, and have therefore merged them with principles into a single kind of knowl
edge (conceptual). The fact that we have done so also reveals our assumption that, 
in terms of design implications for instructional simulation, the important dis
tinction lies between principles, concepts and facts on the one hand and procedu
res on the other. 

Secondly, it seems that the psychomotor domain (Bloom, Gagne) has also 
been eliminated. However, operational knowledge is taken to pertain both to 
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internal (cognitive) as well as external (perceptual-motor) behaviour. High fidelity 
of the simulation display and of input devices (e.g. a realistic control yoke for 
flight simulation) can in principle support the acquisition of properly sequenced 
and smoothly executed perceptual-motor behaviour. 

The expressive power of the scheme in Figure 1 has been hinted at a few times 
already. In the limited conception which equates declarative knowledge with kno
wledge of principles, concepts and facts, and compiled knowledge with knowledge 
of procedures, simulation learning goals would only fall in either the top-left or 
the bottom-right cell. In the current approach, however, we have two new cells 
which may well involve simulation learning goals interesting in their own right. 

The bottom-left cell points to what can be referred to as declarative operatio
nal knowledge. In the area where simulation may be of use, this could be a desir
able learning goal in, for instance, situations where systematic troubleshooting 
must be learned, but where the knowledge of troubleshooting procedures must 
remain explicit and accessible. However, the use of simulation for such goals may 
not really capitalize much on the specific advantages of simulation over other 
forms of instruction. 

On the other hand, the top-right cell seems to point to a much more interes
ting use of simulations. This cell designates what one may call compiled conceptual 
knowledge; perhaps this is the type of knowledge involved in a phrase like "getting 
a feel for the underlying model" (without being able to articulate its internal work
ings). In any case, it seems related to the notion of 'implicit' or 'unselective' ac
quisition of relations, which, according to Hayes and Broadbent (1988), often 
occurs when learning to control a complex dynamic system. It also seems related 
to the previously discussed 'immediate perception' of domain-experts. If one con
siders that such experts have spent time on thousands of problems in their field 
before acquiring some immediate perception of relevant cues and meaningful 
patterns, simulation learning may have much to offer here35. 

5.2.4.2 Domain-independence. 

Knowledge acquired in a particular subject-matter domain may be of use in other 

35 It seems plausible that this type of learning goal will benefit from an ISLE which presents 
many relevant and i"elevant variables as they occur in the natural environment to the learner. This 
runs against the idea that simulation is often useful because natural complexity can be reduced. The 
issue may be illustrated with two examples from the medical domain. If one aims for 'deep' under
standing of the cardiovascular system (declarative knowledge of cardiovascular principles), it seems a 
good idea to at least start out with a reduced simulation environment, only dealing with a few relev
ant cardiovascular variables (e.g. CARDIO (Min, 1987)). However, if one aims at the ability to 
'directly perceive' complex patterns of symptoms, which allows for a quick zooming in on the proper 
medical diagnosis (compiled knowledge of diagnostic principles), the learner may benefit most from 
a very complex simulation involving many variables, only some of which are relevant to any particular 
syndrome (e.g. HUMAN (Coleman & Randall, 1986)). 
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domains because the structure of these domains resembles the structure of the 
original one. As an example in the context of simulation, consider the learning of 
system troubleshooting heuristics. Such heuristics may initially be specific to the 
system at hand (e.g. an amplifier of type X), but some of them may generalize 
across similar domains (e.g. all electronic systems). In its extreme form, generaliza
tion across domains may result in highly generic problem-solving heuristics such as 
means-end analysis or breadth-first search. This kind of example deals with opera
tional knowledge, and is very much related to Gagne's cognitive strategy objective 
(see also Gagne & Glaser, 1987, p67-68). 

Another example, addressing conceptual rather than operational knowledge, 
involves the generalization of particular domain-related principles into knowledge 
about the general structure of a dynamic system, or about the exponential shape 
of many laws of nature. Of course, a simulation system may facilitate generaliz
ation across domains by means of multiple simulations pertaining to different 
domains, and by emphasizing the generalities involved. 

In order to accomodate for the above differences, we distinguish the scope of 
knowledge (domain-specific v. generic) from the kind of knowledge. This is il
lustrated in Figure 5-2 below. Of course, as with the declarative-compiled one, this 
scope dimension is continuous. Moving along this continuum reflects increasing or 
decreasing degrees of generalizability, or transfer of knowledge. 

conceptual 
knowledge 

operational 
knowledge 

domain
specific 

generic 

Figure 5-2 Classification of simulation learning goals with respect to the kind of 
knowledge (conceptual -- operational) and its scope (domain-specific -
generic). 
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5.2.5 Learning goals for simulations - a SIMULATE framework. 

5.2.5.l The learning goal cube. 

This paper has reviewed several general and simulation-specific learning goal 
taxonomies, and has argued for a more articulate description of the relevant dim
ensions involved. To summarize briefly, we have argued for three orthogonal 
dimensions on which a particular learning goal can be classified: 

1. The kind of knowledge to be learned may be conceptual or operational. 
Conceptual knowledge is knowledge of principles, concepts and facts related 
to the (class of) system(s) being simulated. Operational knowledge is know
ledge about sequences of cognitive and/or noncognitive operations (proce
dures) that can be applied to the (class of) simulated system(s). 

2. Knowledge can be encoded in a declarative or a compiled representational 
format. Declarative knowledge is represented in a format that is relatively 
easy to acquire, that makes the knowledge relatively easy to report upon, 
that makes the knowledge of potential use in an unlimited number of pro
blem contexts, and that requires interpretation in order to use it in a task. 
Compiled knowledge, on the other hand, is represented in a format that is 
only obtained after using the knowledge in a problem-solving context, that 
makes the knowledge hard to report upon, that restricts its potential use to 
a limited number of contexts, and that can be used in a more automatic, 
effortless way. 

3. The target knowledge may finally vary in scope. Domain-specific knowledge 
is specific to the simulation domain at hand. Generic knowledge is not spec
ific to the simulation domain at hand, but extends to other domains as well. 

Although the second and third dimensions are continuous in the sense that some 
particular knowledge can be relatively compiled or generic, we can depict the space 
of learning goals for simulation in a 3-dimensional matrix (Figure 3). 

A few examples may illustrate the use of this matrix, or 'goal cube'. As a first one, 
imagine a course in general systems theory, in which the learners interact with 
three simulations from different domains (say, electronics, economics, and biolo
gy), in order to acquire an explicit understanding of a negative feedback relation 
between dynamic system variables. This learning goal involves knowledge of a 
relation (conceptual knowledge), which is not specific to the three domains em
ployed (relatively generic), and which should be easily accessible for verbal repor
ting and use in different contexts (declarative representation). 

As a second example, take a simulation training course in which nuclear 
power station operators should learn how to react to cooling system failure in a 
quick and automatic way, and without making any mistakes due to stress, panic, 
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Figure 5-3 Classification of simulation learning goals with respect to the kind of 
knowledge, its scope, and its representation. 

etcetera. Such a learning goal involves knowledge of a normative sequence of 
actions (operational knowledge), which is specific to the system being simulated 
(domain-specific), and which supports fast, robust, and automatic performance at 
system failure time (compiled representation). 

A final example may be the use of a highly complex simulation of the human 
physiological system in order to train students in medical diagnosis, and particular
ly in the 'immediate' recognition of complex symptom patterns among many pot
ential disease cues. Here, the learning goal involves knowledge of frequentistic 
relations between symptoms (conceptual knowledge), which is only valid for the 
human system (domain-specific), and which supports relatively automatic pattern 
matching performance (compiled representation). 

While the relevance of each dimension has been argued for, and examples have 
been given throughout the paper, it is not our intention to come up with typical 
examples for each of the eight cells making up the matrix. As discussed before, 
not all cells may be of equal significance to educational simulation. However, 
some cells may point to less obvious but nonetheless interesting goals for simul
ation (e.g. compiled representation of domain-specific conceptual knowledge). Of 
course, a simulation need not be restricted to a single cell (or, in dimensional 
terms, to a single point in the goal space). It is in fact very likely that any educati
onal simulation will aim for multiple types of learning goals, although some of 
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those may be regarded as interesting side-effects, or may not be explicitly ack
nowledged at all. 

Applying the above taxonomy to 'real life' curricular situations will not always 
be very straightforward. Any particular cluster of performance aimed for in simul
ation learning may rely on both conceptual and operational knowledge, part of 
which may be domain-specific, and part of which may be relatively generic. Like
wise, a performance cluster may rely on knowledge which is partly represented in 
declarative format, and partly stored in a more compiled way. The fact that it may 
be difficult to disentangle all this in 'real life' is probably more an indication of 
life's complexity than of taxonomcal validity. 

5.2.5.2 Learning about knowledge acquisition. 

The learning goals covered by the above cube all involve knowledge about par
ticular simulation domains (or classes of simulation domains). However, as such 
we have ignored a very plausible class of simulation learning goals, which address 
the process of knowledge acquisition itself. Consider, for instance, using a simula
tion to learn people how to efficiently obtain and validate knowledge about a 
system through experimentation. To some extent, this will involve relatively gen
eric knowledge of systems structure and function (conceptual knowledge), and of 
how to deal with systems (operational knowledge). Clearly, however, learning 
about knowledge acquisition is a kind of second-order learning: it involves know
ledge about one's own cognitive processes and products. 

There is evidence that unsuccessful learners differ to a large extent from 
successful ones in the amount and quality of such second-order knowledge (e.g. 
Gagne & Glaser, 1987; Glaser & Bassok, 1989). In this context, the term metacog
nition is often used to indicate knowledge about one's knowledge (e.g. whether a 
belief is warranted by evidence, or what important lacks of knowledge need to be 
remediated), while the terms metacognitive skills, executive control, and self-regula
tion usually refer to knowledge of related procedures (e.g. for the allocation of 
one's cognitive resources and time, the verification of conclusions drawn, or of 
one's learning results). All this seems particularly vital to successful exploration
based learning, and an ISLE could be very useful in fostering the development of 
one's knowledge acquisition capabilities. 

However, it is not entirely obvious how to extend the above, domain-oriented 
taxonomy in order to accommodate for such metacognitive learning goals. One 
could imagine a second, similar cube for their classification (which would in fact 
be equivalent to the addition of a 4th dimension). The argument would be that 
learning about knowledge acquisition processes (a) can involve both conceptual 
knowledge (e.g. the relation between theory, hypothesis, and prediction) and oper
ational knowledge (e.g. bow to test an hypothesis), (b) can be represented in a 
relatively declarative or compiled way, and (c) can be more or less specific to the 
simulation domain at hand. While these speculative statements are by no means 
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implausible ones, they should be subjected to further study. For the time being, 
the class of metacognitive learning goals (related to exploration-based knowledge 
acquisition) will be considered as a homogeneous one in addition to the above 
matrix. 

5.2.5.3 Scope of the SIMULATE project. 

The proposed taxonomy can be used to articulate the types of simulation learning 
that will (or will not) be covered by the project. To some extent this has already 
been done, since a cognitive perspective leads to an emphasis on 'cold' cognition, 
and to a relative disregard of affect-related learning (such as attitude change). 

With the above exception, the taxonomy addresses a wide range of learning 
goals, which is fully in line with the current exploratory stage of the project. How
ever, in view of possibly very different ISLE demands imposed by different types 
of learning goals, and the complexity of basic issues involved in ISLE authoring, it 
seems unwise to 'go for it all' at later, less exploratory stages of the project. By 
having some cells in the matrix emphasized at the expense of others, the present 
taxonomy may then be used to restrict the SIMULATE scope in an explicit 
way36. 

The envisioned effect of such a restriction is not that a delivered ISLE would 
be totally oblivious to a class of knowledge, but rather that the authoring tools do 
not support the development of an ISLE primarily aimed at that particular class. 
For instance, even if the SIMULATE project would de-emphasize the goal of 
learning about knowledge acquisition, a developed ISLE should still offer support 
for particular knowledge acquisition processes. 

5.3 Instructional environments for simulations: introduction 

In contrast to many traditional methods of instruction, the use of simulation allows 
for a high level of learner control. Both the strength and weakness of simulation
based learning is very much related to this exploratory nature. On the one hand, 
active exploratory learning can increase the degree of subject-matter elaboration, 
which generally leads to better understanding and/or retention of the knowledge 
at hand (Anderson, 1985). Actually 'discovering' a principle of physics for yourself, 
or 'having a go' at a particular troubleshooting procedure, can significantly im
prove learning over and above just reading about such topics in a book. 

On the other hand, however, the unconstrained nature of simulation may 
overwhelm learners, or draw them into a random, trial-and-error mode of behav
iour. This is particularly likely to happen to weaker learners, who generally have 

36.rhe project has in fact chosen to temporarily emphasize the learning conceptual over operat
ional knowledge, but still envisages to address the entire range of learning goals in the end. 
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poorer executive control over their learning efforts (Gagne & Glaser, 1987). The 
problem is directly related to the degrees of freedom in the simulation model, 
since a larger number of input variable and parameters will increase the number 
of possible explorations. Also, high complexity of the model can make it very 
difficult for learners to figure out the generalities all by themselves within reason
able time limits. 

To a large extent, the concept of an Intelligent Simulation Learning Environ
ment (ISLE) rests on the assumption that disadvantages of completely free explora
tory learning can be diminished or eliminated by imposing instructional constraint 
on the learning situation. Obviously, there is a tension here, since too much con
straint can turn an exploratory simulation into a plain tutorial or drill-and-practice 
experience. One of the major goals of the SIMULATE project is to strike the 
right balance between exploratory freedom and instructional constraint, trying to 
get rid of some of the weaknessess without losing the strenghts of simulation. 

5.3.1 Scope and concepts. 

This paper will describe the kinds of instructional constraint one could impose on 
simulations. This means that an inventory is made of all kinds of instructional 
'approaches, strategies, and actions' that may be applicable to simulations or, more 
general, to exploratory learning environments. In order to deal with the enormous 
amount of possibly relevant literature in 'constrained exploratory' fashion, several 
heuristic questions can be asked in advance: 

1. What instructional features of potential relevance to exploratory learning can be 
derived from cognitive psychology? Current knowledge on how people learn, or 
how they solve problems in exploratory situations, can suggest potentially 
relevant instructional features. This involves some of the same issues referred 
to in the sections on learning processes (section 2.2) and learner characteris
tics (chapter 4 ), but the present chapter will more heavily emphasize the 
implications for instruction. 

2. What instructional features of potential relevance to exploratory learning are 
suggested by Instructional Design theories? Instructional features can to some 
extent be derived from existing ID theories, and sometimes this derivation has 
already been done explicitly (e.g. for simulation learning in Reigeluth & 
Schwartz, 1989). 

3. What instructional features have been used within existing exploratory learning 
systems, and to what effect? Since this involves instructional environments 
which are internal to computer-based learning systems, the question addresses 
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the literature on intelligent tutoring systems (ITS)37
• 'Existing' should be 

interpreted liberally, that is, also referring to laboratory contexts; if one would 
only take it to refer to the education and training field, there wouldn't be 
much ITS literature left. Also, although the ITS work on simulation has our 
prime interest, other exploratory learning systems, for instance related to 
particular computer application programs, will be considered as well. 

Time does not permit us to provide an exhaustive overview of relevant work in the 
above areas, and our approach will be one of illustration. We will try to describe 
some of the more representative efforts in a particular area, but the selection of 
material will to some extent be arbitrary. 

Before getting into the inventory material, our use of instructional concepts must 
be made explicit. First of all, we follow the distinction often made in literature 
between two kinds of instructional measures. The first kind, instructional actions, 
refers to measures defined at the actual interaction level. They include amongst 
(many) others: posing questions (of different types), providing examples, alterna
tives, explanation, etcetera. 

Experienced teachers, however, do not solely act and react to the situation on 
a moment-to-moment basis. Rather, they coordinate several actions into higher
level instructional strategies in order to achieve a particular desired state of affairs 
(e.g. Leinhardt & Greeno, 1986). For instance, in order to facilitate acquisition, 
the teaching of new knowledge often involves referring to related knowledge 
already acquired before actually presenting the target information. Strategies like 
these are plans for achieving a particular aim through the coordination of instruc
tional actions. These strategies have the function of control mechanisms: they 
control what is being presented and when.·· 

In general, skillful instruction seems to involve some kind of strategic plan
ning. At the highest level, such planning will be guided by general instructional ap
proaches, which are often phrased in terms of desired learning type(-s ). So, for 
example, learning by observation is a general instructional approach, coaching is 
such an approach (the student is not guided through the domain in a structured 
way, but is monitored and corrected by a coach) and learning by instruction is 
such an approach (the student is guided through the domain in a structured way). 
Michalski (1987) lists some of these general approaches in the context of machine 
learning. Unfortunately, the distinction between an approach and a high-level 
strategy is not as clear-cut as one would like. In addition, instructional principles, 
such as "minimize the learner's working memory load", capture common rules of 
thumb which can be implemented in particular features of the environment. Such 

37 Next to ITS, the use of simulation within traditional CAI would also be of interest here. In 
view of the lack of scientific literature on simulation-based CAI, however, we will concentrate on 
ITS. 
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principles often 'belong' to one or more instructional approaches, but can also be 
proposed in isolation. 

To summarize, we will use the concept of instructional measures to refer to 
either instructional strategies or actions, the concept of instructional principles to 
indicate particular rules of thumb, and the concept of instructional approach to 
indicate the overal1 policy involved. Since the instructional environment may have 
features which are 'just there', and less related to active behaviour of the instruc
tional agent, we will use the umbrella term instructional features to capture both 
these more passive features of the environment as well as the active measures 
taken by the instructional agent. This terminology may have to be modified a,t a 
later stage, since our views on the process of instruction will evolve in the course 
of the project. 

Literature shows a wide variety of terms related to instructional measures, 
such as instructional tactics (e.g. Ohlsson, 1986), events (e.g. Gagne, 1985), treat
ments (e.g. Gropper, 1983), rules (e.g. Landa, 1983), or methods and techniques 
(e.g. Percival & Ellington, 1988). This wouldn't be so bad if one could consistently 
map one terminology onto another, but this is usually not the case: what one 
author refers to as a tactic may be a strategy, action, or even a principle to some
one else. We will therefore as much as possible refrain from using such related 
terms. 

5.3.2 Overview. 

In line with the questions mentioned above, the investigation part of this chapter 
(5.4) will consist of three sections, each one addressing the literature in a par
ticular area of research. Section 5.4.1 will assess the relevance of cognitive theory 
for exploratory learning in general, and simulation learning in particular, while 
Section 5.4.2 will do the same for current instructional design theories. Section 
5.4.3 will describe some work on simulation and other exploratory systems in the 
ITS field, where the instructional environment is (partly) incorporated in the 
system at hand. 

The above will be followed by a a summary of the findings in Section 5.5, and 
some notes on formalization (Section 5.6). 

5.4 Instructional environments for simulations: overview 

5.4.1 Cognitive theory. 

Instructional guidelines as used in CAL or ITS's tend to have a rather eclectic 
character (see e.g. the guidelines in Towne et al., 1988 and Reigeluth & Schwartz, 
1989). The predominant basis for these guidelines, however, can be found in cog-
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nitive theory. 
The rise of cognitivism has led to an enormous increase in the number of 

studies related to human cognition. Characteristic for this paradigm is: 

a. Attention to non observable processes and knowledge states; 
b. A detailed study of expertise as compared to novice behaviour; 
c. Revival of research methods such as thinking aloud, and 
d. The study of complex, real life tasks additional to highly structured artificial 

tasks in a lab situation. 

One of the main interesting results of cognitive research is the recognition of the 
existence of different types of knowledge. The main distinction is between concep
tual knowledge and operational knowledge. This distinction was already discussed 
in the introduction of this chapter with learning goals. More specific distinctions 
are also made. In conceptual knowledge sometimes situational knowledge (de Jong 
& Ferguson-Hessler, 1986) or conditional knowledge (Alexander & Judy, 1988) is 
distinguished. "Conditional knowledge entails the understanding of when and 
where to access certain facts or employ particular processes" (Alexander & Judy, 
1988, p. 376). Within operational knowledge a subdivision is made for strategic 
knowledge ( ... the strategic processes that are responsible for the organization, 
coherence, and general execution the performance .... , Gott (1989, p. 98); see also 
de Jong & Ferguson-Hessler, 1986). Expert behaviour mostly consists of a delicate 
composition of all kinds of knowledge. However, for some tasks some types of 
knowledge are more distinctive than others, thus calling upon different instruc
tional strategies. 

Although most of the cogmt1ve research is not directly aimed at studying the 
effects of instructional measures, the results in this field bear a direct relevance 
for instruction: cognitivism stressed the awareness for evolving knowledge of the 
learner (including prior knowledge) from a novice to an expert state and the 
importance of the learner's activities in this study process. 

Glaser and Bassok (1989) presenting an overview of the relation between cog
nitive theory and instruction, indicate three areas in which main accomplishments 
of cognitive theory that have serious implications for instruction. These are, using 
the words by Glaser and Bassok: 

a. knowledge organization and structure, 
b. functional, proceduralized knowledge and skill, and 
c. self-regulatory skills and performance control strategies. 

These three fields, have a direct relation to the three main types of instructional 
goals we have distinguished for learning with computer simulations (see the Chap
ters 1, 2, and the second section of the present chapter). We will relate the topic 
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of knowledge organization to the instructional goal of conceptual knowledge, for 
functional knowledge we will look at operational knowledge as a learning goal, 
and for self-regulatory skills at the knowledge acquisition goals. We will therefore 
follow Glaser and Bassok (1989) and relate their results to our topic: learning with 
computer simulations38

• In this we will frequently touch upon research performed 
in the ITS field, because this is the area where cognitive theory has found its 
major 'test bed'. 

5.4.1.1 Conceptual knowledge 

One of the aims of learning with computer simulations can be knowledge of the 
model that underlies the simulation, or conceptual knowledge as we have called 
it39

• In the context of simulations these models can be very complex (see Hartog, 
1989). 
Cognitive theory takes as one of its central aspects the internal model the learner 
creates of the information s/he is dealing with. This internal (mental) representa
tion is a merge between the information in the 'outside world' and the prior know
ledge in the long term memory of the learner (Gentner & Stevens, 1983). A sum
mary of differences between experts and novices in knowledge and knowledge 
organization shows the following: 

a. The most general finding is that experts organize their knowledge different 
from novices. Experts tend to construct chunks of knowledge, that eventually 
become schemata. A schema is an organized body of knowledge, that is direc
tly applicable to a certain situation. A schema contains slots for specific infor
mation. An expert has default values for these slots and in this respect the 
schemata help him/her to make sense of his/her environment and to react 
quickly and accurately to situations if necessary. Some studies, however, find 
that also 'good performing' novices benefit from a schema based knowledge 
organization. 
The knowledge organization of novices is characterized by relations that are 
based at superficial characteristics of the elements of knowledge. 

b. Novices tend to have inconsistencies in their knowledge without being aware 
of it and the knowledge of novices is characterized by the presence of bugs or 
misconceptions. Studies reporting misconceptions in a specific domain are 
numerous; studies that try to give a general description of misconceptions are 
sparse. 

38Instructional principles are listed according to instructional goals. However, some of the prin
ciples are related to more than one goal. 

39For a detailed description of the simulation model and its relation to associated procedures 
(skills) the reader is referred to Chapters 2 and 3. 

SAFE/SIM/WPI/EUT-rep /comp.final page 159 



Simulation Design Components The SAFE project 

From these two findings we can conclude that learning is seen as a process of 
mental model transformation, in which the models get better organized and coher
ent, more specific and contain less contradictions and misconceptions. 

Some instructional principles can be used to guide this process40
: 

a. Sequence and choice of models and problems 
When students are offered domain models, the instruction might provide the 
learners with models that gradually increase in complexity. In principle there 
are two ways of increasing complexity: 
1. By providing a transition from qualitative to quantitative models or 
2. By increasing the number of elements and relations between elements in a 

model. 
An excellent (and many times cited) example of progressive model implemen
tation can be found in the work of White and Frederiksen (1987) on QUEST. 
QUEST is an ITS based on a simulation of electrical circuits that helps stud
ents to learn troubleshooting in electrical systems. 
In QUEST learners are offered electrical circuits to explore. As learning 
progresses the complexity of these models increases in the above mentioned 
ways. Moreover there is a change in the perspective of a presented model. 
The models in QUEST have three perspectives: 

Functional perspective. The model and its subsystems are described 
according to their purpose. 
Behaviourial perspective. This is a view on the system at the level of 
circuit components. 
Physical perspective. This refers to the behaviour of the circuit at the 
level of physics. 

While learning with QUEST learners are confronted with models that are increas
ingly complex and go from a functional to a physical perspective. In this respect 
the instructional sequence follows the (assumed) transition from novice knowledge 
state to an expert one. 

b. Providing explanations 
Providing students explanations on the behaviour of models may help to cure 
inconsistent knowledge with learners. In QUEST the student can ask for cau
sal explanations of circuit behaviour. Wenger (1987, p. 406), lists a number of 
justifications that can be given to learners. These are: 
• teleological accounts; 
• causal accounts; 

40Most of the principles listed here are taken from Glaser and Bassok who describe the work of 
White and Frederiksen (1987) on QUEST. 
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• fu.nctional account; 
• structural accounts; 
• semantic clarification. 

c. Minimization of error 
Instead of remedying incomplete knowledge and misconception with learners, 
one can try to prevent these misconceptions from turning up. This is the ap
proach taken in QUEST. The progressive complex models in QUEST are 
offered to the learners in such a way that it is assumed that learners can mas
ter the model offered without making errors. Of course this approach will 
demand a sophisticated learner model to help deciding upon which model to 
offer. 
An important related principle is the principle of 'mastery learning', which 
means that you always introduce the model that is close to the student's mo
del, which means that you use an idea about the prior knowledge of the stud
ent (see also Hartog, 1989). 

5.4.1.2 Operational knowledge 

The second instructional goal that we distinguished was associated with the lear
ning of procedures or skills, the input/output process related with the underlying 
model. The predominant theory in this respect is the ACT* theory by Anderson 
(Anderson, 1983). In his ACT* theory Anderson argues that skills develop from 
declarative knowledge with a general interpretation mechanism to specific proced
ures (functional knowledge as Glaser and Bassok call it). Productions take the 
form of condition-action pairs, that during the learning process (through a mecha
nism called compilation) becomes more domain specific and efficient. Although 
we adopt a slightly different approach than Anderson and regard declarative kno
wledge and procedural knowledge as existing side by side (see this Chapter), the 
ideas to skill development and the combination of subskills are very useful. 

The instructional principles from Anderson's ACT* theory are most clearly em
bodied in Anderson's LISP tutor (Anderson & Reiser, 1985). Glaser and Bassok 
(1989, see also Wenger, 1987) summarize these instructional principles as follows: 

a. Leaming takes place in a problem solving context 
This approach is consistent with the general idea that we presented for lear
ning with computer simulations. For Anderson c.s problem solving is the only 
context in which declarative knowledge can be transformed into procedural 
knowledge. 

b. Model tracing 
In the philosophy of the ACT* theory an ITS contains an explicit model of 
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the target behaviour (compiled procedural knowledge) in the form of produc
tion rules. An agent (student or system) will solve a problem by applying a 
number of production rules subsequently, thus travelling through the problem 
space. Next to the 'ideal knowledge' the LISP tutor also contains a large num
ber of buggy rules. These buggy rules help in classifying the (incorrect) pro
blem solving behaviour of learners. In a learning session, the LISP tutor mat
ches the learner's behaviour to the ideal behaviour and uses this to provide 
feedback. 

c. Immediate feedback 
One of the principles used in ACT* based tutors is the principle of immediate 
error correction41

• When a learner is taken a wrong path, s/he is immediate
ly interrupted and given a hint into what direction to proceed. The idea beh
ind this is that immediate feedback provides the opportunity to point directly 
at the cause for taking a wrong path in the solution. It also prevents lengthy 
explanations that might be necessary if the learner should be allowed to proc
eed at a wrong path. 

d. Minimization of working memory load 
The last principle mentioned by Glaser & Bassok (1989) in relation to Ander
son's work is the principle to minimize the working memory load. While lear
ning, high demands are placed on the working memory, which implies that all 
tasks that are not instrumental to learning and occupy space in working mem
ory are to be supported. In this respect the LISP tutor provides the learner a 
display of the current goal stack and the tutor contains a powerful LISP syntax 
checker, so that the learner can concentrate on conceptual problems. 

After introducing these instructional principles related to the learning of skills it is 
important to emphasize again the relation between the procedure to be learned 
and the underlying model in relation to simulations as it was outlined in Chapter 
3, Section 3.5. In principle there are two ways of teaching a procedure or skill. 
The first way is instructing the skill per se, this means learning the procedure or 
skill without reference to the underlying model (in fact this is a kind of rote lear
ning), or learning the procedure or skill in direct relation to the underlying model 
(this is a more meaningful way of learning). 

For tasks such as LISP programming, that can be represented as production rules, 
no explicit relation to an underlying (conceptual) model is necessary. In this sense, 
task like LISP programming are not really interesting for learning with computer 

41It is interesting to note that Anderson in his invited address for the 1989 Al&ED conference 
(Amsterdam) pointed to the fact that learners tend to rely on feedback, and thus are not well prepa
red for working outside a learning context. This phenomena looks similar to that of 'hospitalization' 
(not mentioned by Anderson). 
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simulations. Gott (1989) points out that adopting Anderson's approach for lear
ning skills that are more clearly related to an underlying model (such as trouble
shooting procedures) may lead to superficial knowledge of the skill. According to 
Gott (1989), one of the characteristics of experts using a skill is adaptiveness. This 
can only be acquired by relating the procedure(s) to the underlying model42

• Gott 
(1989) stresses that in performing a skill, not only concpetual and opreationa 
knowledge come into play, but certainly also strategic knowledge. It can be argued 
of course that for many skills, knowledge of the associated underlying model will 
not be necessary (e.g. in learning to drive a car). This, however, probably only 
holds for pure psychomotor skills. Gott (1989) illustrates this by a study of Kieras 
and Bovair (1984). They compared two groups of learners. One group received a 
rote learning technique in operating a simple control panel device, the other 
group received an instruction that also covered the underlying model. The latter 
group " .. .learned the procedures faster, executed them more quickly, and retained 
them even better after a week's delay." (Gott, 1989, p. 125). 

One of the instructional principles based upon this notion was already mentioned: 
providing causal explanations. This instructional principle was based at White and 
Frederiksen's (1987) work on QUEST. The instructional goal of QUEST is not 
only to provide learner's insight into the composition of electrical devices, but also 
to teach learners the skill of troubleshooting in these electrical devices. 

5.4.1.3 Knowledge acquisition skills 

The third category of educational goals that we distinguished was knowledge 
acquisition skills. It should be noted that the skills mentioned in the previous 
section when automized and domain independent (see Chapter 2 and the present 
chapter) can be regarded as higher order skills, because they have a wide ap
plicability. The skills to be discussed here refer to skills that emerge from the 
process of knowledge acquisition as exhibited in learning with the simulation. More 
specifically we look at this process as problem solving, learning by induction, and 
discovery learning. These skills are closely related to the self-regulatory skills and 
performance control strategies as mentioned by Glaser and Bassok (1989). 

Even when these knowledge acquisition skills are not an explicit educational 
goal of instruction, instructional strategies that support these skills are relevant, 
because these skills are, in the context of learning with simulations, the vehicle for 

42.rhis topic indicates that the subject of knowledge organization is of course not restricted to 
conceptual knowledge, but also encloses the organization of conceptual and operational knowledge in 
their broadest sense. 
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knowledge acquisition43
• 

The instructional principles in relation to knowledge acquisition skills, mentioned 
by Glaser and Bassok (1989) are: 

a. Strategi,es for monitoring comprehension. 
When involved in a complex task as for example problem solving several 
strategies can be used to monitor understanding while learning. Among these 
are: asking questions about the content, and summarizing of the content thus 
far. 

b. The teadzer as model and coach 
A general feeling is that knowledge acquisition skills are better transferred 
through showing the learner the target behaviour (the tutor as a model) and 
by correcting the learner while s/he performs the behaviour at his/her own 
(the tutor as a coach). 

c. Shared responsibility for the task 
Knowledge acquisition skills seem to be better acquired when working in 
groups In groups learners are asked for explanations, individual thinking is 
monitored by the audience and complex tasks are more manageable. 
This instructional principle is closely related to the idea of scenario's in simul
ations, where next to the learner different roles can be identified. These role 
can be played by human beings, but also be simulated by the computer. 
This idea of a simulated learning companion is discussed by Chan and Baskin 
(1988). They distinguish a new class of ITS: the Learning Companion Systems. 
In these kind of systems the learner does not only learn form his computer 
companion, but also by explaining his/her own thoughts and reasoning pro
cesses to the companion. 

Additionally we might mention an instructional principle that Glaser and Bassok 
position somewhere else: 

d. Teaching and supporting multiple learning strategi,es 
Glaser and Bassok (1989) take the instructional principle of teaching and 
supporting multiple learning strategies from (again) the work by White and 
Frederiksen (1987). Here learners can choose for example to follow open 
ended exploration or to hear an explanation. 

43The distinction between instructional strategies and interface in relation to higher order skills 
is a vague distinction. When the support contains explicit directions (e.g. the system asks the learner 
to make a prediction) we are tempted to call this instructional strategies, if however, the support is 
only instrumental (the learner is offered a notepad to state a hypothesis) we will see this as part of 
the learner interface. However, it is immediately clear that this distinction is easily blurred. 
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If an ISLE supports exploratory learning and thus adds a more complete 
tutorial environment, this will be an important aspect of learning with ISLE's 
as well. 

An important aspect of learning knowledge acquisition skills is their relation to 
the more domain related conceptual knowledge and procedures. In general it is 
assumed that learning a knowledge acquisition skill is most efficiently acquired 
within a specific domain. On the other hand executing a knowledge acquisition 
skill (and associated regulation processes) is frustrated by lack of domain know
ledge as was concluded in a review by Alexander and Judy (1988). In relation to 
simulations this result is confirmed in a study by Njoo and de Jong (1990a). 

Concluding this section we can say that cognitive research recommends explora
tory learning (by stressing the importance of learner activity) but also minimiza
tion of (unfruitful) error. In this respect there is clearly a need for instructional 
environments around simulations. As was shown above, cognitive theory offers 
some guidelines that can help developing an ISLE. 

5.4.2 Instructional Design theories. 

Instructional design theories (ID theories) are theories with a pragmatic character 
that are " ... concerned primarily with prescribing optimal methods of instruction to 
bring about desired changes in student knowledge and skills" (Reigeluth, 1983, p. 
4 ). ID theories are thus prescriptive and pragmatic and, not surprisingly, show an 
eclectic character. According to Hannafin and Hieber (1989a) the two basic theor
etical underpinnings for ID theories spring from behaviourism and cognitive the
ory. Instructional design based at behaviourism "is characterized by small, com
plete lesson units, controlled lesson sequences, and discrete, discernible steps. 
Such designs typically dictate learning paths directed toward defined objectives 
and measurable performance criteria" (Hannafin & Hieber, 1989a, p. 92). These 
ID theories place very little control in the hands of the learner and are as such 
less appropriate for learning with computer-based simulations in which learner 
activity is paramount (see Chapter 1). We will therefore concentrate on those 
aspects of ID theories that have a relation to cognitive theory (as was discussed in 
the preceding section). We will discuss the Gagne and Briggs theory (Gagne & 
Briggs, 1979), the Component Display Theory (Merrill, 1983), the Inquiry Teach
ing Theory (Collins & Stevens, 1983), and the Elaboration theory (Reigeluth & 
Stein, 1983 ). 

Discussing these theories fully, would go far beyond the scope of this chapter. 
Therefore, we will emphasize those aspects of the theories that are possibly rel
ated to learning in exploratory learning environments. This will need some reinter
pretation of the theories because, as Hannafin and Hieber (1989a) claim, relati
vely little attempts have been undertaken to link cognitive based ID theory to 
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computer-based learning. It is clear therefore that a relation between ID theory 
and computer-based simulations for instruction is even more exceptional. Notable 
exceptions to this are described in Merrill (1987), and Reigeluth and Schwartz 
(1989). 

5.4.2.1 Basic issues in Instructional Design theories 

Basically, ID theories are composed of a number (not necessarily all) of the fol
lowing elements: 

1. A classification of learning goals; 
2. A prescription of how to break down learning goals into subgoals; 
3. A description of specific instructional action, and a prescription relating spe

cific actions to specific (sub )goals; 
4. A prescription of a sequence of instructional actions, thus defining an instruc

tional strategy; 
5. A set of conditions for the instructional actions and strategies (such as learner 

characteristics). 

Having these elements in common does, unfortunately, not mean that ID theories 
share a standard language. This will have become clear from Section 5.2, where 
some of the ID theory approaches to learning goals have been discussed. Section 
5.2 provided a integrated view on the learning goals that we will use in the fol
lowing discussion, herewith sometimes bypassing the learning goals classification 
used in the ID theory under discussion. 

5.4.2.2 The Gagne and Briggs approach 

One of the most influential ID theories is the theory by Gagne and Briggs (Gagne 
& Briggs, 1979, also described in Aronson & Briggs, 1983). This theory finds its 
roots in Gagne's theory on the conditions of learning (Gagne, 1977) in which five 
different learning outcomes (learning goals) are distinguished (see also Section 
5.2.2). In the context of learning with simulations we introduced our own clas
sification of learning goals with basically two knowledge categories: conceptual 
knowledge and operational knowledge (Section 5.2.5). These categories are com
bined with a knowledge representation and a knowledge scope dimension, thus 
describing all kinds of learning outcomes. As a, slightly different, third type of 
learning goals we distinguished knowledge acquisition skills. In the classification by 
Gagne these dimensions are not separated and somehow combined into his five 
types of learning outcomes. Here we will try to interpret Gagne's ideas using our 
own classification. 

Gagne's approach states that for each type of learning goal a structure of 
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prerequisite knowledge can be stated. This prerequisite knowledge forms the inter
nal conditions that must be met before a learner can acquire a learning goal. In 
other words, in order to reach a learning goal, the learner must possess the prere
quisite knowledge or he/she must acquire this prerequisite knowledge. A second 
necessity for acquiring a learning goal are, what Gagne and Briggs, call the exter
nal conditions which means the instructional environment. Gagne and Briggs claim 
that both the internal and the external conditions differ for each type of learning 
goal. 

Instructional design starts by creating a learning hierarchy for the aspired 
learning outcome. For a procedure (in Gagne's terms intellectual or motor skill) 
this means splitting up the top level procedure in constituting subprocedures or 
part skills, resulting in a hierarchy44

• Teaching follows a bottom up approach 
through the hierarchy, starting at the competency level of the learner. 

Gagne and Briggs (1979) incorporate the mastering or refreshing of prerequisite 
knowledge into a sequence of phases (instructional events) in an instructional 
strategy. In each of the phases a number of instructional actions is given, specified 
for the different types of learning goals. The strategy consists of the following 
phases (following Aronson & Briggs, 1983, p. 91-92): 

1. Gaining attention 
This initial phase is just meant to get the learner set for the task. 

2. Informing the learner of the objective 
For procedures this would mean showing the learner the terminal skill or 
providing examples and a description of the final procedure. For conceptual 
knowledge the learner is told what he should be able to do with the knowle
dge he has gained. Gagne and Briggs are less clear on informing the learner 
of learning goals of the knowledge acquisition type. 

3. Stimulating recall of prerequisite learning 
As will be clear this phase is a crucial one in the Gagne and Briggs theory. 
Prerequisite knowledge is seen as essential for gaining new knowledge that is 
built upon it. The theory states that most of the times it is sufficient to remind 
learners of the prerequisites. However, we expect that quite frequently, prere
quisites have to be taught separately. The prerequisites of procedures and 
skills consist of subprocedures or part skills, the prerequisites of (knowledge 
of) principles are the related ideas in the prior knowledge of the learner, thus 
giving the learner the opportunity to construct a well organized body of know
ledge (see the ideas on schemata and organization of knowledge in Section 
5.4.1). For knowledge acquisition skills the prerequisites are (probably!, Aron-

44
It is surprisingly to see that constructing a learning hierarchy is, according to Aronson & Briggs 

(1983), only applicable to the learning goal of intellectual skills. It is, however, not difficult to ima
gine similar structures for the other types of learning goals. 
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son & Briggs, 1983, p. 89) intellectual procedures. 
4. Presenting tlze stimulus material 

In this phase the new information is presented. In our context this means 
'presenting' the learner the domain model by enabling interaction with the 
simulation. In principle there are two ways of showing the domain model: 
overt (the model is presented in one or another way) or covert (the learner has 
to induce model properties from input/output relations). 

5. Providing learner guidance 
Learner guidance is provided in order to help the learner master the terminal 
objective. It may consist of giving cues for combining subprocedures or part 
skills or providing links to related conceptual knowledge. 

6. Eliciting the performance 
The learner is asked to demonstrate that he has mastered the learning objec
tive. 

7. Providing feedback 
The learner is informed about the correctness of his performance. This should 
be given as precisely as possible. 

8. Assessing performance 
This phase is in fact a recapitulation of Phase 6. 

9. Enhancing retention and transfer 
The last phase in this instructional sequence tries to encourage transfer of 
knowledge by providing novel situations in which a procedure can be used, or 
to link conceptual knowledge to other fields of information. Of course this 
phase is only valid when the learning goal involves a degree domain indepen
dence (see Section's 5.2.5 discussion of knowledge scope). 

The importance of the Gagne and Briggs theory for learning with computer simul
ations is the recognition of the fact that prerequisite knowledge is essential for the 
learning of new knowledge (see also Njoo & de Jong, 1990a), but foremost, 
Gagne and Briggs' instructional strategy shows, that the interaction with a com
puter simulation, is only a part of a comprehensive instructional strategy. 

5.4.2.3 Component Display Theory 

The Component Display Theory (cdt) is described by Merrill (1983). Later, 
(Merrill, 1987) this theory is extended to include learning with computer environ
ments (such as simulations) and is then called the new Component Design The
ory). We will first discuss the basic issues in Component Display Theory (cdt) and 
then consider the new Component Design Theory (CDT). 

Component Display Theory (Merrill, 1983 takes as its starting point a two dimen
sional view on learning goals that is quite compatible with the 'cube' idea presen
ted in Section 5.2.5. It combines a content dimension (in which procedures and 
principles) with a 'performance' dimension that is related to the declarative-com-
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piled dimension in our cube. The dimension of learning goal scope ( domain-spe
cific vs. generic knowledge) is not explicitly treated by Merrill. 

Component Display Theory does not provide a general sequencing of the instruc
tional actions into phases, as was done by Gagne and Briggs (1979), but concen
trates on prescribing instructional actions at the micro-level and relating these 
instructional actions to learning goals. In the new Component Design Theory a 
strategy component has been added. 

Merrill (1983) distinguishes 4 types of instructional actions (or 'presentation forms' 
as he calls them): 

1. Pdmary presentation forms 
Primary presentations present information either as a generality or as an 
instance (which both are bound to a domain although this is less clear for the 
general knowledge; e.g. the instantiation of a general concept is an example)), 
and as a second dimension, use an expository or inquisitory mode. In the 
expository mode information is merely presented to the learner (compare 
what we have called the overt way of presentation), whereas in the inquisitory 
mode the learner is asked to infer generalities form instances (compare the 
covert way of presenting models when using simulations, see also Section 
6.5.1 ). Instructional strategies can be described as a sequence of expository 
and/or inquisitory presentations. 

2. Secondary presentation forms 
Secondary presentation forms are according to Merrill not a necessity in in
struction, but they form the 'cream on the pudding' of the primary presenta
tion forms. they are " .... used to facilitate the students' processing of the infor
mation or to provide items of interest, such as contextual background" 
(Merrill, 1983, p. 308). This is why they are denoted as elaborations. 

In the expository form Merrill distinguishes elaborations such as: presenting 
prerequisite information, presenting contextual information (who discovered 
this), mnemonic elaborations (helping the learner to remember the informa
tion), and presenting alternate representations of the information (such as a 
diagram, a chart, a formula, or other words). 

In the inquisitory form the most important elaboration is feedback, inform
ing the learner about the validity of his knowledge. Other elaborations are 
'preresponse mathemagenic elaborations'. These are prompts and hints that 
help the learner in stating his/her ideas. 

3. Process displays 
':A process display consists of instructions or directions presented to the stud
ent suggesting how he or she should consciously process the information that 
is presented." (Merrill, 1983, p. 310). An example is to tell the student to try 
to form a picture of the information in an "odd or unusual way", in order to 
foster remembering. 
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4. Procedural displays 
Procedural displays are directions to the student how to operate equipment in 
the instructional environment, such as directions to turn a page. In fact these 
displays have a somewhat strange position here, since they are not directly 
aimed at processing information. 

The discussion of cdt presented sofar only listed the elements of an instructional 
strategy (goals and educational actions). The most interesting point of cdt is of 
course when learning goals (content and performance dimensions combined) and 
presentation forms are related to each other, in other words where the prescrip
tive element comes in. 

For the primary presentation forms Merrill ( 1983) distinguished two main modes of 
presentation: expository and inquisitory45

• For the expository mode different 
presentation forms are presented for procedures and principles both for informa
tion in general form and as an instance.46 As an example, general principles are 
presented to learners by presenting " ... the name of the principle, some identifica
tion of the component concepts that comprise the principle, and some statement 
of the causal relationship" (Merrill, 1983, p. 315). The presentation (exposition) of 
an instantiated principle, on the other hand, is according to Merrill (1983, p. 317) 
an explanation of an event within a specific domain. It would include the name of 
the principle, the problem situation, (including conditions and descriptions that 
describe the event), a description of the time sequence in an event (in which the 
presented principle operates) and the description of causal relationships involved. 
Of more interest in the context of simulation environments are Merrill's prescrip
tions in the inquisitory mode. 

Inquisitory presentation of instances of procedures involves presenting the 
student the goal, the name, the materials and the equipment for performing the 
procedure and asking the learner to perform the steps of the procedure. Learners 
performance can be assessed in two ways, by assessing the steps in the procedure 
and by assessing the outcome (Merrill, 1983, p. 318). In teaching general procedu
res the learner can be presented a goal and asked to outline the procedure or he 
can be asked to indicate the steps in the procedure (e.g. in the form of a flow 
chart). This however only involves declarative knowledge of a general procedure, 
for compiled knowledge of a general procedure the learner is asked to demonst
rate the procedure, but this is only possible within a specific domain as was in
dicated at the beginning of this paragraph. In this demonstration level, simulations 
come into play. Teaching principles in the inquisitory mode, means presenting the 
learner a problem presentation and asking for the underlying principle. They may 

45The inquisitory mode is later on indicated by Merrill (1983) as practice. 

46Merrill (1983) also discusses in addition to procedures and principles, concepts and facts. We 
will subsume the latter two under principles. 
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be asked to predict an outcome or to present a solution to a problem. This holds 
both for instantiated as well as general principles. 

What we learn form this discussion is that Merrill recognizes simulations as a 
vehicle for teaching principles and procedures. It also shows that there are ad
ditional (explanatory) ways to teach those same principles and procedures. Ef
ficient education might use a sequence of both expository and inquisitory presen
tations, an instructional strategy. According to Reigeluth (1983) one of the strong 
characteristics of cdt is that it provides a language for describing instructional 
strategies. And indeed cdt offers a quite complicated and difficult to understand 
notation system. However, cdt itself does not give any prescription of such kinds of 
sequences. How to embed simulations into an instructional strategy stays an open 
question within cdt. There is, however, something to say about enhancing simulati
ons (as a primary 'inquisitory' presentation form) with secondary presentation 
forms. 

Feedback is the most important secondary presentation for inquisitory presen
tation forms. Feedback is according to Merrill the most effective for learning 
declarative knowledge (be it procedures or principles). For more compiled knowl
edge, feedback should contain for example information on the functioning of a 
procedure in a new situation, or on the adequacy of a principle in a new situation 
(after the learner has made a prediction). 

Elaboration is another secondary presentation form. For declarative knowl
edge mnemonic elaborations can be added to help the learner remember the 
information. For more compiled and general knowledge, elaborations accom
panying inquisitory presentations (such as simulations) may consist of presenting 
prerequisite information, as well as presenting alternate forms of presentations 
(graphs, diagrams etc.). Merrill argues that more secondary presentation of all 
forms is needed when the presented information becomes more complex. 

A final relevant issue from cdt for simulations concerns learner control. Material 
designed according to cdt contains quite a lot of information in a number of pres
entation forms. Not all learners may need all information. Merrill (1983) recom
mends that learners are allowed to exert control not only over the content that 
they will study, but also over the presentation form. However, he also warns for the 
fact that merely offering control will not be enough, certainly not for weaker 
learners. They need some guidance in executing efficient control. 

Merrill (1987) states that his new Component Design Theory (CDT) was devel
oped to give an instructional design answer to developments in hard- and software 
and their invasion in education47

• Merrill now makes a distinction between two 

47We will discuss here only the changes that are most relevant for learning with simulations. New 
CDT also adds an instructional strategy aspect to the old cdt. 
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'modes' of instruction: the tutorial model and the experiential model. In the tutorial 
model, information (structurally represented) is presented to the student, whereas 
in the experiential model the learner may directly interact with the subject matter 
(that is experientially represented). It is clear that learning with computer simula
tions as defined by us falls with the second, experiential, category. The presentation 
forms from the old cdt are replaced by presentation functions, that are instantiated 
through instructional transactions. Instructional transactions form the interface 
between the learner and the learning material. Structural (tutorial) instructional 
transactions encompass: explanation, contrasting (both expository}, naming, classify
ing, (both inquisitory}, and conversation (which can be either expository and in
quisitory). Experiential instructional transactions include: demonstration (an ex
pository function), exploration (which can be according to Merril both expository 
or inquisitory ), computation, assembly, operation, designing, and predicting (all 
inquisitory ). 

In the old cdt, simulations were bound to the inquisitory mode of presen
tation, in the new CDT simulations are now tied to the experiential representation 
of subject matter, thereby shifting from a classification that involved learner ac
tivity, to a classification that involves the representation of the information. Al
though old cdt and new CDT contain quite a few delicate distinctions48

, we think 
this to be the main shift when it comes to simulations. 

The main conclusion we can draw from old cdt and new CDT is that experiential 
representations (such as simulations) are just one form of representation of infor
mation. The same information can also be represented in a more structural form. 
Also the presentation of experiential information may vary, form expository to 
inquisitory. Moreover, CDT offers some auxiliary actions to augment simulations, 
but, as is true for most ID theories, the recommendations have a quite unspecific 
character with much uncertainty included. 

5.4.2.4 Inquiry Teaching Theory 

Inquiry Teaching Theory (ITT, Collins & Stevens, 1983) is of all ID theories dis
cussed in this section the most empirically based theory. Collins and Stevens desig
ned their theory on the basis of observations of teaching behaviour in a number of 
domains. The theory is of particular importance for learning with computer simul
ations because it is mainly concerned with discovery learning. The theory, therefore, 
is not concerned with learning goals as learning facts or concepts, but stresses the 
learning of principles and theories (causal structures as Collins and Stevens call 
these) and the derivation of these theories (comparable to our knowledge ac-

48For example, the concept of expository presentation or function seems to involve more initiative 
from the student in the new CDT than in the old cdt. 
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quisition goals). 
Apart from these top level learning goals the ITT contains a number of sub

goals, 10 instructional actions, and guidelines for selecting and sequencing these 
actions (thus providing instructional strategies). 

For the instructional goal of teaching a general principle or theory, Collins 
and Stevens distinguish the subgoals of debugging incorrect hypotheses and teach
ing how to make predictions. For deriving principles or theories the (instructional) 
subgoals are: teaching what questions to ask, teaching the nature of the theory, 
teach how to test a principle or theory and teaching how to verbalize and defend 
a theory (Collins & Stevens, 1983, p. 258)49

• 

Subsequently Collins and Stevens (quite independently from the learning goals and 
subgoals) describe 10 instructional actions of which we will highlight a few. 

• Varying cases systematically 
Presenting specific situations to learners should occur in a systematic order. 
As an example the teacher varies the value of only one factor, keeping the 
others constant and shows the change in value of the dependent variable. 
The teacher may also show the range of variability of specific factors when 
other factors are kept constant. These kinds of variations will provide the 
learner insight into the model relations. Collins & Stevens place the control 
over these variations in the hands of the tutor, in the case of simulations 
the learner can be guided to perform these kinds of systematic variations. 

• Forming hypotheses 
Students are prompted to state general rules about a domain. Collins & 
Stevens ( 1982) list a number of these kind of "prodding" techniques. 

• Evaluating hypotheses 
Here learners are guided to make systematic variations in order to test 
their hypotheses. The instructional action is therefore analogous to the first 
one mentioned: varying cases systematically. 

• Considering alternative predictions 
After the learner has made a prediction, the tutor proposes alternative 
predictions and asks the learner why these should be poorer or better pred
ictions s/he has made him/herself. 

• Entrapping students 
After the learner has stated a rule, the tutor proposes a factual situation 
that questions the rule the learner has stated. 

• Tracing consequences to a contradiction 
After the learner has stated a rule that has a misconception, the tutor asks 

49Collins and Stevens (1983) classification of subgoals does not seem completely adequate. We 
would, for example, place knowledge on the nature of the theory under the first goal, as a generic 
and compiled version of concpetual knowledge (theory). In discussing their instructional measures 
Collins and Stevens do not address the distinction into different learning goals and subgoals anymore, 
so this discrepancy with our view does not affect the following dil'>cussion. 
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the learner to make deductions that he will not agree upon. This approach 
comes very close to a Socratic dialogue. 

All of these instructional actions are clearly applicable to learning with computer 
simulations. However, Collins and Stevens use in their discussion the concept of 
cases, which means instantiations of more general models. For example a model 
on climate and agriculture might contain cases on Louisiana (rice will grow) and 
on Washington (no possibility to grow rice). Introducing cases in a simulation can 
be regarded as an instructional measure in itself. 

Collins and Stevens (1983) present what they call a dialogue control structure, in 
this way providing an instructional strategy. The instructional strategy is quite 
simple and is comprised of four parts. First, the tutor selects cases according to 
the rules 

• to first present cases that illustrate more important factors before less im
portant factors; 

• first present concrete and subsequently abstract factors; 
• present more frequent or important cases before less frequent cases. 

In the second part the tutor questions a learner on the model relations for a spe
cific case in this way identifying bugs and misconceptions in the learners knowled
ge. These bugs and misconception are placed on the tutor's agenda and instruc
tional actions are applied to them. The order in which bugs are treated is set by a 
number of priority rules such as "errors before omissions". 

By putting much stress on discovery learning Collins and Stevens' Inquiry Teaching 
Strategy is of specific importance to learning with computer simulations. The 
general idea of the theory is to introduce cases and to cure learner's bugs and 
misconception by means of a number of instructional actions. However, ITT does 
not state relations between types of bugs or omissions and specific instructional 
action. We think that Collins and Stevens' ITT theory deserves more close reading 
for the final version of this deliverable. 

5.4.2.5 Elaboration theory 

The Elaboration Theory of Instruction is described by Reigeluth and Stein (1983). 
The theory is mainly concerned with describing instructional strategies (the macro 
level as Reigeluth & Stein call it), and in fact for the teaching of smaller units of 
knowledge they refer to the Component Display Theory by Merrill (1983). 

The Elaboration theory distinguishes three types of content that can be regarded 
as learning goals: concepts, principles and procedures. The last two resemble the 
principles and procedures as we have described them in Section 5.2. 
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The elaboration theory criticizes learning hierarchy approaches (such as Gagne 
and Briggs theory) for denying the importance of general views on a principle or 
procedure. Using a bottom up learning hierarchy approach may result in fragmen
ted and not related knowledge. However, Elaboration theory recognizes the im
portance of the learning prerequisites in a hierarchy, but states that this approach 
is only satisfactory for small parts of a course. The general teaching approach 
taken in a course should proceed from a small number of simple and fundamental 
ideas from a theory or procedure and then proceed by presenting more complex 
information (what Reigeluth & Stein call a simple-to-complex or zoom lens ap
proach). Elaboration theory tries to integrate this general approach with the lear
ning prerequisites approach. 

The instructional strategy according to Elaboration theory starts with presen
ting the learner what Reigeluth and Stein (1983, p. 343) call an epitome. Epitomes 
are simple but fundamental ideas from the content to be taught that represent the 
gist of the target knowledge. Information in epitomes is presented at an ap
plication level. Epitomes differ from summaries in that summaries don not present 
just a small number of central ideas and are presented at a more abstract level.50 

These epitomes and the following zooming in or simple-to-complex instruc
tional process are different for the different types of learning goals (concepts, 
principles, procedures). 

For procedures, simple-to-complex means that the shortest procedure is pres
ented at the start of the instruction. Complexity is added by presenting alternative 
paths, in this way also enlarging the application area of the procedure. For con
cepts and principles, the starting information is some central, fundamental ideas 
from the domain presented at an application level. This means that learners could 
apply the information, it is not abstract information. Instruction proceeds by pres
enting the remaining, less central, concepts and principles. Reigeluth and Stein 
(1983) present some organizational principles for concepts, theories and procedu
res that may guide the simple-to-complex sequencing. 

As stated before, Elaboration theory recognizes the importance of learning prere
quisites. Learning procedures, concepts or principles at a certain level of comple
xity may involve learning these prerequisites (prerequisites of for example a par
ticular principle are concepts and change relationships). Reigeluth and Stein in
dicate these prerequisites as supporting knowledge. This supporting knowledge is 
presented together with the epitomes. 

We started by saying that Elaboration theory was developed in order to overcome 
the overall fragmentary approach of content as is typical for learning hierarchy 

50we realize that the information presented here just gives an impression of the Elaboration 
theory. Reigeluth and Stein (1983) present a number of examples that help clarify the idea of epi
tomes. 
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approaches. One of the ways to overcome this is the simple-to complex sequen
cing. However, after zooming in, the learner has to return to a higher level of 
knowledge and zoom in again at a new piece of knowledge, in order to cover the 
complete target domain. In order to integrate the knowledge acquired in this way, 
elaboration theory offers the learner summarizers and synthesizers. Summarizers 
are aimed at memorizing knowledge (so in our terms the declarative form of know
ledge), whereas synthesizers are aimed at deeper knowledge (our compiled form of 
knowledge. Additionally Elaboration theory offers analogies that relate new ideas 
to already existing ideas. 

A final important aspect of Elaboration theory is that it allows for learner control. 
First the learner is allowed to choose his/her way through content as it is pres
ented in the simple-to-complex hierarchy. Presenting epitomes at different levels 
make the learner informed, in this way supporting the learner in making right 
decisions. Second, the learner may be allowed to choose for a summary, synthesiz
er, or analogy. 

Relating the Elaboration theory to learning with computer simulations leads to the 
conclusion it might be fruitful in teaching complex models or procedures by star
ing with more central models and procedures and gradually going to the more 
complex models and procedures. Elaboration theory offers support for such a 
design. 

5.4.2.6 Conclusions from Instructional Design theories 

Having discussed four of the most prominent ID theories we can conclude that 
each of them offers (different and complementary) guidelines for embedding 
simulations in an instructional environment. Summarizing these guidelines are: 

1. Interacting with a simulations is only a part of a more comprehensive instruc
tional strategy, in which for example also prerequisite knowledge is taught. 
(Gagne and Briggs); 

2. Interaction with the simulation itself may be accompanied by informative 
feedback and elaborations. Moreover, information represented in a simulation 
can also be represented in a more structural or static way. The presentation of 
information can be either expository or inquisitory, and these two forms of 
presentation can be alternated. (Merrill) 

3. Learners can be provoked to perform specific learning processes and learner 
activities by tutor controlled variations in the simulation, and by tutor initiated 
prodding techniques. (Collins and Stevens) 

4. Complex models and procedures can be taught by starting with central and 
simple elements of these models and procedures and subsequently presenting 
more complex models and procedures. (Reigeluth and Stein) 
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All four of these elements can be retraced in a recent article that tries to relate 
ID theory to learning with computer simulations (Reigeluth & Schwartz, 1989). 

Reigeluth and Schwartz (1989) describe three types of knowledge that can be 
learned with simulations. First, there is operational knowledge, sequences of steps 
and/or decisions. Second, there is conceptual knowledge in which they make the 
distinction between processes and cause-effect relationships. The latter distinction 
looks similar to our distinction of dynamic and static underlying models (Section 
3.3.1). However, Reigeluth and Schwartz restrict the dynamic models only to 
naturally occurring phenomena, in our view a not essential restriction. Moreover, 
it remains to be seen whether the distinction in dynamic and static models has an 
affect on the way instruction should proceed. 

Reigeluth and Schwartz distinguish three main stages in the instructional process 
of learning with simulations: 

• an acquisition phase, here the knowledge is presented to the learner; 
• an application phase, in which the acquired knowledge is generalized to a 

larger set of situations; 
• an assessment phase, in which is the knowledge of the learner is assessed 

according to a criterium. 

These phases are preceded by an introduction phase in which the learner is in
formed about the scenario of the simulation and about the goals. This sequence of 
phases clearly resembles Gagne and Briggs' instructional strategy (see above). 

In the acquisition phase the simulation can be used in two modes: a demonstration 
mode in which no learner activity is involved and a discovery mode in which there 
is learner activity. These two modes resemble Merrill's expository and inquisitory 
presentation forms. 

In the application phase principles and procedures are transformed from a declar
ative to a compiled form. In this phase Merrill's secondary presentation forms as 
feedback and elaboration come into play. Reigeluth and Schwartz distinguish 
natural and artificial feedback. 

In presenting the simulation Reigeluth and Schwartz identify a number of vari
ations. Some of these refer to presenting prototypical examples and variations on 
these similar as the ones discussed by Collins and Stevens. Regarding the complex
ity of the simulation Reigeluth and Schwartz recommend to present the content as 
an integral whole when the content has only a limited number of principles or 
procedures, but to use a simple-to-complex sequence when the terminal knowledge 
is complex (see Reigeluth and Stein, 1983). 

Reigeluth and Schwartz (1989) stress that their recommendations are not sus-
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tained by empirical evidence and they hope more research will be performed on 
the basis of their recommendations. 

5.4.3 Intelligent tutoring systems for exploratory learning. 

Research on intelligent tutoring has resulted in several exploration-based learning 
systems with internal instructional support. We will first describe the instructional 
features of a few simulation-based ITS's (SOPHIE, STEAMER, QUEST, MACH
III, and IMTS). Then we will do the same for a few exploration-based ITS's not 
employing simulation (GUIDON, the ACT*-based tutors, and the EUROHELP / 
FysioDisc Coach). The discussion of these systems will be concluded with a brief 
review of evidence for their effectiveness. 

5.4.3.1 Simulation-based ITS s. 

The simulation-based ITS's described below all involve operating and trouble
shooting mechanic and/or electronic devices (operational knowledge), and the 
associated mental device models (conceptual knowledge). This seems to be a 
general emphasis in the field itself (see for instance Psotka et al., 1988), rather 
than a bias in our selection. 

SOPHIE 

One of the classic examples of simulation-based ITS is SOPHIE, a SOPHisticated 
Instructional Environment for teaching electronics troubleshooting (e.g. Brown et 
al., 1982). The basic instructional philosophy of the project is that of creating a 
'safe' reactive learning environment, in which learners can 'formulate, test and 
witness the consequences of their ideas without having to worry about possible 
catastrophic concequences' (Brown et al., 1982, 229). In the context of electronics, 
this is expected to improve a learner's understanding of troubleshooting strategies 
and tactics (operational knowledge), as well as of electronic laws, circuit causality, 
and functional organization of the particular device (conceptual knowledge). 

Three different versions of SOPHIE have been created in the course of the 
project, each one improving upon its predecessor in particular ways. Since 
SOPHIE-II is an extention of the SOPHIE-I system, and since in contrast to 
SOPHIE-III the resulting instructional environment has been fully implemented, 
we will focus on SOPHIE-II. It consists of a simulated lab environment (SOPHIE
I), augmented with a "canned" articulate expert troubleshooter and a gaming 
mode. We will first describe the functionality of each of these three ingredients, 
and then illustrate them with a typical SOPHIE-II course setup. 

In SOPHIE's lab workbench, learners can troubleshoot faulty electronic cir
cuits while being monitored and supported by the lab's coach. Functional block 
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and circuit schematics are supplied off-screen, and, in contrast to SOPHIE's des
cendants, there is no graphics interface to the simulated device. The learner can 
request a measurement or replacement verbally ("what is the voltage at Q6?"), to 
which the SOPHIE system will respond in a similar way. A replacement request 
will only be honored if it has been motivated by an explicit hypothesis. The auto
mated lab coach monitors the learner's troubleshooting performance, and it can 
step in if a requested measurement is redundant, if an hypothesis is inconsistent 
with available test results, or if the learner directly asks for help. 

The articulate expert of SOPHIE-II can provide the learner with a demonstra
tion of optimal troubleshooting performance. After it has outlined the global 
approach of a lesson, the expert allows the learner to select which of the seven 
functional blocks of the device is to be malfunctioning. After SOPHIE itself has 
covertly selected the particular fault at the underlying circuit level, the expert 
demonstrates its troubleshooting approach, explaining things along the way. Each 
time the expert has decided upon a particular measurement, the learner is asked 
to predict whether the expected value will be normal, too high, or too low (based 
upon knowledge of the selected malfunctioning block). If the learner's qualitative 
prediction is wrong, the expert invokes the SOPHIE lab to obtain the quantitative 
measurement. If the learner is still unable to restate the measurement in qualita
tive terms, the expert will do so, after which the demo continues. As soon as the 
expert has found the faulty block, the learner can enter SOPHIE lab in order to 
locate the faulty component within the block's circuit for him- or herself. 

In addition, SOPHIE-II comes equipped with a very interesting gaming mode, 
in which an "inserter" party introduces a particular fault, which a "debugger" party 
must then locate in the most efficient way. The scores of both parties are not only 
related to the quality of measurements being taken by the "debugger", but also by 
the quality of predictions made by the "inserter" for each intended measurement. 
This game is to promote a cost-effective approach to troubleshooting, and in 
addition provides for a highly motivating application of a player's causal and teleo
logical understanding of the device. 

While active engagement of the learner is emphasized in the above gaming 
mode, it is also stimulated by the other SOPHIE-II ingredients. The expert demo, 
for instance, nicely illustrates that demonstration need not allow a learner to 'sit 
back and relax', but can also require active participation. More in general, the 
combination of expert demonstration and relatively unconstrained troubleshooting 
is a deliberate pedagogical choice made by the SOPHIE team: while expert 
demo's can make sense of apparent conflicts a learner may (or has) encounter(ed) 
in the lab, personal lab experiences in turn provide for a more motivated and 
purposeful observation of expert behaviour. 

Brown et al. ( 1982) illustrate the above functionality with a typical 12 hour 
SOPHIE mini-course, which they have used for a variety of experiments. The first 
of four sessions in this course introduced learners to the SOPHIE system itself, 
reviewed some basic electronics of regulated power supplies, described the par
ticular power supply at hand, and ended in a question-answering period and infor-
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mal discussion on troubleshooting strategies. In the second session, learners alter
nately watched the expert and worked on preselected faults in the SOPHIE lab 
themselves. The third session consisted of some individual practice on secondary 
faults (a component blow out by a primary fault), and of some more troubleshoo
ting exercises in collaboration with another learner. In the final session, teams of 
two learners each played the SOPHIE game against one another, after which the 
course finished with some individual exercises. 

SOPHIE-II is an early, but impressive example of the variety of instructional 
features surrounding a simulation, and of its use in a wider curriculum structure. 
Nevertheless, the project advanced to a third SOPHIE version, aiming at more 
suitable knowledge representation for instructional purposes. In particular, 
SOPHIE-III has replaced the quantitative simulation model by a qualitative one, 
and the "canned" troubleshooting expert by an electronics/troubleshooting expert 
couple reasoning over the qualitative model. SOPHIE-III has never been fully 
implemented, part of the reason being that the project needed a more advanced 
notion of what it really means to 'understand a device'. As Wenger (1987, 76) 
states, " ... the evolution of the SOPHIE project can be viewed a a search for the 
right ingredients of 'cognitive fidelity' in expert reasoning". The next project, 
STEAMER, has explored this issue in a more pictorial way. 

STEAMER 

The STEAMER project (e.g. Stevens & Roberts, 1983; Hollan, Hutchins & Weitz
man, 1984) has extended the concept of simulation-based learning into the realm 
of interactive, manipulable graphics. The STEAMER system simulates a complex 
steam propulsion system for large ships. Learning how to operate a steam plant 
requires years of instruction and experience, in which engineers must acquire a 
large set of operational procedures for dealing with both normal and abnormal 
conditions. Although the ultimate learning goal involves these procedures ( operati
onal knowledge), a basic assumption of the project is that their acquisition and 
execution leans heavily on an accurate mental model of underlying device prin
ciples (conceptual knowledge). The design of STEAMER has therefore con
centrated on how to have people learn a sophisticated mental model of a complex 
physical device. 

The STEAMER system allows for instruction in three different modes. In free 
manipulation mode the learner can freely explore the simulated steam plant. The 
interactive graphics interface to the quantitative simulation model has been desig
ned to as much as possible reflect the mental device models of a steam plant 
expert ('conceptual fidelity'). About 100 different steam plant views are available 
to the learner, intended to reflect the expert's abstraction hierarchy of qualitative 
device models. In exploring the steam plant, a learner can freely move up and 
down this hierarchy, interacting with increasingly abstract or specific represen
tations of the system or its components. Each representation provides the usual 
information on (sub )system state, and the usual handles available for plant cont-
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rol. However, understanding of the device is facilitated by the addition of causal 
topology information (e.g. depicted flow through a pipe) and simulation control 
handles which would not be available in real-life. Apart from this feature, no 
further instructional support is available in this mode, and learners have full con
trol over exploration. 

Operating a steam plant requires knowledge of a large number of procedures, 
laid down in an extensive manual set. In order to help learning about these proce
dures, STEAMER also has a tutorial mode in which procedure execution can be 
practiced under surveillance. The learner works through a procedure by subse
quently selecting the next step from a randomly ordered menu of steps, after 
which its effects on the system can be observed. When the learner selects a wrong 
step, he or she receives feedback in terms of the underlying engineering principles 
that argue against the selected step. 

Typical for the STEAMER project, the approach to feedback and explanation 
is an abstract one: procedures are characterized in terms of generic device com
ponents and related engineering principles. For instance, a particular procedure 
for starting the main condensate pump is rationalized in a relatively device-in
dependent way: 'i\ccording to the principles which require that whenever you 
admit steam into a closed chamber you should first align the drains, before open
ing valve 13 you should align the drain valves FWD-E254 and FWD-E239." 
(Stevens & Roberts, 1983, 19). This shows that STEAMER does not merely ad
dress knowledge about a specific device ('domain'), and that the acquisition of 
relatively generic engineering knowledge is in fact a major issue here. 

STEAMER actually comes with a third instructional mode, called the feed
back minilab (Forbus, 1984). This lab, much like SOPHIE's workbench, allows the 
learner to explore the detailed functionality of low-level control components. 
Learners can assemble a device from generic control components, such as a com
parator, and subsequently do some testing on it. Although the lab has some lim
ited coaching support, e.g. based on the recognition of common bugs, its main 
instructional significance lies in helping learners to understand about abstract 
component functionality. 

The common factor in each of these STEAMER modes is that they all aim at 
conceptual fidelity in terms of abstraction levels. The free manipulation mode 
supports abstraction in terms of a hierarchy of qualitative device representations. 
The tutorial mode describes and explains a specific procedure as an instantiation 
of a more generic one, defined in terms of generic objects and engineering prin
ciples. And the feedback minilab in turn supports the understanding of abstract 
object functionality. As such, the STEAMER project has continued SOPHIE's 
search for the appropriate way to represent domain knowledge towards the lear
ner. According to Gott (1989, 39), however, a major shortcoming of the project is 
that, in its emphasis on device knowledge, it has neglected expert knowledge of 
troubleshooting procedures: " ... there is no simulated cognitive model of procedural 
performance to support procedural instruction the way the device simulation 
supports the mental model instruction". We will see that subsequent projects (es-
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pecially MACH-III and IMTS) have tried to improve upon this state of affairs. 

QUEST 

The QUEST system (Qualitative Understanding of Electrical System Troubleshoo
ting; e.g. White & Frederiksen, 1989; 1990)) teaches troubleshooting of simple 
electronic circuits, which consist of a couple of switches, resistors, capacitors, 
etcetera. The overall project is not especially interested in teaching electronics 
troubleshooting as such. Rather, the central question is how to have people learn 
a sequence of causal models (of particular domain phenomena) by means of quali
tative simulation. In its focus on qualitative mental models the QUEST enterprise 
closely resembles the SOPHIE and STEAMER projects. Unlike these two, how
ever, there is a strong emphasis on learning a carefully sequenced, progressively 
complex domain models, each of which is built on top of the previous one. 

Since its instructional features are very much tied in with cognitive theory, 
QUEST has already received a fairly detailed discussion in Section 5.4.1.1. We will 
therefore just mention a major assumption underlying the QUEST work which has 
major implications for the instructional environment. The assumption is that, as 
long as one appropriately designs the sequence of models and the accompanying 
problem sets to which the learner is exposed, the learner will hardly develop any 
misconceptions at all. In line with this, the QUEST system has not been equipped 
with any facilities for misconception diagnosis and remediation at all, which sets it 
apart from many other ITS's. 

MACH-III 

The MACH-III system (e.g. Kurland & Tenney, 1988; Kurland, 1989) deals with 
maintenance and troubleshooting of a complex radar device, and is currently being 
used as a trainer in actual curriculum. Its instructional features have been derived 
from an extensive analysis of the cognitive task at hand, and the major problems 
that novice engineers have with it. Although this task analysis has been done for 
radar troubleshooting only, the problems revealed most likely pertain to complex 
systems maintenance in general (see for example Nawrocki, 1987). 

The necessary information for troubleshooting this particular radar device is 
distributed over a large set of wiring schematics, and a large set of Fault Isolation 
Procedures (FIP's). However, critical information needed for a problem is often 
too difficult for a novice to understand, and is often hidden in, or missing from the 
standard. Fault Isolation Procedures direct the mechanic through a branching 
sequence of tests, without providing him or her with any sense for why or where 
testing is done, or what has been ruled out. Furthermore, novices lack adequate 
(e.g. functionally organized) device models, as well as knowledge of higher-level 
troubleshooting strategies. 

In order to address these problems, five major instructional principles have 
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guided the design of MACH-III51
: 

1. Show the problem spac.e. Research on expert problem solving has shown that 
diagrams can be very useful, both as an extension of working memory and as 
a way of representing information difficult to describe in propositional form 
(such as feedback loops). According to Kurland and Tenney, appropriate 
diagrams should help a novice by providing conceptual support, temporary 
models, and higher-level organizers for new information. 

2. Practice troubleshooting on increasingly difficult problems. Troubleshooting 
exercises should use increasingly complex representations of the device, ran
ging from high-level flows of information and power to very low-level circuit 
schematics. This notion is very much in line with QUESTs emphasis on care
ful sequencing of progressively complex models to be learned. 

3. Provide a range of procedural help. This principle involves fairly direct support 
that should be available within a troubleshooting exercise, such as helping the 
learner to locate a particular component, intervening when an incorrect switch 
setting invalidates a particular test, and providing part replacement infor
mation. 

4. Provide supports to make reasoning strategies explicit. According to the desig
ners, this is where MACH-III is expected to contribute most, and the principle 
can be implemented in several different features: 
a. The learner should select from a menu his/her most likely fault hypothesis 

(a specific impaired function, e.g. "Doesn't remove feedthrough noise"), 
before testing any of the components involved in that function. This in
duces a predictive attitude in the learner, and guides him or her away from 
vague or incorrect fault hypotheses, or from associating components with 
the wrong function. It also provides a handle for learner modelling. 

b. The learner should be alerted to test results which are inconsistent with the 
selected fault hypothesis. 

c. Correctly functioning circuit portions should be visually different from still 
suspected areas, thus reducing the search space of possible faults. 

d. A window which shows one's own previous hypotheses, tests, and results 
should help the learner to keep track of things, and to compare his or her 
own performance to expert performance. 

e. A facility which gives increasingly specific hints should prevent the learner 
from getting stuck without giving the solution away too easily. 

f. Modelling an expert's solution path does not only show the correct se
quence of steps, but can also make explicit the expert's reasoning and pro-

51Since the paper from which these principles have been taken (Kurland & Tenney, 1988) des
cribes MACH-III in its early implementation stage, it is not entirely clear to what extent the MACH
III version now in use actually incorporates them; the brief paper on the latter version (Kurland, 
1989) seems to describe the full implementation of the first two, and a partial implementation of the 
other three principles. 
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blem-solving strategies behind those steps. 
5. Provide explanations. Simulation-based learning should benefit from explanati

ons of five different types: 
a. Device function explanations, which answer questions such as: What is the 

device for? What does it do? and How does it do it? 
b. Topology explanations, which answer questions related to location, such as: 

Where does a signal come from and go to? and Where is the device? 
c. Modularity explanations, which address the higher-level grouping of devices 

and signals into larger modules. 
d. Simulation behaviour explanations, which tell the learner what he or she is 

seeing on the screen, what the simulation is doing at that moment. 
e. General explanations, which are based on the classification of devices accor

ding to their high-level function (such as 'signal refinement'), or on the 
classification of high-level troubleshooting procedures (which for instance 
allows for the selection of an appropriate troubleshooting strategy); the 
latter type of general explanation is closely related to 'metacognitive reaso
ning processes' of the expert. 

The MACH-III version currently in use (Kurland, 1989) incorporates the following 
features (with references to the principles involved): 

1. Summary diagrams portray multiple views of the system at different levels of 
detail (principle 1), much in the abstraction spirit of STEAMER. These dia
grams summarize the highly detailed circuit schematics from a troubleshooting 
point of view by showing test points, replaceable devices, and their ap
proximate physical arrangement. Diagrams can be purely physical, purely 
functional, or mixed, and each type of diagram can be interactively used for 
troubleshooting exercises. 

2. The MACH-III system includes a database of all possible faults, ordered on 
curriculum topic and problem complexity (principle 2). Problem complexity is 
determined by the instructor, and involves fault dimensions such as signal type 
involved, number of possible measurements and replacements, etcetera. 
Within a particular category, problems can be selected at random, but an 
instructor can also specify which exercise subset should be presented at first. 

3. Troubleshooting trees for each subsystem organize troubleshooting knowledge 
and procedures into a functional hierarchy. Each tree contains a functional 
grouping of devices which may be involved in particular malfunctions, and the 
system 'greys out' items that have been tested to show what is left (principles 
1, 4c and 4d). 

4. A (selectable) troubleshooting Advisor52 helps the learner to decide what fun-

52The exact functionality of both the Advisor and the Critiquer can not be derived from the brief 
paper which mentions these two components (Kurland, 1989). 
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ctional hypothesis to consider, and what next test to perform (principle 4e?). 
5. A (selectable) troubleshooting Critiquer gives feedback on the learner's last 

step, according to the component selected for testing, its position in the troub
leshooting tree, and the learner's previous actions (principle 4b?). 

6. An explanation system (principle 5) relies on canned explanations of devices 
(its purpose, context, behaviour, etc.) and troubleshooting tests (in terms of 
their high-level reasons). 

7. Three different troubleshooting modes are supported: (a) Magic Mode, in 
which all signal flow is shown, and both accessible and inaccessible devices 
may be tested; (b) Real-Life Mode, in which no signal flow is shown, only 
accessible devices may be tested, and the Advisor /Critiquer functions are 
operational; and (c) System Demonstrates Mode, which is much like Real-Life 
Mode, but in which the expert demonstrates optimal troubleshooting, explain
ing things and changing the diagram along the way (principles 4f and Se). 

The above MACH-III implementation is currently being used in the training of 
radar mechanics. Preliminary observations show that learners make heavy use of 
the troubleshooting trees, which capture the implicit organization of Fault Isola
tion Procedures in an explicit functional hierarchy. Another finding is that, after a 
few trials in Magic Mode, students prefer to work in Real-Life Mode, hardly 
making use of System Demonstrates Mode. As a final observation, students only 
ask for advice when instructors encourage them to do so, and are not much incl
ined to read the Critiquer information. 

IMTS 

The Intelligent Maintenance Training System (e.g. Towne et al., 1988; Towne & 
Munro, 1988; 1989), like MACH-III, provides a training environment in which 
learners can practice in troubleshooting a complex device. However, unlike 
MACH-III, IMTS is a relatively generic system, which allows for the authoring of 
intelligent simulation learning environments geared to troubleshooting of all kinds 
of hydraulical, mechanical, electrical, or mixed systems. While MACH-Ill's instruc
tional features were tailored to a particular radar device, the instructional environ
ment of IMTS is mostly derived from the simulation model at hand. 

The main instructional feature is a sequence of troubleshooting exercises, each 
of which involves a particular malfunction introduced in the simulation model53

. 

An exercise consists of a configured simulation, accompanied by an initial opera
tor complaint (such as "The override light is coming on in standby mode"). The 
learner's task is to locate the malfunctioning component in an efficient, nonredun
dant way. In systems of reasonable complexity, the difficulty of this task usually 

53Some 'troubleshooting exercises' actually involve no malfunction at all, which, according to 
Towne and Munro (1988), reflects a diagnostic situation frequently encountered in the field. 

SAFE/SIM/WPI/EUT-rep /comp.final page 185 



Simulation Design Components The SAFE project 

arises from the fact that abnormal behaviour of the faulty component propagates 
through the system, causing other components to misbehave as well54

• Further
more, the initial complaint may be vague and unhelpful, or even incorrect. Since 
the complaint is just a piece of 'canned' text attached to a malfunction, and the 
precise nature of all possible malfunctions has also been specified by the author, 
both sources of complexity are under control of a human instructor. 

In order to have the trainee actually learn something, each next exercise in 
the practice sequence should challenge his or her current level of understanding 
and proficiency. For deciding upon a new exercise, IMTS selects the most 'op
timal' one from the set of currently remaining troubleshooting exercises. The value 
of each remaining problem is determined on the basis of its predetermined dif
ficulty level, of its conceptual distance from the last problem, and of learner 
model dimensions (such as a metric indicating the current learner's learning 
speed). As such, IMTS attempts to provide the learner with an optimal sequence 
of problems, adapted to the dynamically changing instructional situation. 

The support given within a particular troubleshooting exercise is determined 
by the quality of the learner's testing behaviour. Initially the learner is completely 
free in how to approach the problem at hand. He or she can test individual com
ponents by taking measurements on them, or by replacing them by 'spare' ones, 
after which the simulated effects can be observed. At all times, the learner can ask 
for additional information on a particular component. Currently, this can either be 
a bitmapped photograph, or some text on the component's operation or pur
pose55. If desired, IMTS can be asked for expert help in interpreting test results, 
in which case the system responds with something like: 

"The voltage at X was Y, which was normal, so we now know that the fol
lowing components are working normally: <list of subsystems>. We still sus
pect the following: < ... > ." 

If the learner doesn't know how to proceed, he or she can also ask IMTS for a 
suggestion, such as: 

"Measure the voltage at X. A value of Y would be normal. If normal, the 
failure is one of < ... >. If abnormal, the failure is one of < ... > ." 

54This kind of propagation involves the abnormal behaviour of other components within their 
behavioural range (e.g. a flashing warning light). However, a malfunctioning component may also 
cause other ones to break down themselves (e.g. a blown warning light). Simulation of such 'cas
cading errors', as well as the simultaneous introduction of multiple faults, will be incorporated in a 
future IMTS version (Towne & Munro, 1988). 

55 A third option, which is still under development, will allow the learner to operate a particular 
component in isolation, that is, outside of the current simulation context (cf. SOPHIE's workbench 
and STEAMER's feedback minilab). 
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In addition, one may ask IMTS for a hint on the nature of the problem, which 
(like the initial complaint) consists of some 'canned' text tied to the malfunction at 
hand. 

If the learner gets lost at the early stage of exploration, the above hint is 
automatically displayed. However, when performance seriously falls below certain 
predetermined standards, such as when many redundant tests are carried out, 
IMTS steps in with coaching support. First of all, the student is asked to identify 
those components he or she still suspects on the basis of completed tests. If the 
malfunctioning component is among those suspected, IMTS guides further trouble
shooting by means of expert test interpretations and suggestions. However, if the 
learner does not suspect the actual fault, IMTS engages him or her in a (partial) 
debriefing discussion about the tests already performed. 

In addition to the above, several types of between-problem support are availa
ble. On completing an exercise, for instance, IMTS will present a (pre-authored) 
technical summary of the problem. After this, the learner has the opportunity to 
watch 'Profile', the expert component of IMTS, troubleshoot the same problem, 
giving rationales for testing along the way. Another option available is debriefing 
by means of a replay, during which Profile criticizes each of the trainee's testing 
actions. Alternatively, the learner may choose to replace the malfunctioning com
ponent, carry out some confirmatory tests, and re-introduce the fault again. The 
learner may even request the introduction of another fault in the simulation, 
which is particularly useful for finding out what would have happened if a wrongly 
suspected component was in fact the faulty one. Judged by the currently available 
literature on IMTS, all these types of support are entirely optional. 

The instructional policy behind IMTS is a very non-invasive one. Since, as Towne 
and Munro rightly state, it is not reasonable to expect learners (or even experts) 
to perform optimally, " ... the coach must give the learner some room to explore, 
thereby gaining the experience of monitoring his own performance" (Towne & 
Munro, 1988, p486). Designing the instructional environment of IMTS has been 
guided by a large set of instructional principles56

: 

1. Instruction should be relevant to the problem-solving context. 
2. Provide immediate feedback on errors. 
3. Where possible, attempt to sustain diagnostic exercises by postponing in

structional content that would reveal the solution to the exercise until after 
the exercise is completed. 

4. An intelligent training system should respond quickly to student's moves 

56 Several of these principles have been derived from ACT*-based projects (e.g. Anderson et al, 
1987). The principles 13-21 originated in the WEST-project (Burton & Brown, 1979), an in-depth 
exploration of coaching which was in turn inspired by SOPHIE research. Since some of these 21 
principles, like number 2 and 17, are in partial conflict, not all were rigorously followed (Towne & 
Munro, 1988). 
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and requests for assistance. 
5. A good tutor should explicitly identify the goal structure of the problem 

domain. 
6. Minimize working memory load for students. 
7. Prevent superstitious behaviour (protect students from chance positive 

outcomes). 
8. Students should approach target skills by successive approximation. 
9. Protect students from building extended chains of misconceptions. 
10. Protect students from chance negative consequences from appropriate 

moves. 
11. Be opportunistic in providing instruction as context permits. 
12. Maintain the credibility of the intelligent trainer. 
13. Before giving advice, be sure the issue used is one in which the student is 

weak. 
14. When illustrating an issue, use only an example (an alternative move) in 

which the result or outcome of that move is dramatically superior to the 
student's move. 

15. After giving the student advice, permit him or her to incorporate the issue 
immediately by allowing the turn to be repeated. 

16. If a student is about to fail, interrupt and coach only with moves that will 
keep him or her from failing. 

17. Do not tutor on two consecutive moves, no matter what. 
18. Do not tutor before the student has a chance to discover the issue for him

self or herself. 
19. Do not provide only criticism when the coach breaks in. If the student 

makes an exceptional move, identify why it is good and congratulate him or 
her. 

20. Always have the computer expert play an optimal game. 
21. If the student asks for help, provide several levels of hints. 

The non-invasive instructional policy implies that learners normally have a large 
amount of control over the scenario. However, the IMTS team is working on an 
instructional feature which is much more constraining than the above ones (Towne 
& Munro, 1988). IMTS will be expanded with a authoring mode in which experts 
can perform a demonstrative sequence of troubleshooting operations, and enter 
explanations of their procedures and system responses along the way. The result 
would be a guided simulation lesson, in which the learner can interact with a re
play of this session, following appropriate instructions on what to do next. This 
constraint on learner activity would, according to the authors, be particularly 
useful for what they call 'procedure drills' (compiled operational knowledge). 

Another instructional feature under development pertains to the level of 
abstraction at which the simulated system is displayed to the learner. A particular 
IMTS simulation revolves around a 'deep model' of the device at hand, which has 
been authored by means of a generic object library. The learner interacts with 
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'simulation scenes', whose appearance is separately authored, but whose behaviour 
is governed by the simulation model. However, apart from an increased fidelity of 
individual objects (e.g. a switch-like icon instead of an electrical symbol), such 
scenes remain very close to the model as designed for driving the simulation. This 
may not be the best design for easy understanding of the simulated system. The 
project is therefore working on an authoring tool which allows for the composition 
of pedagogical views, displaying (parts of) the system in an instructionally useful 
way. The same issue was very much emphasised in the STEAMER project, is 
related to the QUEST-like concept of progressive implementation, and also fea
tured as summary diagrams in MACH-III. 

5.4.3.2 Other exploration-based ITS~-

GUI DON 

GUIDON (e.g. Clancey, 1979; 1983) has been a very influential program in the 
field of intelligent tutoring. It guides the interaction of a learner with the well
known MYCIN expert system on infectious diseases, aiming at the communication 
of underlying domain rules. Although the project is currently developing new ITS
modules on top of a completely restructured expert system (NEOMYCIN), we will 
mainly focus on the original MYCIN-GUIDON setup. Our interest stems from the 
fact that GUIDON provides an exploratory environment, in which learners must 
try to locate a 'faulty component' by asking for data, formulating hypotheses, 
etcetera. In this respect, and even though GUIDON draws upon static cases rather 
than a dynamic simulation model, its environment is fairly similar to SOPHIE-H's 
environment for electronics troubleshooting. 

From the learner's perspective, GUIDON enhances the interface to MYCIN 
with mixed-initiative dialogue facilities. A learner can request MYCIN case data 
or ask for MYCIN's evaluation of the problem, determine the dialogue context, 
change the topic under discussion, request assistance (e.g. hints), or convey his or 
her current knowledge or hypotheses to the system. At appropriate occasions, 
however, GUIDON takes control of the dialogue by for instance correcting an 
error or by probing the learner for his or her understanding and use of data. 

The tutorial principles that make up this mixed-initiative, Socratic dialogue 
style have been summarized as follows (we have left out number 4 since it per
tains more to learner modelling than to tutorial style): 

"l. Be perspicuous: Have an economical presentation strategy, provide lucid tran
sitions, and adhere to conventional discourse patterns. 

2. Provide orientation to new tasks by top-down refinement: Provide the student 
with an organized framework of considerations he should be making, without 
giving away the solution to the problem (important factors, subgoals, size of 
the task), thus challenging the student to examine his understanding construc
tively. 
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3. Strictly gu.ide the dialogue: Say when topics are finished and inferences are 
completed, as opposed to letting the student discover transitions for himself. 

4. ( ... ) 
5. Probe the student's understanding when you are not sure what he knows, when 

you are responding to partial student solutions: Otherwise, directly confirm or 
correct the solution. 

6. Provide assistance by methodically introducing small steps that will contribute to 
the problem's solution: 
a. Assistance should at first be general, to remind the student of solution 
methods and strategies he already knows; 
b. Assistance should encourage the student to advance the solution by using 
case data he has already been given. 

7. Examine the student's understanding and introduce new information whenever 
there is an opportunity to do so." (Clancey, 1983, 13). 

On the assumption that MYCIN's diagnostic rule base appropriately represents 
the knowledge to be learned, GUIDON produces very reasonable and coherent 
dialogue sequences (Wenger, 1987). However, and in spite of the fact that the 
MYCIN rules have been annotated with canned explanations, learners find these 
rules difficult to understand, to remember, and to use in their diagnostic problem 
solving attempts (Clancey, 1983). 

This observation has led to the complete restructuring of MYCIN, best descri
bed as a decompilation of domain knowledge into a form that is more com
municable to learners57 (Wenger, 1987). This evolution echoes the one of the 
SOPHIE project: although SOPHIE-H's quantitative circuit model was an ade
quate simulation of the real system, as MYCIN's domain knowledge base was 
adequate for expert-level diagnostic performance, both of these 'subject-matter 
representations' turned out to be inappropriate for instructional purposes. The 
fundamental lesson to be learned is that, if the domain knowledge representation 
is not designed with cognitive fidelity in mind, even the most sophisticated instruc
tional strategies will be severely limited. 

ACT*-based tutors 

The tutoring systems built by Anderson and colleagues (e.g. Anderson et al., 1987) 
incorporate several instructional principles based on cognitive theory, particularly 
the ACT* theory of human cognition (Anderson, 1983). These tutors deal with the 
domains of Lisp programming, and of generating proofs in highschool geometry or 

57 To clarify the essence of such epistemological mapping, Wenger restates Clancey's point that 
" ... decompilation does not necessarily reflect the way knowledge is actually used by experts in their 
daily practice. Rather, it constitutes a viewpoint on their understanding to which they can resort in 
dealing with novel situations. This level is useful for communication because it deals with knowledge 
in such a way that it can be integrated in a general model of the domain." (Wenger, 1987, 277). 
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algebra. The main reason they are of interest here is that these domains involve 
problem-based exploratory learning. 

As with QUEST, the instructional features of ACT*-based tutors are very 
much tied in with cognitive theory, and have therefore already been discussed 
(Section 5.4.1.2). Principles derived from ACT* have also been mentioned in the 
context of IMTS (Section 5.4.3.1). Instead of restating them here, we would merely 
like to elaborate upon the importance of supporting the learner's goal orientation. 

First of all, ACT* suggests that a tutor should make the existing goal hierarchy 
explicit to the learner. Having a 'blueprint' of the target performance will help the 
learner to (a) interpret expert demonstrations, (b) guide his/her own performance 
attempts as a plan, and (c) interpret expert feedback on these attempts (Gott, 
1989). This is mainly relevant if the learning goals involve normative sequences of 
operations (i.e. operational knowledge), as is the case in the domain of program
ming or proof generation. The Lisp Tutor, for instance, communicates the skill of 
writing CDR-recursive functions in terms of an hierarchical plan, even though its 
structure does not fully correspond to the resulting code syntax. A dedicated 'goals 
window' is used to display what has been done sofar, and what goal is currently 
being worked on. 

Secondly, a tutor should help the learner to proceed with problem solving, with
out giving away complete solutions. In a study of human Lisp tutoring, McKendree 
et al. (1984) observed that tutors frequently provide hints or suggestions concer
ning the next goal in the problem solving process. They do so by means of 3 dif
ferent strategies: 

1. Goal decomposition, either by explicitly suggesting a goal or by asking leading 
questions, can prevent a learner from floundering at the initial stage of pro
blem solving. 

2. Reminding the learner of previous solutions can help to construct a similar 
plan (i.e. goal hierarchy) for the current problem. 

3. Simplification can help learners who get stuck at some point of, or intimidated 
by a complex problem. 

Goal setting behaviour can thus be supported by a tutor in various ways. In the 
Lisp Tutor, learners are frequently presented with a menu of possible steps to take 
next, including an option of having the tutor choose. Apart from helping learners 
to proceed in the first place, such goal support is of major importance to what is 
being learned. This is so because, according to current theories of learning (e.g. 
Anderson, 1987; Newell & Rosenbloom, 1981), a newly learned rule will only be 
evoked in goal contexts similar to the one in which it arose. Learning the right 
things in the wrong goal context can lead to inert knowledge, that is, to knowledge 
that will not be retrieved at appropriate times (Bransford et al., 1989). 

The main point is that learning in the problem-solving context, an often clai
med benefit of simulation-based instruction, will not be achieved by just putting 
the learner in a simulated task environment. Learning in the problem-solving 
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context is above all learning by applying knowledge in the appropriate goal context, 
so that newly learned rules are more likely to be used in similar contexts later on. 
A tutor should help the learner in getting a picture of the existing goal hierarchy 
and, if necessary, in setting appropriate goals for further problem solving. 

EURO HELP /FysioDisc Coach 

The recently finished Eurohelp ESPRIT project, aimed at the design of intelligent 
help facilities for computer applications, has among other things resulted in a 
generic coaching system (e.g. Breuker et al., 1987; Breuker, 1988). While this 
system has originally been applied to domains such as Unix Mail and the Unix Vi 
editor, its generic nature has allowed it to be ported to the rather different dom
ain of physiotherapy (Winkels et al., 1989). The FysioDisc system trains learners in 
physiotherapeutic diagnosis, based on videodisc records of patient behaviour. 

The coaching system used for these different domains is of interest here since 
they all require a high degree of learner initiative. In the case of computer ap
plications, learners work within the actual application environment (such as Mail), 
in which they have to solve all kinds of 'on the job' problems in order to proceed. 
In the case of the FysioDisc system, learners can request investigations (recorded 
on videodisc), formulate hypotheses, ask for further information, and finally come 
to a conclusion. 

In the EUROHELP context, coaching should not get in the way of ongoing 
task performance. It is therefore preceded by an analysis in which the help system 
tries to determine what the user is actually trying to do, and whether he/she is 
doing it efficiently, inefficiently, or plain wrong. Inefficiency is determined relative 
to what the learner should be able to do according to the learner model. This 
model is also used to determine whether there is an occasion for expanding the 
learner's knowledge, instead of remaining silent or giving operational help only. If 
a user does something wrong, the learner model may for instance indicate that this 
particular learner is not yet up to a deep explanation of why it was wrong, and 
may benefit more from just being told what the right procedure is. 

In the FysioDisc system, which is solely used for instructional purposes, the 
learner's diagnostic performance is primarily matched against an ideal diagnostic 
sequence. As with IMTS, FysioDisc asks the learner to specify his or her set of 
current hypotheses. The Coach can decide to remediate a lack of knowledge or 
misconception, to remind the learner of something encountered before, to give 
additional feedback on the state of the problem or the system's actions, or to give 
positive feedback when the learner performs correctly. 

5.4.3.3 Effectiveness of existing systems. 

As with most ITS's, there is very little hard evidence on the effectiveness of the 
instructional features described above. SOPHIE-II was actually used for a short 
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course (Wenger, 1987), but experiments revealed the fundamental restrictions 
imposed on instruction by a quantitative simulation model. Evidence on the effec
tiveness of STEAMER has only come from 'anecdotal reports of favourable reac
tions' from Navy trainees (Gott, 1989). An informal experiment with QUEST 
showed improved performance on a paper-and-pencil test, and more advanced 
troubleshooting behaviour when working with the system itself (White & Frederik
sen, 1990), while Gott (1989) mentions the 'successful application' of causal model 
progression in several other domains. Informal reactions on the use of MACH-III 
in radar mechanics training have been favourable sofar, although both learners 
and instructors appear to pay only little attention to its tutoring functionality 
(Critiquer and Advisor), thereby reducing the system to a fairly plain radar simula
tion (Kurland, 1989). The IMTS helicopter application is still in experimental 
evaluation at a military maintenance training school (Towne & Munro, 1989). 

Like SOPHIE-II, GUIDON turned out to be limited because of the low cog
nitive fidelity of its underlying knowledge base: learners had problems with under
standing, remembering, and actually using the MYCIN rules (Clancey, 1983). 
Experiments with the Lisp Tutor have shown that, while the human tutor is gener
ally superior to other pedagogical alternatives, the computer tutor is not far be
hind (Gott, 1989; Shute, 1990b ). And finally, both the EURO HELP and FysioDisc 
systems have not yet been assessed on their instructional effectiveness. 

Most of these systems have not been thoroughly evaluated in such a way that 
the differential effects of their various instructional features could be established. 
However, many of the features described have been derived from cognitive theo
ries (e.g. ACT*), which are in turn corroborated by fundamental cognitive res
earch. Nevertheless, the need remains to test their application in the domain of 
simulation-based ITS. 

Most of the above features are also in line with the well-established principles 
of traditional apprenticeship instruction. The present state of computer-based 
instructional technology allows us to return to this resource-intensive mode of 
instruction, but now for complex real-world tasks which draw more on cognitive 
than on physical ski1ls (Collins, 1988; Gott, 1989). Collins discusses six characteris
tics of cognitive apprenticeship instruction: 

1. Situated learning: " .. .learning knowledge and skills in contexts that reflect the 
way the knowledge will be useful in real life" (Collins, 1988, 2). 

2. Modelling and explaining: " ... showing how a process unfolds [and] giving reas
ons why it happens that way" ( 4 ), which can either involve processes in the 
world or the performance of an expert. 

3. Coaching: providing active guidance and help when needed, and gradually 
diminishing the degree of assistance as learning progresses (fading). 

4. Reflection on performance: e.g. by means of replay facilities. 
5. Articulation: " ... forcing students to explain and think about what they are do

ing" ( 10), e.g. through the construction of and experimentation with artifacts 
based on their theories or ideas. 
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6. Exploration: " ... pushing students to try out different hypotheses, methods and 
strategies to see their effects" (12). 

In similar vein, Gott (1989) mentions situated learning, scaffolding (external sup
port), and fading as hallmarks of apprenticeship, and adds a careful sequencing of 
learning activities to the list. Again, and although the apprenticeship tradition goes 
back a long way, its effectiveness in simulation-based ITS geared towards complex 
cognition remains a subject for research. 

5.5 Instructional environments: a theme-centred approach 

In this chapter we described all kinds of 'instructional measures' from a variety of 
sources: ITS's, use of simulations, instructional design theory and cognitive theory. 
The present section will summarize and reorganise a selection of the results from 
the preceding discussion by classifying instructional measures according to four 
themes we identified as being important for instructional use of simulations (see 
the Chapters 1 and 2). This classification is only used for clarity, sometimes we 
had to choose were to categorise a specific instructional measure because it could 
be listed under more than one theme. 

5.5.1 Theme 1: Domain models 

As a first characteristic of simulations we stated that a simulation contains a com
putational model. Most of the times these models are rather complex and have a 
complicated quantitative character. As we have seen in Chapter 3, models can be 
characterized by specific epistemological entities and relations (see also van Joolin
gen & de Jong, 1990; de Jong, Tait & van Joolingen, 1990). 

These characteristics of models have led to instructional recommendations 
that basically involve simplifying the models offered or giving additional domain 
information so that the information offered in the simulation comes closer to the 
prior knowledge of the learner. 

• multiple views on the same model; 
• progressive implementation; 
• offering domain information in a more direct instructional way prior to or 

additional to the simulation. 

a. Multiple views. 
Giving the learner a struttured insight in the model might be reached by offering 
information on the epistemological qualities of the model. We are not aware of 
studies where learners are offered information on epistemological qualities of the 
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model. One ongoing study (Njoo & de Jong, 1990) offers students who use a 
computer simulation in mechanical engineering information on the role of varia
bles and parameters. 

Quite close to this principle is offering multiple views on the same model58
. 

White & Frederiksen's (1987) work is the most elegant example of this instruc
tional principle (see Section 5.4 ). The principle of multiple views can also be 
found in amongst others STEAMER (conceptual vs. physical fidelity) (see Section 
5.4.3). 

The fact that models are mostly complex and numeric may lead to offering 
the learners qualitative descriptions of basically numeric relations. Moreover, it 
genuine (expert) understanding of a domain is accompanied by having qualitative 
models of the domain. Plotzner, Spada, Stumpf & Opwis (1990), for example, have 
designed a microworld for teaching about the physics topic of collision in which 
they distinguish three domain levels: a semi-quantitative-relational level, a quan
titative-relational level and a quantitative-numerical level. In their view learners 
will traverse these levels from the semi-quantitative-relational level, through the 
quantitative-relational level to a quantitative-numerical level. If feedback is given 
to the learner is should be at the appropriate level. 

b. Progressive implementation 
One of the ways to offer complex models is by using progressive model implemen
tation. The best application of this principle can be found in QUEST (White & 
Frederiksen, 1987 a and b ). QUEST not only offers learners multiple viewpoints 
at the same model, but also presents these in a sequence of increasing complexity 
(QUEST has been discussed extensively in Section 5.4). A specific type of model 
progression has been proposed in Reigeluth's Elaboration theory (Reigeluth & 
Stein, 1983; Reigeluth & Schwartz, 1989). They advocate that simulations start by 
presenting some central, general principles and then proceed by presenting increa
singly complex models (see Section 5.4.2). 

c. Offering additional information 
Several studies point out that taking profit of learning with a simulation decisively 
depends on the learner's prior knowledge of concepts and sustaining information 
that is present or related to the model in the simulation. By surrounding or alter
nating the simulation with more tutorial like instruction, potential problems with 
insufficient prior knowledge can be overcome. 

Instructional design theories mostly take this aspect into account (see Section 
5.4.2) and recommend to start a simulation session with a tutorial like introduc
tion. Reigeluth and Schwartz (1989) for example recommend to start the simula
tion session with what the call a "prototypical example" that they can observe, in 

580ffering multiple views is very close to the idea of multiple viewpoints at a domain as discussed 
in Kamsteeg, de Jong & de Hoog (1990). 
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order to prevent the learner form trial-and-error behaviour when they are in the 
exploratory phase. An example of offering a tutorial before the simulation can be 
found in one of the prototyping activities of this project described in de Jong & de 
Hoog (1990). 

A second possibility is to remedy the learner's knowledge while s/he is wor
king with the simulation. This can be done at the learner's initiative (s/he is of
fered a tutorial or data base (possibly hypermedia-based)) or it can be under the 
control of the system. An example of this can be found in Shute (1990a) who used 
an ITS on electricity. Learners had to solve problems with a simulation environ
ment and received domain feedback when making mistakes. The feedback could 
be of two kinds: deductive and inductive. In the deductive condition learners were 
given a principle from the theory that applied to their mistake, in the inductive 
condition learners were only provided with the relevant variables in the problem. 

5.5.2 Theme 2: Learning goals 

In the beginning of this chapter we distinguished basically three types of learning 
goals. The first two conceptual and operational knowledge were referred to as kinds 
of knowledge, and as a third kind we distinguished knowledge acquisition knowle
dge. 

a. Conceptual knowledge 

Quite a few studies stress that computer simulations are not very efficient for 
teaching simple conceptual knowledge, they even sometimes claim that only con
ceptual knowledge where time is involved (so where the model contains a process) 
are suited for being taught by means of simulations (see for example Reigeluth & 
Schwartz, 1989). 

Learning conceptual knowledge may be very much related to learning operational 
knowledge. For learning operational knowledge it seems wise to have good under
standing of the associated underlying (conceptual) knowledge (see e.g. the discus
sion on STEAMER in section 5.4.3 and Gott, 1989). Sometimes it is therefore 
recommendable to teach the conceptual knowledge first, and possibly by other 
means than the simulation. 

b. Operational knowledge 

Anderson's theory, which is developed in the context of operational knowledge 
(e.g. geometry proofs) recommends to give immediate feedback when a learner 
makes a mistake. Munro, Fehling & Towne (1985), however, point out that this is 
not an instructional strategy to use when the learning goal involves what they call 
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dynamic skills. In the latter case, where learner's attention is heavily consumed by 
the task itself, it seems a better idea to use "less-intrusive feedback, meaning that 
the learner is presented a signal that an instructional message is available and to 
enable him to neglect or ask for this message. 

Tennyson & Elmore (1990) use a computer simulation to teach what they call 
"contextual knowledge" this is when and how to use operational knowledge and 
conceptual knowledge. The conceptual knowledge itself is taught in a more ex
pository part of their program. 

c. Knowledge acquisition knowledge 

Knowledge acquisition knowledge refers to knowledge the learner has on how to 
act in order to gain knowledge. In the context of simulations this means how 
proficient the learner is in exploratory learning. 

Here we discuss the general aspect of knowledge acquisition knowledge, when 
guidance refers to the more specific learning processes that constitute this explora
tory learning process, they will treated under the subsection "learning processes". 

Although different training programs for teaching "scientific skills" exist (see for 
example Germann, 1989 and Leonard, 1988), not much of them are geared to
wards use with computer simulations. An exception to this can be found in Fried
ler, Nachmias, & Linn (1990). Their microcomputer based laboratory is explicitly 
designed for teaching scientific reasoning skills. According to them scientific reaso
ning is comprised of: 

• defining a scientific problem; 
• stating an hypothesis; 
• designing an experiment; 
• observing, collecting, analyzing, and interpreting data; 
• applying the results; 
• making predictions (Friedler et al., 1990, p. 173). 

For training the different abilities Friedler et al. use so-called context-free com
puter games outside the context of the laboratory. Students are then offered com
puter games that help them develop for example their ability to control variables. 
Friedler apply this 'context-free' technique although they themselves repeat the 
general notion that general abilities are only well learned in the context of a 
specific domain. 

In another study (Njoo & de Jong, 1990) supported the scientific reasoning pro
cess by offering learners forms that consisted of a number of blocks, each dedic
ated to a specific phase from the exploratory process. They distinguished model 
exploration, stating hypothesis, designing an experiment, making a prediction, data 
interpretation and reinterpretation of the model. Students worked through a simul-
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ation using these forms and urged to fill in every block of the form. Before the 
simulation started students were given information on the different phases of the 
exploratory process, either in general or in domain specific terms. No results can 
yet be reported, since this study is still ongoing. 

The study mentioned above helps the learner exploit an exploratory learning 
process by giving training and guidance in the exploratory process in the context of 
computer simulations. In Tennyson & Breuer (1990), however, computer simulati
ons are explicitly used to train "higher-order thinking skills". This implies that the 
domain involved in the simulation is not really important but instrumental to 
learning the knowledge acquisition skill. Tennyson and Breuer therefore recom
mend to assure that the learners are very proficient in the domain chosen. For the 
simulation itself they state a.a that it should be complex enough, expose students 
to alternative solutions, allow the students to see consequences of their choices, 
and that the simulations contained a situation that without decisions of the lear
ners would collapse (e.g. firms that go bankrupt). Finally, Tennyson and Breuer 
recommend the use of group discussion when working with the simulation. 

5.5.3 Theme 3: Learning processes 

Learning processes can be sustained by offering instructional guidance (directive 
support) or it can be helped by non-directive support (e.g. hypotheses scratchpads). 
Although the difference is sometimes vague, directive support is discussed in the 
present section, and non-directive support is described in the interface chapter. 

As was stated in Section 5.3 there seems to be a contradiction in the terms 'explo
ratory learning' and 'instructional strategy'. By instruction initiative is taken away 
from the learner and put into the hands of the tutor. In the context of exploratory 
learning we should therefore regard an instructional strategy as a means to guide 
exploration, which implies guidance of learning processes characteristic for explo
ratory learning (see Chapters 1, 2, and 4). 

Basically, this guidance can be provided in three different ways: 

a. Providing favourable conditions 
The instructional strategy may give prescriptions that set an environment in 
which learning processes and activity can take place. As an example we may 
think of a strategy of progressive implementation in which the learner starts 
with a model that lies within his/her capabilities (e.g. White & Frederiksen, 
1987). This strategy is related to the principle of mastery learning (see e.g. 
Glaser, 1989, p. 639). A second example can be found in (Bocker et al., 1989). 
In their simulated electronics laboratory (ELAB) the learner is not allowed to 
fill in values for variables that will lead to (for these learners) unexpected and 
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hard to interpret results. In this way, by setting boundaries to the input, the 
learner is prevented from erroneous behaviour. A similar approach can be 
found in Bender (1990) in which the learner gets error messages and prompts 
to retry if he enters values for parameters outside a permitted range. In IMTS 
(Towne et al., 1988) the learner can be given a problem hint ifs/he appears 
to be stuck. A problem hint is a conceptual hint that may help him to over
come this problem (e.g. K107 must be energized to have power to the 
Spread/Fold circuit, Towne et al., 1988, p. 27). 

b. Stimulating learning processes 
A second way of supporting learning processes and activity is explicitly sti
mulating them. 

• The use of a Socratic dialogue in order to have the learner revise 
his/her thoughts is a widely spread technique. Brna (1987), for exa
mple, created a microworld on the physics topic 'dynamics' in which 
learners are confronted with the results of their own misconceptions. A 
second example can be found in Finegold and Gorsky (1989). The 
basic idea in their study is the creation of "cognitive dissonance" and 
helping the learner to overcome this. Classroom discussions are less 
well suited for this, computer simulations are according to the authors 
an excellent medium. Their domain is mechanics and the situation 
presented is a book on a table and the question which forces are ac
ting. The learner has to reason himself out of a cognitive dissonance 
( e.g the learner who has indicated that there are no forces on the 
book, is shown that the book will stay at the same place if the table is 
taken away). 

Junck and Calley (1985) developed a genetics laboratory in which 
problems are posed by the computer and solved by the learner and the 
tutor in cooperation. They state that in this method (which they call 
the 'post-Socratic pedagogy') the tutor is encouraged to "help students 
solve problems by either suggesting heuristics or by pointing out cer
tain patterns in the data" (p. 14). 

This teaching process of 'Collaborative learning' is also advocated 
by Chan and Baskin (1988) and Behrend, Singer and Roschelle (1988). 
Studies in which learners are not explicitly encouraged to activate their 
prior knowledge, show that learners might learn how to play a game 
with the simulation, but fail to understand essential relationships in the 
model (Flick, 1990). 
Providing hints and suggestions is yet another way to elicit learning 
processes. Rivers & Vockell (1987) provided learners with general 
guidelines on how to work with a simulation. Examples of these guide
lines are: "It is a good idea to test only one variable at a time", and 
"Look for patterns or relationships as you systematically change the 
variables". They found that learners who received these guidelines 
showed better knowledge acquisition behaviour than learners who did 
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not receive these guidelines. 
Friedler et al. {1990) offered learners specific information on how 

to carry out "Observation" and "Prediction". The domain was heat and 
temperature and they gave students forms to note down their hypo
thesis that already unravelled the elements of the hypothesis. For 
example: "Predict the temperature at the beginning of the experiment, 
when the water starts to boil etc. What do you base your predictions 
on" etc. 
Fault diagnosis is yet another approach. Of course fault diagnosis is 
used in the simulation when troubleshooting is the procedure to be 
learned (as in MACH-III, see Section 5.4.3), but it can also be used as 
a technique to evoke exploratory learning processes with learners (see 
Gott, 1989). 
When the learner has some trouble with simulation characteristic 
learning processes it might be a good idea to take over some processes 
form the learner in order to enable other processes. Njoo & de Jong 
(1990), for example, offered students in mechanical engineering ready 
made hypotheses to explore. Here, learner are encouraged in perfor
ming other steps in the discovery process (such as setting up an ex
periment) because they are explicitly helped with one of the most 
difficult learning processes involved. 

• A very common instructional measure that accompanies simulations is 
giving goals or assignments with the simulations. This seems to be a 
very motivating measure in which learners are for example instructed 
to maximise the profit of a factory. These measures, however, also 
tend to have the side effect of inhibiting learning processes as well. 
Learners will not be inclined to test hypotheses they have by introdu
cing manipulations that will diverge them from the assignment. 

In general the approach sketched here is proactive in that it tries to prevent 
erroneous behaviour. The decision to stimulate learning processes and activity 
may however also be made at the basis of the interaction history of the lear
ner. In that case, the boundary with the next category is vague. 

c. Providing corrective feedback 
A third possibility to guide exploratory learning is to monitor the learner and 
provide corrective feedback when the difference between the students actions 
and the intended (ideal) actions is getting too large. The basic philosophy 
behind this approach is to let learners learn from their failures. This approach 
is generally denoted as coaching (please note that in Anderson's approach 
(discussed above) there is almost no possiblity to make a mistake which 
means that the distance between the learner's and ideal actions that is al
lowed is almost zero). We have seen some examples of coaching in the prece
ding sections (e.g. Section 5.4.3). 
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5.5.4 Theme 4: Learner activity 

Learner activity refers to the manipulations the learner is allowed to make when 
working with the simulation. Leamer activity, is mostly sustained by providing the 
learner (non-directive) support through the interface (e.g. by facilitating easy 
change of input variables). Some of the measures mentioned above (e.g. the hints 
by Rivers & Vockell, 1987) could also be classified under guidance for learner 
activity. Most information on how learner activity is supported can be found in the 
interface chapter of this document. 

The categories of instructional support as were given in the present section are 
certainly not mutually exclusive. This implies that strategies and actions from 
different categories may be combined in designing ISLE's. Moreover, we realize 
that the list presented here is far from exhaustive and should be subject to con
tinuous updating. 

5.6 Some notes on formalization. 

According to the SIMULATE Technical Annex, formalization should result in an 
implementation-independent description of all ISLE components. More recently, 
formalization has been defined as 'the structured, unambiguous and economic 
description of ISLE related information' (de Jong & Tait, 1990). For the instruc
tional component, such a description would at least require the following: 

1. Identification of valid instructional knowledge to be formalized (e.g. what kinds 
of possibly useful strategies do we have, and when should for instance a coac
hing strategy be used?). 

2. Identification of an appropriate set of instructional primitives which capture the 
semantics involved (e.g. what exactly constitutes a coaching strategy, or an 
explanation, and what instructional terminology do we use to express it?). 

3. Identification of appropriate knowledge representation formalisms, needed to 
represent both static instructional knowledge as well as dynamically changing 
knowledge of the evolving instructional situation (e.g. do we use production 
rules, transition networks, or something else to represent an instructional 
strategy? and how do we represent a plan under construction?). 
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4. Identification of suitable (class of) control mechanism(s) which determines 
what the system should do next, given the current instructional situation (e.g. 
should the next action be based on a diagnosed opportunity, a goal-directed 
plan, or a mixture of these? and can this be different for different instruc
tional levels?). 

In line with recent ITS literature (e.g. Ohlsson, 1986; Wenger 1987; Murray, 1989), 
we have argued elsewhere that dynamic planning seems to be the most appropriate 
instructional control approach for an ISLE (issue 4; Byard, van Berkum & Tait, 
1990; van Berkum, Byard, & Tait; 1990). According to this approach, an intelligent 
instructional agent is a problem solver, who tries to decide on the next instructional 
action on the basis of an hierarchical plan, which is dynamically revised to take 
the evolving instructional situation into account. 

In a previous version of the present paper, we suggested that the Soar cog
nitive architecture (Laird, Newell & Rosenbloom, 1987) could assist in tackling 
the above formalization issues 3 and 4. In brief, the argument was that, since 
dynamic instructional planning is problem solving, and since Soar is a sophis
ticated architecture entirely based on the problem-space paradigm, the latter 
architecture would at least offer a suitable framework for thinking about dynamic 
instructional planning. Although this argument still holds, practical considerations 
have led van Berkum, Byard, and Tait (1990) to abandon Soar as the starting 
point for instructional formalisation59

• 

At the moment, formalization has made some progress on the above issues, in 
particular issues 3 and 4 (and, to a lesser extent, also issue 2; see van Berkum, 
Byard & Tait (1990)). Various simulation-based ITS projects (e.g. Murray, 1989; 
Woolf et al., 1988; see Byard, van Berkum & Tait, 1990) suggest that the more 
semantic issue of valid instructional knowledge is much harder to resolve. Future 
formalization activity will try to address this difficult theme. 

59 At a later stage, Soar can still be used as an ordinary rule interpreter to experiment with 
instructional planning rules. While this does not capitalize on the true virtues of this architecture (use 
of problem spaces, default problem-solving heuristics, and a basic learning mechanism), it is fully in 
line with the production-system approach to dynamic instructional planning (van Berkum, Byard & 
Tait, 1990). 
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Abstract 

The learner interface is the component of an instructional system that intermediates between a 
learner and the system. Two fundamental different approaches in interface design can be distin
guished: the conversational and the direct manipulation metaphor. Interfaces in both metaphors can 
be scaled on a dimension indicating the 'distance' between the user's intentions and the physical 
expression. In combining the dichotomy small and large distance with the conversational and direct 
manipulation dichotomy, four different interface types result. These 4 types can be applied to both 
the input and the output side of the interaction. Combining these yields a (4x4) 16 cell 'space of 
interaction' matrix. This matrix is used as background information for the rest of the chapter. 
The next three sections are devoted to a systematic discussion of three generic entities that are part 
of the interface for simulations: the model entity, the learning entity and the control entity. The 
model entity is further subdivided in an output and an input aspects, respectively covering the dom-
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ain model and learner activity theme. The learning entity consists of an instructional aspect and a 
learning process aspect, the latter comprising everything that is related to the learning process of the 
learner. The instructional goal theme and the learning process theme are covered by this entity. The 
control entity is mainly for high level control of the simulation environment giving the learner the 
opportunity to quit, save and sequence. 
Designing interfaces at the screen level is discussed shortly in the following section. An attempt is 
made to define generic action and object classes which can be used for ordering input and output. 
The remaining sections describe respectively desirable hardware properties and formal techniques 
that has been used for designing interfaces. Summary and conclusions are in the final section of this 
chapter. 

6.1 Introduction 

In chapter 1 an ISLE was defined as existing of four design components of which 
the learner interface is one. This learner interface is the 'front end' of the instruc
tional simulation, and as such it incorporates and supports all of its different as
pects, and has to take into account all possible combinations and interactions of 
the themes and components mentioned. The study of these themes and com
ponents and the interaction between them will constitute the major part of this 
chapter. The outline is as follows. First we will give a brief overview of the devel
opment of man-computer interfaces during the last twenty years. This will lead to 
a classification of types of interfaces that can serve as a point of reference for 
discussing specific properties and requirements for interfaces for simulation. The 
next three sections will be devoted to a systematic treatment of the three generic 
entities that constitute an interface for simulation: the model entity, the learning 
entity and the control entity. These entities subsume the four themes (domain 
models, learner activities, instructional goals and learning processes) that glue all 
contributions together. The remaining sections will describe general design con
siderations, hard and software requirements, some reflections on formalizing the 
interface and, of course, the summary and conclusions. 

6.2 Man-computer interfaces: an overview 

In this section we will present a brief overview of the development of user inter
faces during the last twenty years. The discussion will be a general one, implying 
that we will use the term "user" instead of "learner", which will be employed in the 
other sections. The developmental aspect will be outlined by introducing two 
metaphors which have governed interface design in the past and the present. 
Finally we will introduce a classification of interfaces. This classification serves as 
a reference for the following sections. 

page 204 SAFE/SIM/WPI/EUT-rep /comp.final 



The SAFE Project Leamer Interface 

6.2.1 Metaphors for interface design 

In the mid sixties an important change occurred in the way people interacted with 
computers: from an overwhelmingly batch oriented way to direct interaction 
through a screen and keyboard. However, the communication-language did not 
change with the introduction of interactive human-computer communication. Only 
the user felt more in touch with the computer using keyboard and screen. The 
dramatic reduction in tum around time, compensated for the time being the nec
essity to use the same awkward command language as in batch systems. At the 
same time the transition from cards and listings to keyboard and immediate res
ponses on the screen was a frightening experience for many regular and novice 
users. Touching the wrong key could cause a mess on the screen, files being mis
sing, waiting for responses, red lights flashing etc. This however did not inhibit the 
steady growth of interactive computer use, a process speeded up considerably by 
the appearance of the micro-computer and the PC. 

However the computer language still remained the one used in the fifties, though 
now used in a conversational metaphor: man and computer are talking partners. 
Within this framework there has been a slow expansion of human-computer inter
action possibilities. The main direction of development was trying to ease the 
burden of adapting to the computer language for (casual) users. One of the results 
is the emergence of natural language interfaces. Another one is the introduction 
of a visual component in the user interface which is reflected in direct manipula
tion interfaces60

• 

In the next two sections we will describe in more detail the two main metaphors 
that dominate the user-interface landscape at this moment. 

60It is interesting to speculate about the persistence of the human-computer interface problem. 
One could argue that in the long run this problem will disappear even if there is no further effort put 
into improving interfaces. Three arguments can be given: 

• programs will become more sophisticated, i.e. the necessity of a complicated user interface 
is a corollary of the stupidity of the present programs 

• systems and languages will become more standardized, i.e. one of the big problems at the 
moment is the lack of resemblance between interfaces, making it necessary to start again 
when changing to another environment 

• people will come in contact with computers much earlier in their life, i.e. they will become 
familiar with computers and the way to operate them as a part of their general education. 

The analogy is with learning to ride a bicycle: in the twenties there were a large number of schools 
in Amsterdam where you could learn to ride a bicycle, today there is none left. The main reason for 
the extinction of the species being the uniformity of bicycles (if you can ride one, you can ride them 
all) and the availability of bicycles for young children (most of them can ride a bicycle at age four). 
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6.2.2 The conversational metaphor 

Initially the communication was dominated by the language of the computer. 
Users had to learn its complicated syntax and semantics. This complexity can be 
seen as a natural consequence of the way computers were programmed for execu
ting a task, therefore this style of interaction is called a formal interaction style. A 
formal interaction is a conversation "in which the activities and data structures 
within the computer are presented externally in a direct representation with the 
minimum syntactic sugar necessary to aid human recognition" (Gaines & Shaw, 
1986b, p. 102). Examples of this formal conversation style are: command lan
guages, query languages, form fill-in systems, menu selection systems (Gaines & 
Shaw, 1986; Shneiderman, 1987). 

Several developments (hardware, software) made it possible to approximate more 
and more ordinary human language. Thus the burden of learning and remem
bering the syntax of the interaction language is relieved. This kind of com
munication is generally called a natural language dialogue. The human use of 
language is simulated by the computer and an anthropomorphic machine is creat
ed. (Gaines & Shaw, 1986; Shneiderman, 1987). Natural language interfacing is 
greatly aided by Artificial Intelligence research and logic programming languages 
like Prolog. With research and experiments still going on, there already exists a 
system "with a vocabulary of 20.000 words, 98% of the typical English speaking 
vocabulary". The machine can even interpret phonetically abstruse phrases like 
"Write ms. Wright a letter right away" (Foley, 1987, p. 66). Recent developments 
are also the "talking head" computer interface, where the computer acts as a kind 
of television screen: you actually see and hear someone talking from a window in 
the application. Through this integration of hypermedia, simulation and artificial 
intelligence human language is becoming part of the computer (Gasper, 1988). 
However, Shneiderman points out some problems with natural language inter
faces. One drawback is the missing information (syntax, semantics) about the 
objects and actions in the task domain (Shneiderman, 1987). 

6.2.3 The direct manipulation metaphor 

While efforts to make the computer understand as much as possible from conver
sational input are continuing, a new way of communicating with the computer has 
emerged, without typed or spoken language. This way of communicating looks 
more like the way man communicates with his environment: through objects and 
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actions, it is called the direct manipulation metaphor (Hudson, 1987)61
• 

Shneiderman coined the term 'direct manipulation' and its key ideas are: "visibility 
of objects and actions of interest, rapid reversible incremental actions, replacem
ent of command language syntax by direct manipulation of objects" (Shneiderman, 
1987, p180). Objects on the screen are representations of real world objects and 
actions in the most simple form are touching and moving with a special pointing 
device, the mouse. This means that a user can execute a task with a minimum of 
syntactic knowledge and only a little semantic knowledge of the internal computer 
language. The user can concentrate fully on the semantics of the objects and 
actions of the task (Shneiderman, 1987). The most spectacular direct manipulation 
application is the interface with which reality can be simulated and an actual 
direct manipulation is made possible: the user sees his hand, also simulated, mani
pulating something in the artificial world. The real hand wears a glove with special 
electronic equipment translating movements in signals, with which the computer 
projects a simulated hand on a head mounted monitor. The movements of the real 
hand are made visible on the monitor. The special glove can also be used for 
remote manipulation in a place where people cannot go without risks, e.g. a nuc
lear plant. 

The value of these types of artificial realities for simulated learning has to be 
established. Foley gives a clear description of how user and computer can act in a 
shared simulated world (Foley, 1987, p 62-67). Shneiderman suggest that research 
on problem-solving and learning shows the positive influence of visualisation on 
the learning process in comparison with textual and numerical representation 
(Shneiderman, 1987, p198). Problems lie in finding a transferable visual represen
tation of the object from model or reality (Shneiderman, 1987). The 'desktop 
metaphor' used by the Macintosh user interface is a fairly easy analogy, but what 
about visualising complex logical constructs such as 'integrity rules' from the data
base domain? 

610ne could argue that in spite of all its proclaimed advantages and superiority this development 
is a step back. Direct manipulation of objects is definitely not the way intelligent partners tend to 
communicate, they talk in some kind of language. From this angle direct manipulation is just a way 
of representing the interaction between dumb, inanimate objects and humans. Thus the tendency to 
transform computers to intelligent partners will in the long run doom the direct manipulation inter
faces in domains in which higher order skills matter. They will however become steadily more 
important in situations were the emphasis is on motor skills. 
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6.2.4 New directions 

In the near future working with computers and programming will be more and 
more a multi-user and multi-tasking undertaking (the distributed use of information 
technology as it nowadays called). Personal computers are integrated in networks 
with other computers, for instance public databases, but also with other media like 
video-text systems and mixed media like Hypertext (Fiderio, 1988). The user 
interface is likely to be more like a workstation A3 screen with a number of win
dows, some with text, some with objects to be manipulated and a private selection 
of non-standard input and output peripheral devices. The new user interface meta
phor is challenging: concurrency, communication and synchronisation of the 
human-computer interaction (Hill, 1987). 

Summarizing we can say that there are two major metaphors that drive the design 
of man-computer interfaces: the conversation metaphor and the direct manipula
tion metaphor. In the past most interfaces have relied on the conversation metap
hor, but during the last five years there is an upsurge in the development of direct 
manipulation interfaces. This change in the use of a metaphor is facilitated by 
relatively recent advances in technology. Multi-user and multi-tasking user inter
faces are at present mostly based on both metaphors. 

6.3 A classification of interfaces 

In this section the elements of a classification schema for interfaces will be presen
ted. This schema is consists of a space of interfaces axis and a space of interac
tions axis. 

6.3.1 A space of interfaces 

The contrast between the conversational metaphor and the direct manipulation 
metaphor is elaborated by Hutchins, Hollan and Norman (1986) when they exam
ine the basis underlying direct manipulation systems. They do not try to quantify 
direct manipulation because there is a 'feeling of directness' involved in these 
systems and this feeling is difficult to quantify. The stronger this feeling, the more 
the user will feel familiar with a particular system. Moreover, Hutchin et al. iden
tify two aspects of 'directness': 'distance' and 'engagement'. They construct a two 
dimensional 'space of interfaces', with each aspect on a dimension. Below a con
cise description of these dimensions is given as well as a representation of the 
space of interfaces. 
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Distance 

In terms of distance there is a 'semantic distance' between the user's goal(s) and 
the meaning of a selected expression in the interface language both for input and 
output, and an 'articulatory distance' between this meaning and the chosen phys
ical form, also both input and output. The conversational form uses an explicit 
expression, while direct manipulation, by definition working without explicit lan
guage symbols, uses an implicit expression. These implicit expressions are hidden 
in the rules for the operation of the input devices (e.g. is a click or double click 
required) and interpreting the output expression (e.g. different pictures or icons). 

Engagement 

In terms of engagement, Hutchin et al. introduce the distinction between the 
'interface as a conversation' and the 'interface as a model world'. On the conver
sation side there is the use of some kind of language as an intermediary in the 
communication between human and machine. On the model world side there is no 
explicit language, but the 'feeling' of direct involvement through the use of devi
ces. One of the requirements for this feeling, discussed by Laurel (1986), is the 
'inter-referential' relation between input and output. This means the possibility of 
an output expression to be used as (part of) a following input expression. This is 
self-evident when ordinary text in an editor is the object of manipulation. Schema 
6-1 summarizes these distinctions. 

Engagement Distance from user goals 

small large 

Interface as high level low level 
conversation languages languages 

Interface as high level low level 
model world world world 

Schema 6-1. A space of interfaces 

Locating existing interface types in this space can only be done by making as
sumptions about who the users are. In other words the space cannot be filled in an 
absolute way. If we deal for example with expert users in an assembler language, 
then there is already a small distance to the user goals in a low level language. 
Average users on the other hand, experience a large distance from their goals 
when working with a low level language like an assembler language. 
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Assuming an average, non-frequent user, one could fill the cells in the matrix of 
Schema 6-1 as follows: 

high level languages: natural language systems, an understanding/talking machine 
in pure form, synthesizing speech, speech interpreters, 

low level languages: first generation languages, machine language in the extreme, 
all other kinds of languages and packages 

low level world: peripheral devices with directions for use, mouses, joysticks, 
scratch-pads, icons, spreadsheets, 

high level world: devices that need no instruction, direct manipulation m a 
pure form, real world objects or representations. 

Almost all existing types of interaction can thus be placed somewhere in the spa
ce. 

6.3.2 A space of user interface interactions 

The two general characteristics of user interfaces are unfolded in a two-dimensi
onal space by Hutchin, Hollan and Norman. These characteristics suggest that 
user input and computer output in general will have the same distance(s) and the 
same type of engagement. However, in reality, interfaces do not always fit in this 
simple space, because different distances and engagement types are used for input 
and output processes. Existing interaction processes can be better placed in a 
schema where input/output combinations for different entries in the space of 
interfaces are combined. In schema 6-2 the space of interfaces is split into an 
input part and an output part. 

Entries in 
space of high level low level low level high level 
interfaces language language world world 

INPUT text via key- command simple natural 
board language devices manipulations 

OUTPUT printed numbers, simple natural 
text formulas objects objects 

Schema 6-2 Examples in a split space of interfaces 

This distinction between input/output makes clear that input types can be linked 
to output types. The high level language can be a natural language interface con
nected to a Data Base Management System, with data as low level language out-
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put. There can be interfaces with more than one dominating link. For instance, 
the command language input of operating systems are linked to both simple and 
high level language output. Simple devices are used for manipulating spreadsheets 
as well as source code. When all possible combinations are put together in a 
schema (Schema 6-3) this results in 16 input/output sequences characterizing a 
user interface. The input examples in Schema 6-3 are the same for all output 
levels and the output examples are the same for the input levels. Not all cells in 
the table give actual or feasible interface types. The main goal for presenting this 
space of user 'interface interactions is to demonstrate the different semantical 
distances in input and output links. 

INPUT high lewl ION le.iel ION lewl high lewl 
OUTPUT language language wortd world 

high lewl speech commands mouse manipul- Foleys glove 
language manipulating manipulating ating text manipulating 

text text text 

ION lewl speech mani- commands mouse manipul- Foleys glove 
language pulating for- manipulating ating formulas manipulating 

mulas formulas formulas 

ION le.iel speech mani- commands mouse manipul- Foleys glove 
wortd pulating icons manipulating ating icons manipulating 

icons icons 

high lewl speech mani- commands mouse manipul- Foleys glove 
world pulating ob- manipulating ating objects manipulating 

jects objects objects 

Schema 6-3. Example entries in Schema 6-2. 

The same that has been said about the entries in schema 6-1 holds for the entries 
in schema 6-3. They are examples depending on a specific class of users one has in 
mind. In other words, a choice for entries will, in the context of simulations 
strongly depend on characteristics of the learner. Nonetheless, the schema can 
provide important support in designing actual interfaces. It forces the designer to 
address in an explicit way the distance and engagement associated with certain 
classes of learners. This general issue will be a recurring theme when we discuss 
the concept of "fidelity level" in the context of generic entities in the learner inter
face. 
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6.4 Generic entities of the learner interface 

Though the four themes are the main topics that glue the different contributions 
together, in this chapter we will work from a slightly different angle. The way we 
approach the problem at hand is through what we call the generic entities of a 
user interface for learning with simulations. In our opinion every interface in the 
context of an ISLE will contain these generic entities. Below we will describe 
these entities succinctly, in the next sections they will be treated in more detail. 
Then it will become clear that the four themes can be conveniently and suf
ficiently covered while exploring the nature of the generic entities. It must be 
emphasized that the distinction between the entities is a conceptual one. It does 
not imply that every actual screen that is presented to the learner will always 
consist of these three entities, nor that the elements that constitute these entities 
are always grouped together on the screen. 

The model entity 

This entity of the learner interface contains everything related to the domain 
model that is the core of the simulation. In line with the distinctions made in the 
previous section, we will further decompose this entity into an output and an input 
part. The output part is used to communicate with the learner about the model. 
This can be either the model itself, the state of parameters and variables in the 
model, the "reality" as reconstructed by the model or critical properties of the 
model. The input part is used to give the learner the opportunity to effect changes 
in the entities (variables and parameters) that determine model states. As we do 
not deal in this document with modelling in the sense of allowing the learner to 
change the model itself, the input from the learner will mostly consist of changing 
the values of variables and parameters of the model. A special note about a fea
ture which is quite common in many simulations must be made here. The design 
of measuring equipment by the learner in order to observe states of the model sits 
somewhere between the classification in input and output. Though a learner input 
to the computer it serves as an output for the model. To resolve this conflict we 
will subsume these types of learner actions under the input part of the model 
component. If we assume that the model not only includes the model but also 
associated measuring devices, changing these devices can be seen as modifying 
aspects of the model. 

The distinction between output and input in the model component almost coin
cides with two of the four themes. The domain model theme is covered by explo
ring the output part and the learner activity theme by exploring the input part. 
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The learning entity 

Everything that is explicitly related to the learning process of the learner is part of 
this entity. Examples are ways of showing instructional goals, all kinds of learner 
modifiable support features (scratch pads etc.), directive support as advice and 
guidance, navigational support etc. A further decomposition of this component is 
possible. In the learning component there are features which cannot be changed 
by the learner, they are "soft wired" by the designer. On the other hand there are 
elements which are explicitly designed to be modified by the learner. The first will 
be labelled instructional aspects, the second learning process aspects. They respec
tively cover the remaining two themes: instructional goals and learning processes. 

Two remarks must be made about this component. First, it is self evident that in 
designing the input and the output elements of the model component the learning 
processes of the learner will be taken into consideration. The way the model is 
shown (or not shown) to the learner will greatly influence what and how some
thing is learned. However this "instructional meaning" of the output (and input) is 
mostly hidden for the learner. As a contrast, everything in the learning component 
is explicitly shown as related to the learning process. 
Second, it must be noted that in this entity the learner can and will be active in 
the sense that he provides input to the system. However as "learner activities" have 
been defined in Chapter 2 as actions of learners that impinge on the model, all 
actions that take place in the learning component will not be covered by the defin
ition of learner activities. 

The control entity 

A simulation program is a computer program, just as any other program. Thus it 
requires a superordinate control entity that gives the user the possibility to influ
ence the way the program is running. Examples of control actions are quitting, 
saving, printing, redefining the screen lay out etc. From an instructional point of 
view this entity is less interesting and that is why we will keep the treatment of 
this topic rather short This does not imply that we think this entity to be unimpor
tant. The availability of a learner friendly and congenial control entity is of the 
utmost importance in making an ISLE acceptable and usable for a wide variety of 
learners. However we think that an in depth discussion is outside the immediate 
scope of this document. 
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6.5 The model entity 

In this section we will analyze the model entity of the learner interface. This will 
be done according to the distinction between the output and input elements. 
Before turning to these elements two concepts which will permeate our discussion 
of the model entity will be elaborated: model and fidelity level. 
What's a model? 

In this chapter we will take a layered view (Zeigler, 1976) on what constitutes a 
model in a simulation (see also chapter 3). There are four layers: 

• the system that is modelled (the object system) 

• the model of the simulated system outside the machine 

• the representation of that model inside the machine 

• the presentation of the model in the machine to the learner 

For the learner interface the fourth layer is the most important. More specifically 
the question is how we can represent the model of the object system in the mach
ine to the learner. The representation should allow the learner to have a 'view' (or 
a number of 'views') on the model, in order to get an understanding of it. The 
learner interface has to permit a transparent view on the model. At the same time 
the interface must permit the learner to manipulate the model (learner activity). 

Chapter 2 mainly presented an overview of internal characteristics of simulations. 
The two main dimensions introduced there are qualitative versus quantitative and 
continuous versus discrete. It should be noted that this distinction refers to inter
nal (formal) models in the simulation, i.e. the third layer described above. Those 
internal characteristics alone, however are not sufficient to focus the discussion. In 
order to be able to become more specific, a domain related classification of simul
ations is necessary. In terms of the layers: there should also be a link between the 
first and the fourth layer. This domain related classification should be fairly gene
ral in order to avoid too much detail. A classification that satisfies this was given 
in Section 3.2.1.3. This classification is based on a distinction between different 
kinds of object systems represented by the model in the simulation: 

a) Models representing some physical process, object or system. What is meant 
here is, that the simulation addresses some "natural world". 

b) Models representing an artificial system, i.e. a man-made object and the states 
the object can be in (e.g. VLSI, airplanes etc) 
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c) Models representing an abstract or hypothetical system. In this last class there 
is neither a physical counterpart or an artefact. Examples are models repres
enting abstractions from economics (supply and demand) and mathematical 
functions not used for modelling either a) orb) 

This distinction between different model types will serve as one of the dimensions 
along which we will discuss the output elements of the model entity. 

Fidelity level 
An important aspect of learner interfaces is the fidelity level or verisimilitude 
(Cunningham, 1984) of the representation on the screen. Fidelity level means the 
resemblance between the (physical) appearance of the simulation and the "real 
world" model it simulates. The fidelity level can refer to both the input and output 
aspects of the model entity. 

Their are two broad criteria on which fidelity might be assessed. The first one is 
how closely the underlying model resembles the 'real world' model. The second 
one refers to the 'look and feel' of the simulation. 

The correspondence between the real world model and the model in the simula
tion creates the basis for the fidelity level of the simulation. In Chapter 3, we have 
seen that this correspondence is determined by a so called experimental frame, that 
places a filter over the real world model. All kinds of considerations may play a 
role in this experimental frame, instructional considerations being one of them. 
Making simplifications of reality is generally seen as one of the advantages of 
computer simulations (Reigeluth & Schwartz, 1989) taking as an assumption that 
full reality might be too overwhelming for (novice) learners. As was already dis
cussed, several systems provide multiple levels of complexity that can be chosen 
according to the knowledge level of the learner (e.g. IMTS, Towne & Munro, 
1989). 

The other criterion is the 'look and feel' of the simulation. Here we can distin
guish three dimensions: 

a. Output fidelity, does the output of the system resemble the modelled system 
closely (in vision and sound)? 

b. Input fidelity, is the way input is provided the same as in reality both in the 
kind of data input as well as the way this is done. 

c. Associated to a and b, but worth treating separately, is time fidelity. Does the 
runtime of the simulation equal the timing as found in reality? 

The notion of 'look and feel' is closely related to the concepts of distance and 
engagement introduced in section 6.3.1. These concepts can be seen as a more 
precise way of defining the rather vague idea of 'look and feel'. This link implies 
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that it will be difficult to make definite statements about the 'optimal' fidelity level 
in a simulation, because, as we have seen, distance and engagement cannot be 
established in absolute terms, but depend on the actual class of learners that are 
the target users of the simulation. 

In general there are two considerations for choosing a high fidelity level: transfer 
and motivation. Tasks that need to be transferred to reality (such as driving a 
train, see Chapter 8) will profit from a high fidelity level and the level of motiva
tion (sometimes indicated as an inherent characteristic of all kind of simulations) 
might also be enhanced by a high fidelity level. But, as Reigeluth and Schwartz 
( 1989)indicate, not only overload of information for the learner but also the level 
of cost might be a reason to reduce the fidelity level. Though this may be true in 
general, in practice the fidelity level must be carefully determined for each specific 
simulation. That's why fidelity level 
is the second important dimension used in exploring the model entities. 

The model entity: output 

Principally there are two ways in showing the model62: 

a Covert, this means that most of the time input variables and output states are 
shown. 

b. Overt, parts or properties of the model (or the model as a whole) as they exist 
in the machine are shown to the learner 

The covert way of showing the model is essential to learning with computer simul
ations. It calls upon the exploratory, modelling capacities of learners. Learners 
have to derive (induce) internal characteristics of the model from the input-output 
relations. This implies that only input-output relations are shown. This can be 
done in a number of ways. We can draw upon 'classical' literature on designing 
texts (e.g. Hartley, 1978) because we could assume there is no fundamental dif
ference between showing a graph on a screen and in a book, except for time 
relations that you might see emerge on a screen. A discussion of advantages and 
disadvantages of a number of output representations (e.g. diagrams, bar graphs 
etc.) and their function is given elsewhere (McKenzie & Padilla, 1984; Mokros & 
Tinker, 1987). When input-output relations not only refer to specific values of 
input variables and parameters, but also to ranges of these values, the distinction 

62It must be emphasized that this distinction serves a classification purpose only. From the angle 
of instructional/learner goals it could be a sensible approach to gradually "unfold" the model to the 
learner. 
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with overt presentation gets blurred. 

Overt presentation refers to showing the model (or parts of it) directly to the lear
ner. The crucial problem is of course how and when to show the model to the 
learner. The how will be discussed in this subsection, the when refers to instruc
tional strategies. 

More in general the following aspects can be shown of a model: 

• concepts 

• relations 

• complex relations (e.g. in the form of diagrams) 

relations between stochastic variables 

abstract lay-out of the model 

• processes 

• structured description of an associated procedure 

• critical properties of a model 

As a vehicle for showing the model to the learner, use can be made (maybe in 
adapted form) of modelling techniques as offered to authors (see Van Joolingen, 
Castells & Abreu, 1990). Learners might be given the opportunity to zoom in or 
out on elements of the model. Here we can also use the mathematical background 
of the model to the learner (again maybe in adapted form). 

A distinction, which will not be elaborated further, can be made between main 
output and auxiliary output. Main output reflects the new state the model is in 
after the manipulation of input variables. It represents the key aspects of the 
model. Auxiliary output is not strictly necessary for gauging the state of the model, 
but can be of great help in determining the next change in the input variables. If 
applicable, these kinds of output can be placed in different (sub )windows of the 
general output window. An excellent example of auxiliary output can be found in 
Flight Simulator where the bearing of the plane is given. This in itself does not 
give information about the state of the model that is not already available el
sewhere on the screen. But this bearing can be of great help in keeping the gener
al direction of the plane, especially during landing. 

The discussion that follows will explore a two-dimensional matrix whose dimen-
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sions are the type of model (physical, artificial, abstract), and the way of presen
ting the model (overt or covert). For each cell of this matrix we will review impor
tant aspects of the interface with a strong emphasis on the fidelity level. 

physical, covert 

The most simple way of not showing the model to the learner but only a certain 
state, is to produce the value of the output variables in a numerical or al
phanumeric format. Most of the time however this will not be sufficient because 
understanding of the model will most of the time be based on an understanding of 
relations between different output variables. It are these covariances that matter. 
This implies that quite frequently the output must be shown in some relational 
format, leading to graphical output representations. Unfortunately, representations 
in more than three dimensions are neither easy to produce nor to understand, 
limiting the possibilities to two dimensional charts most of the time. It's a desig
ners challenge to make choices in this area. Guidelines can be derived from an 
instructional strategy, indicating that some relations are more important than 
others and must be shown first. A specific instance of relations are time depend
encies, which are only relevant for dynamic models. An important heuristic in 
discovering the nature of a model is to trace its outputs over time. It is difficult to 
imagine how this output trace can be visualized in another way than through 
insightful graphs. Long list of numbers are usually not readily interpretable by 
learners and should be avoided. 

In a number of cases a high fidelity level seems unattainable, simply because the 
variables involved cannot be "seen" in the traditional sense of the word. High 
blood pressure itself cannot be visualized, but a dial of a blood pressure gauge 
can. This leads to the idea of the fidelity level of the equipment involved. An 
example of a simulation in which there is a very high fidelity level of the equip
ment is the Lysimeter program described by Peterson, Jungck and Sharpe (1987). 
What appears on the screen is almost identical to the experimental setup used in 
practice for measuring the soil moisture relevant for growing plants. Sometimes 
efforts to attain high fidelity levels flounder on shortcomings in the hardware: the 
machine is for example not fast enough to give a credible representation of some 
high speed continuous output process. 

physical, overt 

The first and foremost question is how to show the model. This directly addresses 
the question of the fidelity level of the model. In some areas something like fidel
ity level of a model is in itself ambiguous because there is no "picture" of the 
object system other than through a model. For example in chemistry, a molecule is 
not visible and the way to visualize it is at the same time "the" model. A molecule 
can be shown by the familiar representation of text books, but also by multi-col-
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oured balls of different size, as is the case in some advanced simulation models 
available on high speed high resolution graphical workstations. Moreover these 
last can also be rotated in order to get a better insight into their spatial structure. 
Important to emphasize here is perhaps, that the question of the fidelity level in 
showing the model cannot be separated from other learning material available to 
the learner. As it is not realistic to assume that all learning will take place through 
simulations, one should take into account representations that are present else
where. The sound strategy seems to be to stay as close as possible to these other 
materials, because a multitude of representations will only confuse the learner. On 
the other hand, computer representations will make possible certain insights that 
cannot be readily obtained through other learning material, for example the spa
tial structure of a molecule. In such cases a shift in representation is unavoidable, 
but care should be taken that mappings between representations are available or 
even present in the interface. 

As soon as there is a "picture" of the object system the fidelity level will become 
related to the question whether high fidelity levels are necessary for understanding 
the processes involved. Take for example a model that describes the denudation 
process of a landscape form. This model will describe the relations between varia
bles like type of soil, amount of precipitation, nature of the vegetation, wind direc
tion and wind force, temperature fluctuations, steepness of slopes etc .. This model 
will be fairly complex and as such not readily open to inspection by a learner. It 
might be a sensible thing to replace this model, perhaps for some time, with a 
stylized pictorial representation of the landscape itself highlighting some of its 
salient features. Gradually this stylized representation can be replaced by model 
elements, depending on the state of the learner. 

The discussion above makes clear that one should be careful in making absolute 
statements about the required fidelity level, precisely because shifting fidelity 
levels during a simulation or a sequence of simulations can be helpful for the 
learner. As Cunningham (1984) emphasizes: simulations that are too realistic and 
complex may not permit the identification of the underlying objective. 

artificial, covert 

Although this category is part of the matrix, it is not so easy to think of situations 
where it makes sense, or even where it is possible at all, to hide the model effec
tively from the learner when the related object system is an artificial system. More 
in general this raises again the question what "the model" exactly is. In Flight 
Simulator "the model" is some complicated formula that given certain flight varia
bles and environmental parameters calculates the behavior of the simulated plane. 
This model is hidden, there is no way the learner can access it. But to state that 
during the use of Flight Simulator the learner has to discover this model seems 
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nonsensical. First because it seems almost impossible to do that: the number of 
input and output states is indefinite so there can be no sensible strategy for decip
hering the underlying model. Second, discovering the model in the sense as des
cribed above, will not be of great help in learning to fly the simulated machine. 
On the contrary, quite likely detailed knowledge of the model will hamper the 
mastering of this capability. This is equivalent to saying that the learning goal has 
changed: from learning the model to learning certain (psycho-)motor skills. Lear
ning of this last type is facilitated by and depending on the presence of an ade
quate model of the behavior of the artificial system in the machine. Learning to 
drive a car differs from learning how a car is propelled. In the first case hiding the 
model is necessary, in the second hiding the model can be used for "debugging" 
notions learners have about how a car is propelled. If the assumption is that there 
is a horse somewhere hidden in a car, than not supplying the car for some time 
with straw and observing its performance, can help to falsify that notion63

• 

It seems that in order to be able to elaborate on this problem the distinction 
between functional models and reductionistic, physical models as introduced by 
White & Frederiksen (1987) can be used. A good example how this distinction is 
used can be found in IMTS (Towne & Munro, 1989). In this system the author 
can create a functional model of the device by using a library of Functional Ob
jects. The author can define the behavior of the objects and the connection to 
other objects. This functional model is the deep model of the simulation. The 
learner will be shown the device in either its functional form or in the related 
physical form or (for single objects) in a combination of both. This means that the 
learner is given an overt view of the underlying model. However, this view is still 
superficial, the learner will not see the behavior of the objects. By attaching meas
uring instruments (e.g. a multimeter) to the device, the learner may observe the 
results of changes he has introduced (e.g. changing a switch). After updating the 
device the learner can easily identify those objects that have undergone a change. 

The display that is used (functional or graphical), is either chosen by the system or 
by the learner. The complexity of the display can be changed as well, while the 
diagrams still exhibit accurate behaviours. This holds for both the functional and 
the physical presentation. 

artificial, overt 

This seems to be a fairly straightforward category in which a high fidelity level in 
model output generally is desirable. This is related to the fact that simulations in 

63The American Indians called a train an "Iron Horse". Some indians actually tried to catch such 
a horse by throwing a lasso around its neck and they died in the attempt. They would have been 
better off with a train simulation package. 
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this category are quite often directed at learning certain motor skills. Obfuscation 
of models or representation of models does not make sense because the goal is to 
train the learner in manipulating the actual artificial system. If there are no motor 
skills involved high fidelity levels become less imperative. In some cases high 
fidelity levels may even hamper the understanding of the artificial system, for 
example in VLSI models or circuitry. Simplified structural representations will do 
better in those cases than showing the real thing. 

abstract, covert 

Good examples of abstract models can be found in economics, because many of 
the phenomena in this discipJine are not visible or even really existing. Something 
like "the market for good X" cannot be "visited" and is just an abstraction. How
ever the graph relating supply and demand can be shown, and the slopes of the 
demand and supply curves in fact represent the model for a particular market. 
Robinson (1985) surveys a large number of games and simulations in economics. 
Discovering the nature of the model by systematically varying values of variables 
and parameters seems especially effective for this kind of models because they can 
easily be shown in a book in a static representation that does not show some key 
properties of the model 
(for example elasticity of demand in a supply/demand model from economics). 

abstract, overt 

Showing an abstract model to the learner which uses a simulation requires careful 
timing and design. Presenting a complicated mathematical formula, suddenly in its 
'pure' form, to the learner will not be of help in understanding the model. So if 
the abstract model is shown this generally should happen at the end of a (number 
of) session(s). Refinement in the interface should help in linking learning episodes 
or learning goals to specific elements in the model. It can be shown for example 
that certain outputs are a result of specific properties of (elements of) the model. 
In economics again, a model of a market with supply and demand for a good, will 
lead to specific outputs. If for example the demand does not increase after lower
ing the price this is related to the elasticity of the demand curve. This in turn is a 
result of a mathematical model. Showing this model and indicating at the same 
time that the observed effect is due to some specific identifiable and, in the inter
face, highlighted property of the model can be a very effective way of combining 
output results and showing (parts of) the model. 

The model entity: input 

The key property of learning with computer simulations is that learners can ma
nipulate the simulation. They can set parameters, change input values etc. The 
learner interface plays an important role here, in a number of ways. 
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Van Joolingen and de Jong (Chapter 2) distinguish five main groups of learner 
activity: 

a. defining experimental settings 
b. collecting data 
c. procedure choices 
d. metacontrol over the simulation or setting constraints 
e. data presentations 

We will discuss the first four in more detail below because they are clearly part of 
the input side of the model entity. At the end of this section we will say something 
about the fifth one. 

a. Defining experimental settings 

The learner interface should provide "physical" handles on the model, i.e. it must 
enable the learner to change something in the machine. The handles on the simul
ation enable the learner to manipulate the model and should not frustrate the 
learner in executing this manipulation64

• 

Two aspects can be distinguished: 

Choice of variables and parameters that must be changed 
The learner has to decide which of the variables and parameters s/he will 
change. Sometimes models contain a large number of these variables and 
parameters (in the case of the medical simulation HUMAN the number of 
variables and parameters that can be changed is about 200). This implies that 
somehow the learner should be offered an overview of possibilities. For 
HUMAN this is accomplished by providing the learner lists of the variables 
and parameters. Simulations that use a graphical interface and depict the 
model in terms of related components, mostly have the ability to depict all the 
components that possibly can be manipulated (if the model is to large for the 
screen, the learner can scroll through the window). This provides the learner 
with a graphical overview of possible manipulations. 
In non-graphical interfaces the selection is performed by highlighting the to be 
changed entity and selecting it (mostly by means of pressing ENTER), in 
graphical interfaces the entity is selected by pointing and clicking the mouse. 

Changing the values of the components 

64In some situations, however, one might think of introducing learner-unfriendly input mechan
isms. For example when the instructional goal is not only to grasp the underlying model or to learn 
a skill, but also to get accustomed to the use of un unfriendly (mostly industrial) simulation package. 
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Changing the value of a selected parameter or variable can be done in dif
ferent ways. Basically there are three different ways. 
a. The learner selects a variable indicated s/he likes to change the value and 

is offered a prompt to provide the value. Error messages are given if illegal 
values are entered. 

b. The learner is offered a spreadsheet containing the selected parameters 
and variables and s/he can change their value(s) in the spreadsheet. 

c. Values of variables and parameters can also be changed by means of direct 
manipulation (as defined in section 6.3) of icons like dials and levers.65 

Just entering a number will be sufficient for most physical processes as these do 
not really have dials or levers. Thus the most direct way to enter data is to give 
the name of the variable and ask for a value. This approach is taken for example 
by HUMAN-PC, and it seems an acceptable approach given the nature of the 
physical object system. There is, however, a different situation whenever the phys
ical object system can only be manipulated through experimental equipment. In 
such situations the alternative is to produce close input equivalents of the real 
equipment on the screen, giving a high fidelity level of the manipulation equip
ment instead of the model. This means a shift to a direct manipulation approach. 
The input device should reflect the nature of the manipulated variable: discrete 
devices for discrete variables, continuous devices for continuous variables. Con
fusing them, for example employing a two state switch for an essentially con
tinuous variable, will quite likely bring the learner into problems. 

Things are different when we deal with abstract processes. In most cases, especial
ly in economics, there is no physical equivalent of manipulation of input variables. 
This leaves the field free for all kinds of more or less creative solutions. One 
should beware however of too much creativity : this can confuse the learner. A 
good example of a simple and straightforward "no-nonsense" interface as far as 
input is concerned is Smithtown (Shute & Bonar, 1986). All input is given through 
sliders which enable the learner to select input values on the relevant input at
tributes. No effort is made to create fancy analogies and that seems the appropri
ate way to do it. For example the population level can be manipulated by moving 
a slider on a scale between 0 en 100. A more "creative" way to do this is to repres
ent the population level as a row of human like symbols one encounter frequently 
in statistics. By adding such a symbol one could express a rise in population level. 
Implementing this representation however will cost much more and it remains the 

65Direct manipulation may sometimes solicit nonexistent behaviour. An example of this can be 
found in Bayle (1988). Here users can indicate weights of attributes of objects by enlarging the rope 
that connect a weight with the attribute. However, in reality the rope gets longer because the weight 
gets larger and not the other way about. A second example is the interface where learners may raise 
the temperature of an object by raising the indicated temperature. on a thermometer that is attached 
to the object. 
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question whether adding a human like symbol to a row is more meaningful than 
manipulating a slider. The example given above does not imply that simplicity is 
always preferable. This obviously depends also on the characteristics of the lear
ner. Adding of a human like symbol can be valuable when the learners are not 
students but for example first level high school pupils. It just serves as a warning 
that when the field is free, because no natural representations or convincing analo
gies or metaphors do exist, simplicity and consistency can be more important than 
creativity. 

b. Collecting data 

Though collecting data is strictly speaking part of the output of the model there 
are a number of simulations that give the learner control over different represen
tations of the output. This kind of control clearly belongs to activities of the lear
ner. The choice for some kind of data reflects the learner's knowledge of the 
model and the associated procedure. In for example HUMAN, the learner is able 
to chose from a large number of variables/parameters that represent the condition 
of the patient. The choice for the right ones is a crucial one from the learner's 
point of view. As we have seen already, in other simulations the learner is free to 
attach 'measuring devices' (test equipment such as voltmeters etc.) at places that 
s/he likes. So s/he not only manipulates the input, but also determines him/her
self where and how to obtain the output. In for example ELAB (Bocker et al., 
1989), learners may attach measuring instruments to electronic circuits. These 
measuring instruments are for example an oscilloscope, a frequency analyzer and 
analog and digital gauges. Placing these instruments is performed by using the 
mouse as a pointing and dragging device. Settings of the instruments may be chan
ged using pop-up menus. The instruments have a physical resemblance to real 
hardware instruments. Bocker (1989) denotes ELAB as using what he calls a lab 
metaphor instead of the well known desktop metaphor. 

c. Choosing between procedures 

When the simulation is used to teach a procedure or a skill, not only the value of 
variables and parameters is important, but also when these values are entered. 
This choice will be influenced by the instructional goal(s) or even the learning 
goal(s). 

Two possibilities do exist for this aspect: 

a. The learner is offered a discrete list of possible actions to perform, and he 
chooses one of them. The list is a sublist of all possible actions available in 
the program and selected by the author of the program. An example can be 
found in Protein Purification (Booth, 1987). In this simulation program lear
ners take a number of subsequent steps while purifying proteins. In one step 
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they make a choice for, for example the separation method (e.g. gel filtration 
or heat treatment). This choice is made by making selections from menus. 
After having performed one step they may choose from a new menu what to 
do next66

• Also certain data (e.g. the record of purification) is only available 
at specific moments. 

b. The learner has all possible actions in the program available during the inter
action. Again a good example here is flight simulator. The learner has all out 
and input devices available all the time. The selection has to be made by the 
learner. 

d. Setting constraints 

Setting constraints on the simulation concerns activities of the learner that control 
the overall way the simulation is running. Constraints on the simulation are mostly 
set by an external agent (the tutor for example) but in some cases the learner 
might choose to explore a simulation under a specific constraint. The interface 
should help the learner in easily setting and inspecting the constraint. More fam
iliar is the control over simulation time the learner might exert. This helps the 
learner to slow down or speed up a certain simulation process. Some simulations 
explicitly ask the learner for a time scale before the simulation is run. The pred
ator-prey model described by Svanaes (1990) is an example of a simulation in 
which setting the pace of the simulation is crucial for understanding the model. 

As far as data presentations is concerned, this refers to different ways the learner 
can influence the presentation mode of (model) outputs. The simulations in the 
EXTEND environment present the learner data either in a graphical or tabular 
form. Another, widely used, example of influencing data presentation is switching 
on or off a grid for graphical output (PCMatlab ). These kind of actions from the 
learner are somewhere in between the output and input aspects of the model 
entity. They are not learner activities because they don't influence the model as 
such, neither are they model outputs as defined before. This highlights the unavoi
dable problems associated with nearly every classification scheme one can choose 
in this area: none is complete. As we are not able to resolve this problem in any 
other way then redefining our classification scheme, which will suffer the same 
fate for another group of learner actions, we just point to this class of learner 
actions in order to emphasize their importance. 

66.yhese menus may consist of actions that are pretty different such as asking for data, changing 
the data representation, control over the setting (go home). Sometimes even steps in the same menu 
are interdependent (before going to a next step the learner first has to pool fractions, a choice form 
the same menu). 
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6.6 The learning entity 

6.6.1 Instructional aspects 

One of the characteristics of learning with computer simulations is the presence of 
an instructional goal (see Chapters 1 and 2). Instructional goals originate with the 
instructor /teacher and should therefore be distinguished from learning goals which 
are part of the 'belief system' of learners. The main function of the interface in 
relation to instructional goals is to communicate these goals to the learner. Sup
port for reaching goals or subgoals is closely related to supporting learning proces
ses and is therefore discussed in the subsection that deals with the learning pro
cess aspects. 

When defining instructional goals, there is, of course, a strong intertwining bet
ween the domain to be taught and the instructional goal. First, the domain repres
entation must be compatible with the instructional goal (see e.g. Gott, 1989); 
second, instructional goals are mostly stated in a mixture of general and domain 
specific terms. In the present section we will try to abstract from the domain and 
restrict ourselves to a pure description of communicating instructional goals as 
defined in a domain independent way. 

Communicating an instructional goal to the learner is making clear what is ex
pected from the learner at the end of (a part of) the instructional setting. It invol
ves the description of domain knowledge (both in content and in structure), of 
procedures and skills, (including characteristics such as fluency and speed) and/ or 
the description of higher order skills (related to their area of application) (see 
Chapters 2 and 5 for an elaborate description of instructional goals). It is stressed 
that the instructional goal is the target behaviour of the learner, and it is not 
concerned with "intermediate" goals the learner will set himself in order to reach 
the final target behaviour. 

There are several ways to communicate the instructional goal to the learner: 

a. Presenting the learner a goal frame 
A goal frame is a screen (window) containing text that describes the know
ledge the student has to obtain after interaction with the simulation. There 
are several books that provide guidelines on how to present instructional goals 
(Alessi & Trollip, 1985; Hannafin & Peck, 1988). One of these guidelines is to 
describe the condition under which the target knowledge has to function. This 
is especially relevant for the learning of some skills, where characteristics such 
as accuracy and speed have to be defined. One of the learning goals of simul
ations can be to learn higher order, knowledge acquisition, skills. These type of 
skills are quite hard to pin down in a goal frame. In any case the range of 
applicability of the higher order skill should be mentioned in the fame. 
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b. Showing the target knowledge or skills 
Learning with simulations, principally goes through a process of exploration, 
where the target knowledge or skill is mostly not explicitly shown in advance. 
However, this target knowledge or skill (procedure) is represented in the 
internal representation of the model. This representation can be of different 
types and at different levels (see Chapter 3). Hartog (1989) following Woolf 
(1988), argues that the model as it is represented in the computer should 
resemble the model that the student is to acquire. This is accomplished in for 
example QUEST (White & Frederiksen, 1987) and according to Hartog quali
tative simulations form a good basis for making 'teachable' representations67

• 

These representations can be shown to the learners as the target knowledge. 
Showing the target knowledge can also be applied when the learning involves 
a skill. In Flight Simulator the learner is shown how a perfect landing looks 
like. 

As stated many times before in this document, learning with a computer simula
tion is a complex task involving complex objectives. Therefore, it seems desirable 
that the learner must be able to inspect the instructional goal during the session, 
a feature that is hardly ever seen. A notable exception can be found in system on 
algebra word problems designed by Singley (1987) and reported in Self (1988). 
Here learners are presented a 'goal tree' for solving algebra word problems. Stud
ents mark which subproblem they are solving, and it is also indicated which sub
problems are already solved. 

6.6.2 Learning process aspects 

Learning with a computer simulation activates certain learning processes related 
to exploratory learning. As was stated in Section 2.3.1, no clear comprehensive 
studies exist about the learning processes that could take place during exploratory 
learning. At least three functions seem important for support in this area. First, 
the interface has to support the exploratory learning at a level of planning and 
navigation. This means supporting the separation of the study process in a number 
of phases with more specific learning processes included and a possibility to in
spect previous actions. Second the interface should support goal attainment. Third, 
the interface has to support specific learning processes. 

Planning and control support 

Planning in an exploratory environment is a crucial aspect in order to have the 

67 
As Hartog (1989) says: "Apparently the student is not expected to build the same mathematical 

model that is implemented on the computer when the model consists of, say, 20 or even 200 differen
tial equations" (p. 1%). 
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learning and interaction process under control. This requires considerable self 
regulatory capabilities of learners and supporting these through the interface is 
highly advisable. However, planning can take place at several levels. 

First, there is the level where the study process is subdivided into a number of 
stages. Njoo & Hijne (Chapter 2) distinguish five main stages in the learning proc
ess: orientation, hypothesis generation, prediction, testing, and evaluation. Dividing 
the learning process in these stages can be considered as high level planning. A 
possibility therefore is to guide the learner through these stages. However the 
learner must be able to switch between stages at will. This means that the inter
face should facilitate this behavior. A solution for this could be to provide three 
windows that each can be used for a specific stage. For example in the orientation 
stage the learner can be offered a goal frame, a goal statement subwindow, and a 
tool to ask for or investigate (explore) necessary prior knowledge which seems to 
be a crucial facility in order to make the simulation effective, see e.g. Njoo & de 
Jong, 1989. This example also illustrates that learners must be allowed to return to 
a previous stage, for example to update (or inspect) their goal decomposition. 
During each of the main stages a number of more specific processes take place 
that also need some planning, giving another planning level. For example for each 
goal a sequence of specific learning processes and learner activity can be outlined. 
However, there is very little empirical evidence of what takes place when interac
ting with exploratory learning environments. Thus, ideas about how to support 
planning at this second level can only be highly speculative. 

It cannot be denied that there will be a number of different ways to go through 
the study process and providing support as described above will limit the learner 
in his/her freedom to explore as s/he likes. This limitations however are only 
present at a process level, and thus do not prescribe the behaviour of the learner 
completely. At the other extreme we can think of planning tools that are com
pletely 'empty' and just help the learner to schedule the study process68

• The 
instructional design process should decide how much 'guidance' in the interface 
should be included, taking into account learner characteristics and domain charac
teristics. 

Closely related to the aspect of planning is the aspect of navigation. One of the 
significant problems with exploratory learning environments is that learners can 
get lost somewhere in the process. This holds for simulations as well as for hyper
text (Hammond, 1989; Jones, 1989). Planning and tracking tools as discussed 
above might help the learner in navigating through the simulation. If the learner is 
offered means (e.g. scratch or note pads) to lay down his/her intentions and plans, 

68 An analogy to planning tools as used in management such as PMW, Super Project Expert & 
MS-project (Janes, 1989) can be found here. 
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this might help the learner keeping track of his intentions and actions. Alterna
tively, the system might provide the learner with a simple trace of his/her actions. 
These traces or scratchpads can also be utilized for helping the learner in control
ling his/her study process (see also Hardman, 1989). 

Support for goal attainment 

Frequently, instructional goals are quite comprehensive. Learners have to master 
a number of (complexly interrelated) concepts, highly complex procedures, and 
hard to pin down higher order skills. Often a need to break down instructional 
goals into less complex subgoals arises. Depending on the instructional strategy 
used (which will be selected partly on the basis of learner characteristics), these 
subgoals will be set by the system or by the learner. 

In traditional CAL instructional goals are normally set by the system (author) and 
the only possible choice a learner has, is to choose from a list of instructional 
goals. In providing support use will be made of a model of the developing know
ledge of the learner in relation to a learning goal. However, in exploratory lear
ning environments, the goals to reach are often set by the learner him/herself. 
Thus it will not always be obvious to the system, which subgoal the learner is 
pursuing. The system needs to infer these subgoals from the learner's behaviour in 
order to store this information in the learner model. By supplying the learner with 
a tool to state and update the subgoals, an input for the system to infer this sub
goals is created (see also Koegel, Lakshmipathy and Schlesinger, 1989; Self, 1988; 
Twidale, 1989). 

Supporting the learner in decomposing a goal means that the learner must be able 
to: 

a. select a part of the target knowledge (the underlying model) and to work with 
it independently. In fact this means breaking up the simulation in sub-simula
tions (this only holds for complex simulations of course) or, 

b. select and exercise subprocedures or subskills separately. These subprocedures 
and subskills must be combined later, either by placing them in a sequence 
and/or by exercising a procedure until it becomes 'automated' (compiled), or. 

c. unravel a complicated higher order skill in subskills, and practice them separ
ately. 

An example of help the learner can be offered in breaking down a (instructional) 
goal into subgoals, can be found in IMTS (Intelligent Maintenance Training Sys
tem). In fact this is an authoring system that can be used to create simulations of 
complex devices (such as a helicopter bladefold system) by using, adapting and 
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creating generic objects and their relations (see Towne, Munro, Pizzini, Surman & 
Wogulis (1988) and Towne & Munro (1989). Models created with IMTS are used 
to train learners in diagnosing faults. The top level instructional goal of a model 
created with IMTS is to teach learners to identify failures in complex devices 
containing all the objects (variables and parameters) and their interrelations. The 
system explicitly supports the subdivision of models into submodels, so called 
scenes, containing only a part of the device. This subdivision is shown through a 
hierarchical map of functional subsystems. Learners can choose a subsystem to 
practice with, or they can even create subsystems themselves by selecting relevant 
objects. 

An example of goal decomposition related to skills/procedures can be found in 
Flight Simulator. The general goal of learning to fly the airplane is decomposed in 
subskills like taking off, straight and level flying, taxiing etc. These subskills can be 
practised separately. However there is no specific support for keeping track of the 
goals that have already been attained. Sequencing the goals is entirely left to the 
learner, though a preferred sequence is indicated in an accompanying manual. 

The instructional strategy used might prescribe a certain task decomposition and 
thus take away the setting of subgoals from the learner. However, when the setting 
of subgoals is performed by the learner the interface may offer means to support 
this process. This can be done by offering tools for it or by even making sugges
tions on the subgoals. How precisely the learner will be helped in expressing 
his/her goals to the system, is currently subject of research. Twidale (1989) devel
oped a system on propositional calculus. In EPIC learners can select plans from 
menus and while working indicate in the plan the subgoals that have been achiev
ed, and the subgoals the learner is working on. An empirical study showed that 
EPIC not only provides information on the goals of students to be incorporated in 
a learner model, but that the possibility to state and indicate subgoals also helps 
the learners to explore the domain by reducing the load on working memory 
(Twidale, 1989, p. 305). 

Support for specific learning processes 

A list of specific learning processes applicable to learning with computer simul
ations is given by Njoo & de Jong (1989). We will present below some ideas on 
how the interface might sustain the learner in performing some of those learning 
processes. 

Model exploration 
Model exploration is one of the learning processes primarily performed in the 
'orientation phase'. Exploring the model is related to the overt presentation of a 
model as discusses in ( .... ). More generally we can identify three ways in which the 
interface can support this specific learning process: 
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a. Allowing a hypertext like exploration of a model. 
This provides the learner a direct (expository) way of exploring a model. The 
learner might be offered a schematic overview of the model and be allowed to 
explore al1 kinds of definitions and relations by travelling through a hyper
space (see e.g. Hammond, 1989). 

b. Allowing the change of views. 
For the same domain different views may be available. These views can in
clude simply changing the presentation mode of the model, thus offering 
adaptability to learner characteristics (e.g. verbalizers/visualizers), but may 
also involve a genuinely different perspective on the domain. An example of 
the latter can be found in Coinland/Numberland (Hamburger & Lodgher, 
1989). Coinland is an instructional system meant to teach principles in arith
metic, such as multi-digit substraction. In Coinland operations like subtrac
tions are carried out by having the learner act as a shopowner who sells an 
item to a customer. The learner returns money to the customer by manipul
ating different kinds of coins on the screen. In Numberland coins are replaced 
by numbers. The learner is able to change from Coinland to Numberland and 
vice versa at will. 

c. Allowing zooming in/out on domain concepts. 
Some simulations offer the learner the opportunity to get a more detailed 
view on the model by allowing zooming in on domain concepts. Examples are 
simulations created with a tool like CHEMCAD (see list of references). Here 
learners can inspect properties of objects in chemical installations or proper
ties of chemical substances. 

The process of model exploration also involves that the learner creates his/her 
own mental model of the model offered. This process can be aided by giving the 
learner an opportunity to write down his/her ideas about the model. Sometimes, 
tools that were used to create the domain models (see van Joolingen, Castells & 
Abreu, 1989), especially when they have a graphical interface, might be offered to 
the learner in order to write down his ideas. 

Hypotheses generation/predicting 
One of the specific learning processes one likes to encourage in exploratory lear
ning is creation and testing of hypotheses. How to stimulate the generation of 
hypotheses is handled by the instructional strategy (e.g. by providing suggestions). 
The learner interface might help the learner in expressing the hypotheses. A ( ded
icated) scratchpad or a spreadsheet might give this opportunity. 
An example of this can be found in CIRCSIM-TUTOR (Kim, Evens, Michael & 
Rovick, 1989) an ITS in the domain of medicine, more specifically it treats pro
blems associated with blood pressure. The instructional strategy in CIRCSIM is 
quite directive. Learners are posed with a perturbation of the cardio vascular 
system for example "the atrial resistance is decreased to 50% of normal". Subse
quently they are asked to predict what will happen to seven components of the 
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cardio-vascular system. This prediction is made in a qualitative way (increase, 
decrease, steady) for three different moments in time. To be able to write down 
this prediction learners are offered a 7 (components) x 3 (moment in time) 
spreadsheet69

• The spreadsheet itself gives the components and the moments in 
time and is thus rather restrictive. A slightly different approach is taken in PPT 
(Pathophysiology tutor, Michael, Haque, Rovick & Evens, 1989). Here learners 
can indicate a predefined hypothesis by a list of nested menus that each give a 
more specific fixed list of hypotheses in the field of physiopathology. This way of 
generation a prediction is even more restricted than the way used in CIRCSIM
TUTOR. In SMITHTOWN, a microworld for elementary microeconomics (Shute, 
Glaser, & Resnick, 1986), three menus are presented to the learner. The first one 
contains 'connectors' (if, then, as, when, and, the), the second one 'variables' (such 
as: price, population, income, interest rate), and the third one contains 'descrip
tors' (such as: increases, decreases, equals, is part of). By combining connectors 
with variables and descriptors, the learner can state his hypothesis (e.g. as interest 
rate increases, price increases). 

Hypotheses may differ on a number of characteristics like generality of scope, and 
precision of prediction (Spada, Stumpf & Opwis, 1989). The learner interface might 
support the learner in stating his/her hypotheses at different levels of generality 
and precision. 

An important aspect in this respect are temporary changes. A learner (especially 
those not familiar with the domain) would like to test a few ideas quickly and then 
return to his/her original settings. Moreover a general possibility to save and go 
back to intermediate states can encourage students to test hypotheses quickly. 

As a concluding note to this section we would like to emphasize that 
in developing strongly learner driven systems designers must be aware of the 
dangers inherent in these kind of systems. They tend to a have a large number of 
different "commands" for dealing with all the features of the system. As a result 
there can occur a shift in the way the simulation is approached: what should be a 
learning exercise becomes an effort to understand or administer a complex system 
(Cunningham, 1984). 

69The program proceeds by providing the learner feedback on the predictions. The learner is not 
allowed to test the predictions him/herself, or to set the perturbation. In this respect (no learner 
initiative), CIRCSIM-TUTOR is not the type of simulations that fall within the SIMULATE scope. 
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6.7 The control entity 

The control entity in the learner interface deals with everything that is related to 
the high level control of the environment in which the simulation runs. As such it 
has much in common with the control entity that is present in almost every other 
application. As a consequence much that is valid for other applications will also be 
valid for simulations. It is not our goal to review the substantial amount of liter
ature in this area. Below we will focus on some simulation specific aspects of the 
control entity. 

Saving instances 

Though not entirely unique for simulations, the occasional need to save several 
instances of model states that did occur during the run poses a specific problem. 
In order to save meaningful instances the learner must have the ability either to 
select or to mark those instances that must be saved for next runs. The terms 
"select" and "mark" do indicate two different approaches to this problem. In the 
case of "marking" the learner can indicate for every state of the model that is 
encountered during the run whether it should be saved or not. By "selecting" we 
mean that the learner can "visit" earlier states and select those for saving that 
seem worth it in retrospect. A combination of these two strategies is also possible. 

Sequencing 

Being an instructional system, a simulation will quite likely be part of an ordered 
sequence of "lessons". As a result learners will occasionally experience the need 
for a rehearsal of previous lessons. For example one can imagine that during 
learning to navigate with Flight Simulator, one will once again try to practice 
straight and level flying. In Flight Simulator you must then quit the "Navigation 
Lesson", enter the "Straight and Level Lesson", quit that one and entering again 
the navigation lesson, but meanwhile you have lost your original navigation posit
ion. Of course this is pretty cumbersome. A better way to deal with this sequen
cing problem is to "freeze" the state of the navigation lesson while the learner is in 
the straight and level lesson. Upon returning to the navigation lesson the learner 
finds everything as it was when he left. Facilitating this sequencing is an important 
aspect of interfaces for certain types of simulations. 

Mode control 

There are a number of simulations, especially in the area of motor skills, in which 
the learner can run the system under complete instructor /tutor /teacher control. 
The system simply shows the learner how to do it. The other state of the simula
tion is learner control. Shifting between these two modes is an important aspect of 
learning with simulation. Though the exact nature of the two modes is in the 

SAFE/SIM/WPI/EUT-rep /comp.final page 233 



Simulation Design Components The SAFE project 

model and the learning entity, the possibility two change smoothly between the 
two modes belongs to the control entity. In Flight Simulator the learner has only 
limited control in this area. As soon as a lesson is activated the learner can only 
sit it out or quit and in both cases the system automatically shifts to the learner 
control state, independent of the needs of the learner. This has also to do with 
sequencing, because it forces the learner into a sequence that imposes some ad
ditional effort to run two lessons immediately after one another. 

6.8 Designing the learner interface 

In this section we turn to the important question of designing the learner 
interface. We will try to present a conceptual consistent ordering of objects and 
actions (see e.g. the TAG of Moran (1981)) which can serve as starting point for 
functional design of learner interfaces. The emphasis is on 'functional' because we 
will not address the question of how to design actual screens. 

Functional grouping of input and output 

There seem to be two basic ways to functionally group input and output: 

1) according to the type of action involved 
2) according to the object(s) of action(s) 

The first categorization implies that actions are organized according to a number 
of generic action classes. Let's clarify this with some examples. A generic action 
class consists of all actions that are related to help. Another example are all ac
tions related to the lay out of the screen, like resizing of windows. What precisely 
constitute a 'generic action' is debatable. One could argue that actions like 'edit', 
'modify', 'move' etc. are the most generic ones. But in our opinion it is very un
likely that a learner will plan his/her actions along these generic types. For exam
ple the general idea of 'I want to modify' seems pretty nonsensical as a learner 
plan. It seems far more plausible that actions are related to generic classes that 
have a richer semantics than actions like the ones mentioned above. Thus in our 
view generic action classes are related to semantically rich concepts, while action 
types like 'modify' are abstract actions that can be part of different pop-up menus 
related to actions. 
The second categorization groups actions according the type of object they are 
related to. An example of this categorization in simulations is a class called "mod
el(s )". All permissible actions concerning the model(s) are grouped under this 
header, for example zooming in/zooming out, partial inspection etcetera. In both 
cases the basic problem is to find what one could call "generic" classes, that is, 
classes that, in a for the learner meaningful way, group related actions or objects 
together. We will now introduce a first classification of generic action and object 
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classes relevant for learning with simulations. 

Generic action classes for simulation interfaces 

Below a (possibly exhaustive) list of generic action classes for simulations is pres
ented: 

• lay-out actions: all actions related to rearranging the lay out of the screen (for 
example setting colors, resizing windows, dragging windows, iconize windows, 
setting data representations) 

help actions: all actions connected to obtaining help from the system. This 
help is at the keystroke level not the instructional level. 

learner control actions: all actions related to running the simulation environ
ment as a whole (examples: quitting, starting, saving instances, go to next 
lesson etc.). 

• learner activity actions: all actions related to changes the learner wants to 
effect in the simulation itself. This class subsumes actions like defining ex
perimental settings and supplying data. 

• learner instructional actions: all actions related to the instructional aspects for 
the simulation. This class includes actions like activating a goal frame, in

voking examples of target skills or knowledge etc. 

learner goal actions: this class subsumes actions like planning the session, 
stating and verifying hypotheses, inspection actions (model exploration, 
change of views), goal decomposition and navigation, guidance 
(explanation and feedback). 

As can be seen, the larger part of these generic action types quite naturally tie in 
with the main entities of the learner interface and through this with the focal 
themes in this document. 

Generic object classes for simulation interfaces 

Below we will list a number of generic object classes that can play a role in simul
ations: 

• model objects, the model or all models that are part of the simulation soft
ware. The pull down menu will contain all permissible (passive) actions that 
can be applied to the object, for example zooming in/out, activating visualiz-
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ers, showing partial representations etcetera. It goes without saying that this 
class will be only present when the simulation is overt. 

model variable/parameter objects, the constituting elements of the model with
out their connectors in the model. The most frequent action that will be per
formed on these objects will be changing their values, but one can imagine 
simulations in which a learner can obtain more information about these ob
jects like measurement level, critical values etc. 

hypotheses objects, the hypotheses that will be tested during the simulation. 
Actions are for example stating the hypothesis, viewing the hypothesis, explo
ring relations between hypotheses, refining hypotheses, checking the state of a 
hypothesis. This class also comprises predictions about the expected state of 
the system after some data input. 

goal objects, objects that represent the educational or instructional goals for 
the simulation session(s). These can be arranged in higher order structure like 
trees, which can be build, changed and explored. Associated actions could be 
inspecting the goals, modifying the goals, updating the goals etc. 

• plan objects: objects that are part of a plan for the simulation session, i.e. 
incorporating some sequence or path in time 

system output objects: objects that are related to messages of the system (for 
example prompts etc.). Actions related to this object are control actions on 
the simulation like quitting, saving etc. 

advice objects: objects that contain information about advice and guidance 
related to the simulation's content. Actions are consulting an online manual, 
obtaining external non-dynamic guidance etc. 

• screen objects: objects that are part of the screen (windows etc.). The actions 
are well known things like dragging,resizing etc. 

The basic question is of course which categorization should be used for designing 
the learner interface. From the viewpoint of consistency, it seems preferable to 
select one categorization and stick to that as much as possible. But in practice 
things turn out to be different, because in some cases it is not possible to find an 
object-like equivalent. If one decides for an object categorization, some indispens
able actions cannot be readily attached to meaningful objects, for example help 
actions. If one, on the other hand, chooses an action categorization, there are a 
number of actions that are so closely related to the objects they operate on that 
they cannot be considered any longer as belonging to a generic class. For example 
expressing and changing a plan for a simulation session will require actions that 
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are more or less unique for this object. This implies that in practice some mixture 
of the two approaches will be necessary. It should be noted that most existing 
interfaces also contain this mixture. The Macintosh top menu bar for example 
contains entries which refer to actions (Special) and entries which refer to objects 
(Calculator). 

To conclude this section, we want to stress that one has to keep in mind the fact 
that in many simulations input and output is mixed in one window. Flight simula
tor is again the perfect example of this mix. In this simulation the mix is the con
sequence of a choice for a high fidelity level. This holds especially for the instrum
ent panel that faithfully tries to copy the interior of the average cockpit. One can 
doubt however whether the lay out of the instruments in the cockpit is suited for 
learning purposes. The whole panel could be redesigned according to some of the 
principles laid out above and that would surely lead to more functional coherence. 
But the price one has to pay for this is a reduced fidelity level. A halfway solution 
could be to give output and input categories that are functionally related the same 
colour while retaining their physical location. 

6.9 Interface demands and hardware facilities 

Discussing hardware in the context of educational software is always somewhat 
tricky. First because there is no glimpse of standardization in the equipment avail
able to the different educational institutions. In reality they range from almost 
pre-historic 64K machines to advanced workstations. Second, buying computers for 
educational institutions is more often a question of either national pride (buy the 
machines your country builds) or very limited budgets, than of supplying learners 
with up to date equipment that fully operationalizes the power inherent in some 
software (simulation) packages. Third, technology moves fast. What seems to be a 
good advice today, looks stupid after the next drop in hardware prices. The ques
tion addressed in this section is what kind of additional requirements can be put 
forward concerning hardware from the angle of simulation. 

Of course there is no general answer to this question. Some types of simulations 
will run perfectly on rather simple machines. For example HUMAN has no other 
demands than a 8086 MS-DOS machine, without any graphical output devices or 
special input devices. Just a keyboard and a screen are sufficient. On the other 
hand, the EXTEND toolkit relies heavily on the Macintosh interface, and as a 
result the simulations built with it will do the same. The easiest way out is to 
request simply the full panoply of interface functions available on the more ad
vanced machines, because it is always possible to use less than is available. But 
this strategy has its price, and, as already has been said, budgets are often very low 
in educational institutions. Thus some more sensible advice is needed for the 
designer of a simulation package/program. 
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We will focus the discussion around the following aspects of the hardware: speed, 
screen size and resolution, colour, input devices, output devices, external media. 

Speed 

Speed is important in very dynamic simulations requiring high output fidelity. The 
updating of a screen must happen quickly in those settings, because delays not 
only slow down the learning process, but also lower the fidelity level. A quick look 
at Flight Simulator running on a 6 Mhz machine or a 16 Mhz machine will con
vince everyone. It should be emphasized that this not only holds for motor skill 
learning, but can also be important for cognitive, higher order skills. Showing 
rotating molecules in order to understand their structure is neither very dynamic 
nor it requires high fidelity, but it still takes a supercomputer to perform this work 
in a reasonable time. 

Speed can also be important when different views are offered on a model. It is 
very demotivating when changing between views takes a lot of time. In this way 
learners will be discouraged in exploring the model. As for general speed of cal
culation, we think that the bottom-line machines of today, let alone those of the 
future, will be fast enough to perform fairly complex calculations on numerical 
models. 

Screen size and resolution 

Though the large 19 inch screens are still expensive, there can be no doubt that in 
the foreseeable future they will dominate the market. The required screen size is 
of course first and foremost a function of the number of windows, if any at all, the 
simulation will need simultaneously. Though too many windows will confuse the 
learner, in some cases this cannot be avoided. Furthermore one should take into 
account the level of detail that must be observable for the learner. If some crucial 
component of an artificial system cannot be shown at a satisfactory size, a larger 
screen is needed. The interface literature abounds with experimental results in this 
area (see for example Tullis, 1988, for an overview). As far as resolution is con
cerned, in simulations related to some physical process or artificial system, re
quiring high fidelity levels in 1/0 and/or overt model presentation, one should 
strive for good resolution levels. Given the technological advances in this area, the 
EGA adapter already furnishes an acceptable resolution and the Macintosh even 
a pretty good one, it seems not too far-fetched to expect the general availability of 
high resolution screens for reasonable prices in the near future. 
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Colour 

There has been and still is a lot of debate going on about the proper use of col
our. In simulations colour can be used for different purposes. The most obvious 
one is making the simulation as realistic as possible, especially when well known 
physical or artificial systems are represented. This does not imply that there must 
always be a very close resemblance between real world colours and colours used 
in simulation interfaces. In Flight Simulator the countryside is yellow in some 
instances and the water blue. This is not too disturbing, but the other way round 
would be quite annoying for learners and lead to very serious orientation prob
lems. The other use of colour is in grouping menus or commands. In simulations 
one could give all input data messages the same colour etc .. This use of colour, 
even if one employs grouped pull down menus, can help the learner in discovering 
and remembering the structure in the interface. Another type of use in this cate
gory is to use colour to indicate different levels in hierarchically organized menus. 
This technique is employed by Flight Simulator where all first level options are 
white on light blue, all second level option yellow on green and all third levels 
options white or red on black. 

Input devices 

Input devices range from the archetype keyboard to advanced speech recognition 
systems and the physical manipulation devices described in section 6.2. It is hard 
to say which device is best suited for which type of simulation and which type of 
learner. If one requires high input fidelity in domains where equipment is used 
very often, the natural way is to go for the more advanced devices like mouses 
etc .. But in other cases where straightforward numerical data input is in the major
ity, a keyboard will be the best choice. One should be aware of those cases in 
which the non-availability of a proper device makes learning more difficult than 
necessary. Using Flight Simulator with a joystick or with cursor keys makes an 
enormous difference in the time it takes to learn flying the plane. As there is no 
use in learning to manipulate the cursor keys in actually flying a plane, this situa
tion should be avoided. For strongly menu driven systems the touch screen or the 
light pen, if affordable, seems to be the natural choice. This reduces user move
ments to a minimum and ideally one could even do without a keyboard, which 
after all needs some space on a desk in an instruction room. 

Output 

As far as output is concerned, most things have already been said under the as
pects of speed, screen size and resolution. In some cases non-visual output can be 
important. Though the time that the computer can address our other senses 
(smell, tactile, taste) seems still remote, hearing can be too easily overlooked in 
designing the output of simulations. For example in traffic people rely also very 
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much on hearing for determining the distance to other vehicles as well as the type 
of vehicle. A simulation that does not incorporate traffic noise in a credible way, 
may fall short of learning the driver the most efficient behaviour. This can even 
lead to erroneous behaviour in those situations in which you cannot see the other 
traffic but can hear it, for example in complicated street crossings. In other cases 
the noise of a machine is indicative of its behaviour, for example the engine of a 
car. Sometimes the noise is even needed in order to be able to diagnose a mal
functioning machine. 

Other media 

The assumption underlying the discussion of the previous aspects is that all I/O 
goes trough the computer screen. This is of course a gross simplification. Modern 
technology offers many possibilities to carry out simulations without even using a 
computer screen, though a computer program controls what is on the external 
media. Interactive video is the most advanced example at the moment. However, 
a videodisc will always contain a number of discrete 'events', that can be ad
dressed by the program. Events are not created at run time, just addressed. Of 
course, the number of events can be enormous, but in principle the number is 
limited. This implies that for simulations, where the learner sometimes might want 
to change a number of parameters, possibilities are limited. On the other hand, 
interactive video, provides great opportunities, whenever high (output) fidelity is 
necessary, and the number of variations is limited. 

6.10 Towards formalizing the learner interface 

The discussion in the preceding sections has been quite exploratory in nature. As 
soon as designing actual ISLE's becomes relevant, the designer not only need 
good ideas but also a more formal language to specify his/her intentions. By for
malizing the learner interface in the present chapter we mean the more or less 
formal specification of the learner interface as a step in the interface design proc
ess, preceding program coding and implementation. 
With a "formal language" we mean a language with a well defined syntax, and 
preferably a well defined semantics also. The problem of formalizing the interface 
will be the topic of a separate document. In this section we will limit ourselves to 
giving a concise review of what is available in this area. 

In general the problem of formalisation can be linked to an underlying model of 
man-computer communication. One of the first clear models in this respect was 
the Seeheim model (Pfaff, 1985). In the Seeheim model there are components 
placed between the user and the application from a logical point of view. Figure 
6-1 (adapted from Green, 1985b,p.91) shows the Seeheim model of man-computer 
communication. 
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Figure 6-1 Schematic representation of the Seeheim model 
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The most important conceptual property of the Seeheim model is its separation 
between application and dialogue control. In this model there were "languages" for 
describing each component, but not for the task model. The dialogue control 
model apparently had different sets of highly developed languages. This model is 
the most interesting part of the Seeheim model from our point of view. The three 
most frequently used formal specification methods for the dialogue control com
ponent are extensively compared by Green (1986). These are grammars, transition 
networks and the event model. Below we will give a cursory description of gram
mars and some of its descendents and the transition networks. Also some more 
general models are described. The event model is treated last. 

6.10.1 Formal grammars at the syntactical level 

BNF = Backus Naur Form 
BNF is used in HCI design at the syntax level for a hierarchical, top down defin
ition of all correct user-computer communication sentences. Consisting of a star
ting symbol (top), non-terminal symbols (nodes) and terminal symbols (leaves). 
Further, some metalanguage symbols for notation of the language specification 
itself. Production rules are used for substituting non-terminals to terminals. BNF 
for user interfaces specification was first used by Reisner (1981). Extensions on 
BNF are found in the definition of the Extended Backus Naur Form (EBNF). 
There is a lot of experience with this grammar, it is mainly used for building 
compilers. 

Task-Action Grammars (TAG) 
Task Action Grammar is an extension of the BNF approach (Hoppe, 1986, p. 15). 
A TAG description consists of three parts: 

the enumeration of the feature names and their possible values, 
the dictionary of simple tasks 
a set of replacement rules to map the tasks onto actions (Hoppe, 1986, p15) 

Tasks are associated with a fixed solution strategy (Hoppe, 1986, p.23). 
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Extended Attribute Grammars (EAG) 
EAG's are based on attribute grammars and affix grammars (Hoppe, 1986, p17). 
It is meant as a formalism for the syntax as well as the semantics of programming 
languages. 

6.10.2 State transition networks 

The technique of transition network specification is the oldest notation for dial
ogue specification (LOwgren, 1988) and its focus is on the surface behaviour of 
interactions (Moran, 1981). The transition network notations view the dialogue as 
a collection of states, the user's actions cause transitions between these states 
(Green, 1985). Transition networks consists of nodes and arcs where the nodes 
correspond with a state, the program situation in between execution of program
statements, and the arcs do specify different pathways in the program. It is a visual 
display of all possible interactions, a map of the dialogue structure. 

6.10.3 Other models 

The Command Language Grammar of Moran is not a formal grammar like BNF 
of ATN. The basic formalism employed in CLG is the frame notation used in AI 
research (Hoppe, et al., 1986, p. 19). This grammar is not executable. One of the 
views on this grammar is a representation of systems during the design process at 
various levels of detail (Moran, 1981, p. 43). CLG is specially designed for the 
building of command based user languages, it is not a design methodology but a 
design representation in a design process of successive refinement. "Historically, 
CLG grew out of an information-processing model of the user, the so-called 
GOMS model." (Moran, 1981, p. 40). The difference is that the GOMS levels are 
time-oriented and the CLG levels are function oriented. 

A process oriented design method is GOMS: G(oals), O(perators), M(ethods), 
S(election) Rules (Card, Moran & Newell,1980). Carrying out a task at the top 
level need some methods, which use operators for processing. Selection rules are 
needed when there is a choice in methods. The user task is described in a top
down hierarchy of goals, subgoals and operators. GOMS results are descriptions 
that are not directly executable. Kieras and Polson made a mapping from GOMS 
descriptions to executable Production Systems (Hoppe, 1986, p. 23). They also 
base a cognitive complexity theory (CCT) on the GOMS model (Helander, 1988, 
p. 135; Hoppe, 1986, p. 23). 

A multilayered description method for user interface design is offered by Foley 
and van Dam (1982). They not only operate at the syntax level for the description 
of the interaction, but also at the conceptual level and the semantical level. One 
usability study stated the usefulness of this method when some adaptations were 
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made (Frohlich & Luff, 1989). 

6.10.4 New methods and the event model 

New interface demands: graphical environment, multi-threaded dialogues, concur
rency, multi device input, multi tasking support made the Seeheim model obsolete 
before it could establish itself. The new demands on user interface and application 
are caused by hardware developments and new programming methods: the object 
oriented programming system (OOPS). It forced a return to the integrated design 
where user interface functionality is not specified apart as a module of the ap
plication. One of the new models is the event model. Green (1986) concludes that 
the event model has the most descriptive power compared with grammars or 
transition networks. 
Other researchers, comparing the same specification techniques, come to a dif
ferent choice. Jacob states that there are reasons to prefer state transition dia
grams as a specification language (Jacob, 1986, p. 284). 

The event specification approach is based on the concept of events and special 
procedures called event handlers. An event is generated each time the user inter
acts with an input device and processed by one or more event handlers. The event 
model is in many ways similar to object oriented programming as in Smalltalk 
(Green, 1985a, p. 15). An important difference between transition networks, gram
mars and the event model is the implicit order of the user interactions with the 
application in the specification of the interface according to the event model 
(LOwgren, 1988, p35). 

The event model is used by Hill (1987) to solve three problems with ex1stmg 
specification languages based on grammars and networks. These three problems 
according to Hill (1987, p. 5-6) were caused by: 

• the need to specify multiple related simultaneous tasks, 
• the need for a two way communication between user interface and the 

application 
• the need for synchronizing dialogue in an environment where multi concur

rent tasks can be performed. 

The formal specification of icon systems using generalized icons is formulated by 
Chang (1989). The concept of generalized icons as object icons and process icons 
leads to a general approach for designing visual languages (Chang, 1989, p. 265). 
Designing with visual elements also leads to a hybrid design structure, like the 
combination of objects (data) and actions (procedures) in information systems. As 
a fact, all the diagrams from the above mentioned design methods are just lan
guages supporting visual interaction (Chang, 1989, p. 273). The formal specifica
tion of icon system using generalized icons is therefore the top level of specifica
tion. All visual specification languages can be constructed using this visual Ian-

SAFE/SIM/WPI/EUT-rep /comp.final page 243 



Simulation Design Components The SAFE project 

guage. 

According to Chang (1989, p. 321) this theory of icons is a uniform framework for 
the design of information systems, the theory of pattern recognition and the design 
of icon-oriented user interfaces. 

6.11 Summary and conclusions 

In this chapter we reviewed a considerable amount of literature that is either 
directly or indirectly related to learner interfaces for simulations. Moreover we 
added some ideas of our own about interfaces that close the still considerable gap 
between the learner and the machine. However, what is still lacking is a coherent 
and usable theory about how to design effective interfaces in an instructional 
context. With design we literally mean design: how to produce computer screens 
that support the learning processes in an effective way. It seems that most of the 
literature follows what one could label the screen dump approach. This approach is 
characterized by including a considerable amount of examples of actual screens in 
the report or paper. There is nothing against doing that, but what is patently 
lacking is an elaboration of the rationale behind the screen: why does it looks like 
it does? Without giving these rationales it becomes impossible to accumulate 
valuable general design principles for learner interfaces. The author using a 
SIMULATE to design an ISLE will not only need an advanced User Interface 
Management System for supporting this work, but probably even more those 
general design principles without which the UIMS is only a worthless empty tool. 
There is no substitute for good and proven ideas in this area. Thus the main res
earch challenge was and still is developing a coherent and usable theory for desig
ning learner interfaces for simulations. Without, at least parts of, such a theory we 
cannot expect a SIMULATE to be the effective design tool that is the ultimate 
goal of the project. 
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Abstract 

In 1987 the Spanish Rail road Network (RENFE) decided to bring up to date its training and 
retraining systems for train drivers and other agents through incorporating a set of specifically 
designed simulators for this function. 

The features of this railways environment, the established criteria for simulator definition, a general 
description of the same and some ideas about man-machine interface and the training goals arc 
described in the following pages. 

A.1 Introduction 

The majority of engine drivers and station masters working at present in the 
Spanish Railway Network (RENFE) were trained in the army during their military 
service period for four years. After this period, candidates spent some time of 
practice waiting for a regular job. 

In the case of drivers, they received qualification to drive only a particular engine 
(electric or diese1), being able to change to another type of vehicle and/or traction 
system through convenient transition courses, which include the study of the new 
system or material. 

As from now, the training will be ensured by the RENFE alone. The trammg 
period will be shorter and more intensive. The candidates, holding High School 
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degree or a Professional School Certificate (FP 2), will attend at first a specialized 
school where they will obtain the necessary theoretical knowledge and a first 
contact with operational practice through the different simulators under 
development, and afterwards a real field practice period in a locomotive depot or 
in a station. 

It is expected that the training period will last two years, assuming that the 
candidate passes the appropriate examinations. 

RENFE plans also provide his operations staff with continuous training programs 
consisting on open learning courses, recycling courses in the central school and 
other activities. 

The simulators will be extensively used in these recycling courses. 

A.2 General concepts 

A railway is a transport system mainly composed by the following elements: 

• An assembly of stations for passengers and merchandises loading and 
unloading. 

• A track network connecting stations. 

• A set of trains running on tracks. 

For train traffic regulation it is necessary, too, a series of security and regulation 
devices as: 

• Signalling systems. 

• Blocking systems. 

• Itineraries setting systems. 

• Traffic Rules. 

• And a human team to control and manage all these systems, known as 
Agents. 

The methods to manage and control the rail traffic are settled in a corpus of rules 
forming the General Traffic Rules. 
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The main aim in using these simulators is to offer Agents the best means for 
training and practice this General Traffic Rules. 

Some of the concepts used in this description are now defined: 

TRAIN: Number of interconnected vehicles movable on a track. 

SHUNTING: Action of adding or removing vehicles from a convoy, moving a train 
or loose wagons on a track, or from one track to another. 

POINT SWITCH: Slide rail allowing a train to change from one track to another. 

SIGNAL: Information device to transfer instructions and information from the 
track to stations and trains. 

BLOCKING SYSTEM: It is so called a system to secure the train traffic safety 
keeping the sufficient distance between them, so that a rear end or front collision 
can be avoided. The following types are considered: 

• Telephonic 
• Electric-Hand operated 
• Automatic 
• By time 
• By piloting 
• By occupation 

The most obvious results of blocking systems is to grant that only one train is 
occupying a block at a given time. 

BLOCK- It is so called a track section protected by a signal on which there never 
should be, under normal circumstances, more than one train. The length of a 
block depends on the blocking system. 

ITINERARIES AND INTERLOCKS: The itinerary is the sequence of track 
sections that a train must travel to accomplish a certain movement. To "set an 
itinerary" is the required operation to get the signals protecting the entrance of 
each block of the itinerary in a situation that clears the movement of the train. 

The existing dependence relationship between the opening of a signal and the 
position of the track devices and the wayside equipment (switches, barriers, 
signals, etc .. ) related to an itinerary is known as interlock. 

ORDERS: Transitory or permanent documents with basic information on: 
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• Features and performances of interlocks and other safety facilities. 

• Modifications and/or additions to General Traffic Rules. 

• Information on temporary speed limits, irregular situation of signals or 
other facilities. 

CENTRALIZED TRAFFIC CONTROL (CTC): system allowing remote control of 
switches and signals of an assembly of lines and stations, from a central control 
post. 

OPERATION CENTRE (O.C.): Control room from where trains traffic is 
dispatched and decisions are taken to solve problems. 

A.S.F.A. (SIGNALS AND AUTOMATIC BRAKING DEVICE): signal repeater 
device in driving cabin bringing train about automatic braking in case of a closed 
signal is inadvertently overrun. 

AGENTS: All employees related to the railway operation are known as agents. 
According to the activities by them developed they receive different names. We 
will refer only to: 

• Driving Agents (engine drivers and assistants) 

• Traffic Agents: 

Traffic Station Master 
Centralized Traffic control Agent ( CTC) 
Operation Centre Agent (Dispatcher) 

A.3 General design criteria 

The previous definitions are only a sample of the complexity of railways running. 
The proper running of a railroad network needs a considerable effort of staff 
training, not only at the first access to a job-post but in subsequent retraining. 

For long years railroad development was very slow and training needs were 
covered through conventional courses. Nowadays, however, there is an important 
technological evolution that increases the training needs and requires new training 
techniques. Among these techniques, simulators are one of the most relevant. 

As there is little experience in railway simulators, a great effort of investigation 
and improvisation has been required to define: 
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• Educational and training fields in which simulation could be entered. 

• Training goals to be obtained. 

• Training strategies to be applied. 

• Technology to be used, according to market facilities and budget limits. 

Training responsible persons, maintenance and running staff representatives and 
simulation engineering experts have mainly participated in definition stage. 

The Decision taken was the construction of three independent simulators: 

• One locomotive driving simulator. 

• One malfunctions simulator. 

• One traffic control simulator. 

The two first are aimed to engine driver's training and the last one to traffic 
agents. 

Training strategies are still under study. The use of simulators is intended to have 
a double aspect: 

On one hand, it will complement conventional training, specially in 
knowledge evaluation. 

• On the other hand, it's expected a substantial reduction of the length of the 
"on the job training" periods. 

A.4 Description 

A.4.1 Driving simulator 

A.4.1.l Design criteria 

Specifications and purposes of driving simulator are quite similar to those flight 
simulators used by air lines. 

A driving simulator is composed of: 
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• A driving cabin (trainee's position) 
• An instructor station 
• A computing system 
• A communications system 

The main goal of a simulator is the creation of an environment as similar as 
possible to real world, so that the engineer in the driving position feels like sitting 
in a locomotive. The main element of a simulator is, therefore, a driving cabin 
exactly reproducing that of a locomotive. In this case, the most frequent model of 
RENFE has been chosen. It is a 3000 V DC electric locomotive, series 269. 

A schema with the main subsystems can be seen Figure A.1. 

A.4.1.2 Driving cabin 

All control and driving elements inside the cabin are operational and act exactly 
in the same way as in a real cabin. In fact, most of the devices are real, with the 
only difference that they act on a model instead of on a train. 

Among the driving elements we must point out: 

• Master controller 
• Reverser 
• Direct locomotive brake 
• Service brake 
• Dead-man device 
• Auxiliary circuits board 

The main measuring instruments and indicators are: 

• Tachometer 
• Line voltmeter 
• Traction motor ammeter 
• Battery voltmeter 
• Compressed air and vacuum gauge 
• Auxiliary circuits indicators board 
• Circuit breaker cabinet 

To reinforce reality sensation, the driving cab is complemented by three additional 
subsystems: 

• A visual subsystem representing, in front of the engineer, a dynamic image 
of the track with signals, point switches, stations, etc .. 
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• A sound generating subsystem reproducing the real sounds of a locomotive. 
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• A motion subsystem reproducing the real acceleration and vibration 
sensations. 

• A communications system. 

A.4.1.3 Visual subsystem 

In flight or marine, simulators visual display systems based on computer-generated 
images are usual. These systems are extremely expensive if they are to perform a 
suitable degree of accuracy. 

The fact that the running train has only one degree of freedom, makes easy the 
use of previously filmed images, being a much more economic solution. 

Among the different possible solutions, videodisc technique has been chosen. 
Images projection will be featured on a screen in front of the cabin, so the 
pictures can be seen both by driver and his assistant. 

A.4.1.4 Sound generating subsystem 

This system will generate three kinds of sounds: 

• A background sound independent from train speed, originated by auxiliary 
equipment operation (fans, compressors, etc.) 

• Rolling Noise, whose characteristics (frequency, spectrum and intensity) 
depend on the speed. 

• Isolated noises of pulse type, as wheel flange impacts, electric operated 
valves action, whistles, random or driver's actions related noises, etc. 

A.4.1.5 Motion subsystem 

Accelerations and other mechanical effects are simulated by means of a set of 
hydraulic actuators allowing the system three degrees of freedom. Pulling out and 
braking accelerations, centrifugal acceleration and transversal and vertical 
vibrations can be simulated. 

A.4.1.6 Instructor station 
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The instructor station is the post from which the whole system is controlled, both 
from physical (starting, maintenance, etc,.) as from functional point of view 
(exercises setting-up, coaching and evaluation, assistance to the trainee, etc.). 

It appears as a desk basically fitted with three CRT screens, a keyboard and a 
communication system. 

One of these CTR screens reproduces the displayed image before the driver. The 
second one displays a diagrammatic situation of control handles and cabin indicat
ors. The third one makes possible an interactive dialogue between instructor and 
system. This dialogue mainly consists on: 

• Choosing the exercise to be accomplished and setting the initial conditions. 

• Entering modifications during the exercise, as malfunctions or incidents 
simulation. 

• Query of generally hidden variables as pulling effort adhesive factor 
values,energy consumption, and so on. 

• Schematic display of track profile, train situation, brake equipment status 
and other similar information. 

As we have already set forward, the instructor station is designed to accomplish 
three types of functions: 

Maintenance Operations: Starting and stopping the system, program loading and 
updating, setting, rating, etc. 

Running Operations: They can be divided as follows: 

Exercises Preparation Stage. In this stage instructor can set the 
conditions for the exercise to be accomplished (type of train, 
time-table to perform, line, status of signals, point switches , type of 
blocking system, weather conditions, etc.) 

There will be a library of pre-programmed exercises where the instructor 
can select one. Nevertheless, he can enter any modifications he deems 
necessary. 

The instructor will prepare the exercises by means of "utilities" helping him 
in joining blocks representing track sections, stations, blocking systems. In 
the same way, train features (composition, weight, etc.) time-table to be 
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accomplished, track state, and other data will be entered by means of 
interactive menus containing pre-established default values. 

The pre-programmed exercises library will be open to store any new 
exercise to be kept. 

• Performance Stage. When starting the exercise, the system will take into 
account the driver's actions and the running simulation. 

It will run according to these actions, always under instructor's control who 
will watch the development of the exercise through the screens and will be 
able, at any time, to enter modifications (change of signals, weather 
conditions, adherence,faults or damages), and to freeze or end the 
exercises. 

During the performance stage a continuous record of variables defining the 
run will be accomplished. Furthermore, instructor will be able, should he 
wish so, to record a selected variables set all along the exercise stage for 
demonstration or other purposes. 

Debriefing Stage. The fore mentioned recording will allow reproduction of the 
exercise, so that it can be reviewed and commented with trainee, eventual 
mistakes examined, methods discussed and other didactic purposes. 

Statistics And Evaluation Operations. The system will include a set of utility 
programs to formulate statistics related to the use of the simulator and analyze the 
recorded exercises to evaluate the knowledge level reached by the trainees. 

Finally, through the communications system, the instructor will play the role of the 
operations Centre for the driver. 

Communications System. Locomotive is provided with a communication system 
named "Train-Ground System", allowing two-way communication between the train 
and the Operation Centre. 

This "Train-Ground" equipment in the simulator will be fully operative excepting 
the fact that the communication will be established with the instructor playing the 
role of the Operations Centre. 

A.4.1.7 Computing system 

Computing system is the main brain of simulator. It is in charge on one hand, of 
storing the models simulating the train and its environment and, on the other, of 
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coordinating activities taking place in the different work stations, as much in real 
time as in non-real time. 

A.4.1.7.1 Hardware 

The hardware is composed by a central general purpose computer and four 
specialized micro-computers, plus a set of peripherals (screens, key-boards, 
interfaces, magnetic disc, etc .. ). 

The Central computer is in charge of carrying out the simulation and real time 
control programs as well as the suitable auxiliary programs to get the most out of 
the simulator and not requiring real time accomplishment. 

The specific micro-computers are: 

Cabin Micro-Computer. It receives indications from the command controls of the 
locomotive, actuated by the driver, and sends them, duly processed, to the central 
computer. The other way round, it processes values and orders from central 
computer as well as indications on implements and signal controls in the 
locomotive. It is based on a Motorola 68000 microcomputer. 

Graphic System. It receives from central computer values related to kilometric 
point in which simulated train is, as well as other values that allow to display in 
front of the driver the track image corresponding to the state of simulation. 

This micro-computer can control, in a concurrent way, several videodisc readers, 
carry out switching among them according to simulation requirements and overlap 
some synthetic images. 

Sound Generation System. In a similar way, and according to data received from 
central computer related to locomotive equipment running, speed, track features, 
etc .. , the sound generator makes up the sounds to be heard in the cabin. A mixed 
technique of sound digitizing, frequencies generation and amplitude modulation is 
used in terms of speed. 

Finally Motion System is controlled by a micro-computer transforming the orders 
about acceleration and speed processed by central computer into signals 
controlling the electrically operated valves of hydraulic actuators. 

A.4.1.7.2 Software 

The central computing system Software can be classified as: 
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• Base Software 
• Real time programs 
• Non-real time programs 

Base Software. It consists on an Operating System VAX/VMS and a set of 
compilers and utility programs. The VAX/VMS is a multitasking Operating 
System including various utilities covering the maintenance and simulator running 
needs. 

Real Time Software. It is a set of independent modules concurrently running and 
communicating through a common memory area. They are divided in three blocks: 

• Simulation Monitor 
• Simulation Modules 
• Instructor Station 

Simulation Monitor. Accomplishes the following functions: 

• Parameters initialization of the simulation Modules (train pattern, 
operative procedures, forbidden shunting, selection of variables to be 
recorded .. ). 

• Management of common memory areas. 

• Initialization and sequencing of simulation process. Once the exercise is 
started, the real time monitor will be in charge of scheduling the tasks 
sequence using "scheduling routines", start or stop of process, etc. given by 
the Operating System. 

Simulation Modules. The general criteria followed in setting the locomotive model 
and its subsystems have been of simulating as accurately as possible those 
elements directly having an influence in driver's training, as much in normal 
operation as in emergency situations. Those subsystems hidden to driver have 
been simulated only to the extend that allows the running of assembly the whole 
system or to simulate some malfunctions. 

Therefore, the model has been settled with the following simplifying assumptions: 

• A train is composed by rigid elements (locomotive and wagons) which are 
elastically linked. Links are performed by dampers and springs. 

• To simulate the train motion along the track only the following forces have 
been considered: 
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Tractive force or dynamic braking in the locomotive and pneumatic 
braking along the train. 

Elastic forces in coupling between vehicles. 

Aerodynamic forces. 

Rolling drag. 

Driver's role consists, basically, in regulating the tractive and braking forces of the 
locomotive. Therefore, the devices controlling traction and braking are the most 
accurately simulated. 

There is a number of modules representing the running of different main, ancillary 
and protection systems on the locomotive. 

The following are the main ones: 

• Traction Circuit Modules 
Overhead Line 
Pantographs 
High Speed Circuit Breaker 
Starting Resistors and contactors 
Reverser 
Traction Motors 

• Ancillary Circuits Modules 
Motor Generator Set 
Compressor 
Vacuum Pump 
Fans 
Batteries 

• Protection Devices Module 
Traction Circuits 
Differential Relay 
Low Voltage 
Overspeed 
Overload 
Overvoltage 

• Ancillary circuits 
Low Voltage 
Overspeed 
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Overload 
Overvoltage 

The SAFE project 

The running of most of the mentioned systems is represented by digital variables 
corresponding, usually, to the "on" or "off' position of a contact, excitation or 
non-excitation of a relay, running or stopping of an auxiliary motor, etc ... 

There is, nevertheless, a certain number of continuous variables whose values are 
established according to dynamic models using 
digital integration routines. The main variables are: 

• Train position on the track 
• Speed 
• Acceleration 
• Line Voltage 
• Traction Motor force 
• Tractive or electric braking power 
• Pneumatic braking power 
• Air-pressures in brake pipes and cylinders 
• Tractive force at wheel rim and adhesion coefficient 

On the other hand, engineman's and instructor's actions are represented, as well, 
through analog-digital signals. The whole set of variables symbolize the system 
status at any moment. These values are stored in a common memory area, shared 
by all modules taking part in simulation. 

The modules in charge of dynamic simulation compute, through integration 
routines, state variables values for each computing interval; those values, sent to 
the cabin implements set up the new reading for needles and indicators, and so 
on. 

• Track display module. This module is in charge of getting out of a data base 
the track features corresponding to the kilometric point computed by the 
running simulation module. Among the features defining the track are: 
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Geometric profile 
Radius of curvature 
Adhesion coefficient 
Maintenance conditions of track 
Signals 

Traffic conditions module. It is to manage the status of the signals, type 
of blocking system, interlocks, switch points position, etc. 
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• Traffic Regulations module. In this module all rules and provisions in the 
General Traffic Rules are duly codified so engineman's behaviour can be 
permanently controlled, relating to these rules. In case a rule is 
transgressed, instructor will receive proper notice and could stop the 
exercise or take note for ulterior review. 

Standard Procedures module. In this module, in addition to the 
provisions of the General Traffic Rules, all specific running 
procedures of the locomotive are controlled, as much in normal 
conditions as in emergency situations. 

These procedures are related to operations as starting and stopping of locomotive, 
brake testing, isolating a traction motor, multiple coupling, etc. 

The aim of these procedures is the training of engineman so that he will follow, in 
any case, the proper sequence avoiding useless or dangerous manoeuvre. 

• Instructor position modules. They are to provide instructor for: 

Interactive preparation of exercises. 
Tracking and control of exercises with the possibility of entering 
variations in real time. 
Replay and evaluation of exercises. 

• Non-Real Time Programs. Basically they are a set of programs allowing 
statistical survey of results in simulation exercises. 

On the other hand we will mention here maintenance programs of the simulator, 
allowing the updating of the system and keeping a configuration control. 

A.4.1.8 Physical installation 

The train simulator is composed of some devices which need a considerable 
amount of space to be installed. It has been decided that a dedicated building 
should be used. 

Besides the space assigned to the simulator and ancillary devices, some more 
space is needed for classrooms, storage room, W.C., etc: 

Figures A.2-A.4 show how the physical installation has been realised. 

A.4.2 Trouble shooting simulator 
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Figure A.2 
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A.4.2.1 Design criteria 

Running rules for railways establish that, once a train is stopped on a track due to 
some trouble, the driver has a limited of time to try fixing it by his own means. 
Once this period of time elapsed, he must report to the Operation Centre so that 
he take provisions to he1p the damaged train. 

Figure A.3 
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Statistics demonstrate that in most cases those trains having to be towed to 
workshop could have gone by their own means should driver had the suitable 
training to resolve the trouble in a short time. 

The simulator for location and repair of malfunctions in a 269 locomotive is 
designed to train drivers in this specific task. 

The driving simulator hereby described can simulate malfunction and, therefore, 
provide training in trouble-fixing. Although its basic aim is trouble shooting 
training, this simulator is intended, not only to simulate malfunctions but to 
provide instructional facilities for comprehension of internal operation and 
performance of a locomotive. 

As in the driving simulator, locomotive type 269 is simulated. But in this case the 
main interesting point is not the driving realism but the comprehension of 
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different sub-systems of the locomotive. 

Based on previous experiences of engineers and maintenance staff, the simulator 
has been defined as a system able to perform the following basic functions: 

• Accurately reproduce the physical features , the function and operation of 
the different control levers and displays on the driving desk of a 269 
locomotive. 

• Display, at different detail levels, all diagrams and circuits defining the 
running of a locomotive. 

• Solve the train motion equations taking into account the locomotive 
characteristics and drawn material features, and, according to driver's 
actions, compute and display the main state variables in cabin devices and 
switch-on the protection in case of unsuitable operation. 

• Allow instructor preparation and tutoring of driver's training exercises for 
knowledge of running features of the locomotive and malfunctions 
simulation. 

• Make possible the replay of real and demonstration exercises. 

• Give to the instructor the general control of simulator with recording 
utilities for analysis and replay purposes. 

To carry out these functions the simulator has the following structure: 

• Four trainee stations, each one with a driving desk and a visual display 
system. 

• One instructor station. 
• A computing system. 
• A set of frames housing real locomotive equipment. 

Trainee Station. Every trainee station has a control desk accurately reproducing 
that one of the locomotive with the same control devices, measuring instruments 
and indicators, all fully operative. 

In front of the desk there is a screen to display before the trainee different kind of 
information according to the exercise to be accomplished. 

Instructor Station. It has the following functions: 

• Setting up of the exercises to be executed by every trainee through the 
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definition of training steps and a programmed sequence of events to be 
accomplished during simulation: actuation on controls, troubles, etc. 

• Tracking and control of the exercises including freezing, stop, slow-motion 
and continuation of every simulation, display of charts and indications on 
every trainee's desk. 

• Entering of troubles during simulation as well as unexpected events and 
modifications in exercises. 

• Analysis and replay. 

Computing System. Computing System has, as functional purposes: 

• Simulate, in real time, when necessary, the internal operation of a 
locomotive as much in its dynamic respect as in the functional respect of 
different systems on board. 

• Provide the graphic system with the necessary inputs in order to display in 
every trainee's station the required information (diagrams, etc ... ). 

• Take in account in every simulation trainee's actions on desk controls and 
instructor's through the exercise development. 

Provide the required tools to set the exercises, control their 
accomplishment and help in their analysis. 

• Provide the real locomotive equipments with the necessary inputs in order 
to change the status of certain indicators, relays, and circuit breakers 
affected by simulated troubles. 

• Data recording referring simulation exercises. 

Frames with real Locomotive Equipment 

In the fourth stage of training the real equipment system mission is, on one hand, 
to inform the trainee on the actual situation of all elements in control cabinets 
(excited or non-excited relays, automatic switches on/off, etc,.) and, on the other 
hand, show the trainee, for instructional purposes, the actual behaviour of 
elements taking part in locomotive circuits. 

A4.2.2 Instructional strategies 
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Before going ahead in the description of the simulator elements, instructional 
foreseen strategies covering four stages must be explained. 

• Stage I. Its aim is to give to the trainee the knowledge about the 
organization and composition of the circuits and subsystems making up the 
269 locomotive equipment. 

This stage, strictly informative, doesn't need the central computing system. 
Trainee has available, through the visual display system, a set of charts and 
static diagrams where he can easily move by means of a simple menu 
system. 

• Stage II. Its purpose is to provide the trainee with the knowledge of the 
operation of different circuits. 

In this stage the central computing system will perform a simplified 
simulation of the running of the locomotive, according to the handling of 
the trainee controls. On the control desk the measuring instruments and 
other indicators will display information according to this simulation. 

Moreover, the visual display system will show to the trainee the same circuits and 
diagrams as in stage I, but this time there will be, dynamically reflected, 
modifications arising from trainee's actuation on desk controls: 

• Excitation and release of relays, switching on and off, timings, etc. 

• Electric operated valves operation. 

• Automatic switches operation. 

• Pneumatic and electromagnetic switches and auxiliary contacts operation. 

• Status of pressure governors and pressure regulators taking part in the 
operation of pneumatic system. 

• Existence or not of electric power supply in circuits and of air pressure in 
pneumatic pipes. 

• Working of auxiliary equipments. 

• Stage III. It is designed to make easy to the trainee the identification of the 
consequences of malfunctions or defaults in certain working elements 
subject to failure in the real locomotive. With the same tools as in Stage II, 
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the trainee would be able to track the anomalous running of different 
circuits in order to identify a malfunction by means of its consequences. 

• Stage W. The aim of this last stage is the recognition and identification of 
malfunctions entered by the instructor, without the graphic system help, 
that is to say, under the same conditions as in actual locomotive, with the 
only help of locomotive indicators. 

A.4.2.3 Trainee station 

All four trainees' stations have a locomotive driving desk and a display system 
with a keyboard and a mouse for getting graphic information. In those stages 
where the central computer is active, the indicators and implements on the desk 
will react at engineman's action as much as it would be done in an actual 
locomotive, according the working conditions caused by simulated troubles. By 
means of keyboard and mouse, the trainee will get information from the system, 
set his diagnosis and point out the suitable corrections. 

A.4.2.4 Instructor station 

Instructor station is a graphic terminal where he can execute three kinds of tasks: 

• Exercises preparation, being basically the setting of a sequence of events to 
happen during simulation, should they follow a previous by determinate 
pattern or depend on trainee's behaviour. 
There will be a pre-programmed exercises library that the instructor 
can use and modify as he wishes. 

• Exercises execution. During the accomplishment of an exercise, the 
instructor will be able to: 
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Activate or deactivate malfunctions or failures, alternate or repeat 
sequences and, by all means, actuate on any part of the locomotive. 
Freeze the exercise at any time. 
Change the time scale in order to visualize sequences usually too fast 
to be clearly watched. 
From his monitor-screen, instructor can get in touch with any of the 
working stations and visualize how its function is going on. Specially 
he can watch, through a diagram of the trainee desk, the controls 
position, which indications they display and which the trainee's 
actuation is. 
Finally, instructor can perform a third group of tasks referring to 
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exercise analysis and evaluation by means of charts, listings of certain 
selected variables, statistics, etc. 

Figure A.5 Trainee station 

A.4.2.5 Computing system 

A.4.2.5.1 Hardware 

Simulator hardware is composed by: 

• A central MICROVAX computer, similar to that in driving simulator. 
• Four micro-computers for control desks, similar to the cabin 

micro-computer in driving simulator. 
• Four graphic systems each based one PC computer coupled to a 

Barcographics type projector. 
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A.4.2.5.2 Software 

As in the driving simulator, three groups of programs can be found: 

• Base Software 
• Real time programs 
• Non-real time programs 

Base Software 

It is composed by an operating system VAX/VMS and a set of utility programs. 

Real Time Programs 

They consist on a series of simultaneously executable modules connected among 
them through a common memory area and coordinated by an executive module. 

The executable modules can be divided into two main groups: 

• Simulation modules properly speaking, referring to dynamics and to 
locomotive systems in normal running or in malfunction. 

• Auxiliary modules corresponding, mainly, to the instructor station for 
setting-up, tutoring and analyzing exercises. 
Simulation programs contain a simplified model of track and train and 
detailed models of locomotive subsystems: 
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Main Traction and Electric Braking circuits: 

Power circuits 
Control Circuits 
Measurement and protection circuits 
Main governor 

Pneumatic brake subsystem: 

Compressed air and vacuum production and distribution 
Electric control circuits 
Timing system for electric and pneumatic brake 

Auxiliary equipment subsystem: 

Motor-alternator unit 
Compressor and vacuum pumps 

SAFE/SIM/WPI/EUT-rep /comp.final 



The SAFE Project 

Fans, batteries 
Dead-man device 
Heating 
Others 

Annex 

Malfunction simulation is understood to be the non-working or poor operation of 
any of the above mentioned elements or sub-assembles. 

A.4.2.6 Real equipment set 

The malfunction simulator has got two control cabinets named Cabinet One and 
Cabinet Two, located in both locomotive driving cabins housing automatic 
switches and other elements on which enginemen can operate to correct certain 
troubles. The elements located into those cabinets are connected to the central 
computer so that it can command the release of the automatic control switches 
under simulation program or instructor control, and detect the trainee's operation. 

A.4.3 Traffic rules training simulator 

A.4.3.l Design criteria 

Safety in trains traffic is based on how traffic agents use the equipments and rules 
at their disposal. 

Let us remind that these systems can be classified as: 

• Signalling systems 
• Blocking systems 
• Interlocking systems (Itinerary setting-up) 

Access to these systems by agents can be, as well, classified in three levels: 

• The lower level refers to station geographical control panel from which the 
yard master, can directly and individually control the point switches, signals 
and other ancillary devices, as well as send specific orders to enginemen 
overriding the normal running of the system. 

• At an intermediate level, there are the Centralized Traffic Centers (CTC). 

A CTC is a centre from where safety equipments and signals in a 
railway line - consisting of several stations and the track sections 
between them can be remotely controlled. Local control is operative 
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only under authorization by the CTC, which in that case releases the 
remote control over the station. 

• On upper level there is the dispatching centre, being liable of decision 
making in any case (for instance, train priorities in case of delay, train 
rerouting in case of troubles in a line, time-table modifications, etc .. ) 

The locomotive simulator aims to reproduce, as accurately as possible, 
environment in a driver's cab. In the case of traffic simulator, it is impossible to 
do so being every station and every control centre different from each other, due 
mainly to their different structures and the very different technologies used. 

Being so, the physical appearance has been discarded, trying to pattern it upon its 
conceptual aspect. 

From an instructional point of view, one of the most interesting cases is that of 
transition stations between two or more signalling and blocking systems. 
Therefore, one of the criteria determining simulator specifications has been, 
precisely, the possibility of simulating very accurately the operative features of this 
kind of stations. 

The activity of the agents to whom this simulator is aimed, is basically a team-job. 
Therefore, simulator has been designed so that to allow the joint-work of a 
variable number of agents. 

There are some CTCs operations requiring the presence of one or several agents, 
and, as well, there are some stations requiring more than one agent working at the 
same time. Consequently, the simulator must have flexibility enough to allot the 
working stations among CTCs and stations in an arbitrary way. 

The real system intended to reproduce is composed by: 

• The Topology of a railroad line and the stations it links. 
• Signalling and interlocking system. 
• Blocking system. 
• Communications system. 
• A set of trains included in the time-table. 
• Traffic Rules (General Traffic Rules). 
• Work stations for: 

Station Traffic yard master. 
CTCs operators. 
Operations Centre operator. (Dispatcher) 
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In order to simulate this system, the simulator has been designed including the 
following sub-assemblies: 

• Twenty trainee's positions. 
• One instructor station. 
• A graphic display system. 
• A communications system. 
• A computing system. 

A.4.3.2 Trainee's stations 

Nineteen trainee's stations, each on consisting on: 

• A graphing screen 
• A key board 
• A mouse 
• A communication device (telephone) 

There is a twentieth trainee's station intended for the dispatcher, on the 
Operations Centre. 
This station consists on: 

• Stand for graphics in progress. 
• Communication system. 
• SITRA system terminal. 

The only connection between the Operation Centre and the rest of the simulator 
is by means of the telephone as in actual world. 

A.4.3.3 Instructor station 

The instructor station is identical to trainee's stations, with the addition of a 
console to control the whole simulator. 

Figure A.6 shows a physical lay-out of the whole set of stations: 

A.4.3.4 Visual display system 

Visual display system consists of a set of projectors on big screen. 

They are lined up to form a panel displaying the synoptic diagram of a complete 
line or detailed diagrams of one or several stations, according with the needs of 
the exercises. 
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This panel is placed in such a way that it can be seen from all work stations. 

The screens located in every trainee's station are also part of the graphic system. 
In these screens, and according to the kind of exercise, any part of the general 
line, a given station lay out or other information can be displayed. 

The signalling and control panels located in stations very often combine in a single 
unit signal devices and control handles. Both of them are far from being 
normalized. In the simulation these elements are represented by symbols, of 
similar look, displaying accurately the same states as in real equipments. 

These respects include, among other: 

• Track occupation 
• Switches position 
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• Signal's indications 
• Itineraries interlocking 
• Handles, buttons and control switches position. 

The actuation over the control devices made by the trainee takes place, according 
to the exercise, by means of commands sent through the key board (in some 
CTCs) or directly on the screen with the help of the mouse. 

A.4.3.5 Communication system 

Communications system is most important in this case. Trainee not only has 
available the same communication equipment existing in stations but he has also 
available the whole set of forms he must use and fill-in in normal operation. The 
communications system allows him to get in touch with side stations, with CTC 
and with the Operations Centre. 

A.4.3.6 Computing system 

At functional level, the computing system allows to: 
• Simulate in real time trains motion, according to the time-table, the state 

of the track's point switches, signals and specific orders sent by trainees to 
trains. 

Provide the necessary inputs to graphic generation system in order to 
display on the general diagram and in every trainee's station the suitable 
information of trains situation, state of signals, etc. 

• Take into account in every situation trainee's and instructor's actuation. 

• Provide instructor with the necessary implements to prepare the exercises, 
control their execution and help him in their analysis. 

• Facilitate to the instructor the preparation, tutoring and recording of 
exercises, replaying and interactive changes on exercise conditions. 

A.4.3.6.1 Hardware 

The simulator hardware is composed by: 

• 1 Central Microvax Computer 
• 20 Personal computers with graphics capabilities 
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• 7 Barcographics projectors 
• A communications system 

A.4.3.6.2 Software 

The simulator software is divided in three ranges: 

• Base software 
• Real time software 
• Non-real time software 

Bases Software consists, as in other cases, of a VMS operative system and utility 
programs. 

Real Time Software is divided: 

• Simulation Modules: 
Signalling modules 
Switch points modules 
Interlocking modules 
Graphic generation modules 
Input-output modules 
Instructor station modules 

Non Real Time Software. Consists of a set of programs to: 

• Exercises setting. It provides line-edition programs, signal systems, blocking 
systems and trains time-table. 

• Analysis of simulations results able to replay exercise, perform 
demonstration exercises, track selected variables providing heir history 
along exercise in a graphic or charted way. 

• Automatic analysis of standard Procedures application to the raised 
problems. 

Finally, the computing system has a set of programs for equipment maintenance. 

A.5 Instructional strategies and purposes 

A.5.1 Introduction 

The group of people to whom these simulators are aimed consists of three kinds 
of persons: 
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• Staff acceding for the first time to this particularly job level. 

• Trained staff changing of job-post within the same level. 

• Those persons following a retraining course without changing their 
job-Post. 

The specific instructional strategies for each of these groups are presently under 
development. Responsible staff belonging to the training department, train, 
drivers, traffic agents and maintenance staff are involved in works carried out, for 
determining the courses contents, (1989). Some ideas, however, can be brought 
forward: 

• In all cases the simulator use will be preceded by conventional courses. 

• At the beginning of the course, trainee will perform a test in the simulator 
itself. At the end of the course, this same trainee will perform another test 
of similar difficulty, whose results will be compared with the first one in 
order to evaluate instruction efficiency. It is foreseen to use this 
information to optimize the contents of the courses to be performed in 
simulator. 

For all three types of simulator it is foreseen to implement exercises of growing 
difficulty. As a general rule, all exercises will be performed under instructor's 
tutoring, who will evaluate the trainee's knowledge and decide about exercise 
progression. On ulterior stages, when enough amount of experience will be 
achieved, an automatic evaluation process will be first employed and, eventually, 
the system will be provided with a certain degree of intelligence to guide the 
exercises progression. 

A.5.2 Remarks 

At this moment (1989) it is quite difficult to classify these simulators from the 
points of view of simulation nature, instructional goals trainee's initiative, trainee's 
features and learning environment nature it is quite difficult to classify these 
simulators. Here are some quid lines: 

A.5.3 Simulation nature 

From the point of view of simulation control, the first simulator is the most 
complex including continuous models (train and other sub-system dynamics) and 
discrete ones (signals systems, blocking, etc ... ) 
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The two other simulators can be considered as discontinuous models, since the 
only continuous variable considered (trains situation on the lines), is represented 
by the track occupation, which in fact is a discontinuous variable. 

A.5.4 Instructional goals 

Basically, they are two: 

The first and most evident is aimed to give to the trainee a certain psychomotor 
skills (case of train driving) or procedural ones (case of malfunction location or 
train traffic control procedures). 

The second, but not the less important, is the acquisition of knowledge about the 
internal running of the systems that the trainee is using. From this point of view, 
the simulation offers the same advantages as "on the job" training without the risks 
this training endures. 

A.5.5 Learner initiative 

Systems represented by these three simulators refers to an extremely rigid world 
symbolized by the rails of the train where freedom of initiative is almost 
nonexistent. The training purpose is the trainee to do, as fluently as possible, the 
only thing to be done in a given moment, following the established standard 
procedures. 

In this process, the instructor is the only one to make use of a certain degree of 
initiative when setting the initial conditions, entering troubles or modifications 
along the exercise, etc. 

A.5.6 Trainee's characteristics 

The typical trainee to whom those simulators are intended an adult worker, with a 
high-school or professional level education, and whose motivations to learn are 
based on: 

• Professional upgrading 
• Income improvement 
• Trade union regulations 
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These motivations create some problems going beyond simulation and instruction 
fields themselves, but greatly influencing the acceptance degree of these training 
techniques. 

A.5.7 Learning environment 

All three simulators try to perform a learning environment as real as possible but 
there are some aspects giving an important distortion: 

• Training is always performed under instructor's control. 
• Simulators are located in an special school outside the usual working 

environment. 
• Simulators training is a part of periodically organized courses, usually 

requiring trainees travelling from their usual residence. 

The man-machine interface is very complex but easy to use: 

On one hand, the display systems no matter how sophisticated they are require 
from the trainee, a great abstraction effort. This is probably the most conflictive 
side of the system because acceptance and, therefore, training efficiency varies 
widely according to trainee's mental disposition. 

On the other hand, the indication and measurement devices and control 
implements that take part in this interphase, replicate with great accuracy the 
operation of the real systems. From this point of view the simulators is fully 
transparent for trainees. 

Finally, it makes also part of the man-machine interface a set of rules regarding 
railway operation, settled in oral and written instructions, forms to be filled, 
communications to be established, being exactly the same as those used in real 
life. 

A.6 Authoring tools used in simulation 

The complexity of the models included in these simulators is too high for the 
capabilities of any known authoring tool. 

Extensive use has been made of high level general purpose language (FORTRAN, 
PASCAL and C) in the development of most modules. Some system routines have 
been written in Assemble language. 
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A.7 References 

Technical specifications of Driving Simulator for Rail Vehicles. 

269 series Locomotive Driving Handbook RENFE (MC-1033). 

General Traffic Rules RENFE. 

• Title I, Signals. 
• Title II, Security Equipment. 
• Title Ill, Traffic. 
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