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As a decrepit 'father takes delight
To see his active child da deeds of youth,
So I, made lame by fortune’s dearest spite,

Take all my comfort of thy worth and truth.

~ William Shakespeare
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ABSTRACT

Organic chemistry teaching involves the explanation +of most phenomena in
terms of atomic and molecular models. The main challenge for the student
is the creation of mental three-dimensional images of molecules.
Unfortunately, many students find the visualisation of the spatial
arrangements of molecules a difficult task. For this reason, chemistry
teaching has seen the introduction of many innovative teaching tools in an
attempt to brix_lg the subject to life for students. Until recently, the cost of
computer hardware has prohibited the extensive use of computers within the
undergraduate chemistry curriculum. However, the desktop computer has
provided a cost-effective platform for developing integrated courseware that

presents abstract concepts to the chemistry student.

This thesis begins with a review of the design and evaluation of computer-

based learning, together with the integration of computers into chemistry
education. Two studies then describe the design, implementation and
evaluation of novel computer-aided learning material that combines
computational chemistry tools and multimedia courseware. The first study
assesses the feasibility of integrating interactive three-dimensional molecular

modelling into tutorial instruction to provide a visualisation tool for
undergraduate organic chemistry. A detailed evaluation has provided

substantial evidence concerning the effectiveness of this technique. The

X1V



second study involves the design of instructional courseware that combines
interactive computational chemistry tools and 'talking head' video narration.

An innovative training tool that allows medicinal chemists to study
analytical chemistry techniques is described. The evaluation of a prototype

package has revealed valuable information concerning the combination of

dynamic and interactive media.
Emerging guidelines for the integration of computational chemistry tools

and interactive molecular modelling into multimedia courseware and

suggestions for further work are proposed.
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ﬁ Chapter 1

A History of CAL Evaluation

- "Failure to demonstrate the efficacy

of CAI would make it more difficult to

generate funding for computer labs

and educational instruction.
Nevertheless, software, or any other

instructional tool, must be evaluated.
Good intentions and hard work are
not sufficient justification for its use."
(Nancy Duncan, 1993)




1.1 Introduction

Computer-aided learning (CAL) has been used in education for more than
twenty years. Many advantages have been attributed to the use of CAL
including self-paced learning, immediate response and knowledge of results,
active learning, variety, ease of record keeping, flexibility, timeliness and
reduced learning time [1-3]). Despite these benefits, computers have only
recently gained widespread acceptance in higher education. Unfortunately,
this endorsement has had more to do with advances in computer technology

than with academic requirements or prioritics [4].

The integration of multimedia into CAL is the main reason for the increased
interest in educational software. Multimedia courseware does provide an
outstanding new teaching opportunity since it has the potential to support

the learning process as effectively as traditional teaching [5]. Even so, for

CAL to be credited by educators as a reliable teaching resource it must be

accompanied by rigorous evaluation, as for any novel teaching technology

[6-8].

A large quantity of research has accumulated conceming the effectiveness
of CAL and 1t has produced either inconclusive or slightly positive results
[1, 8]. Recently, an increasing body of literature has begun to question the

design and relevance of these studies. Together with the rapid

advancements in computer technology, this has ensured that the systematic

evaluation of courseware has lagged behind its development {7, 9, 10]. It is
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not surprising that the evaluation of instruction and learning has been called

the most complicated problem anywhere in science today [11].

This chapter summarises the different strategies that have been used for the
evaluation of instructional software. Emerging approaches, which may
produce more reliable guidelines for the design of effective CAL and hasten .

its proper acceptance into higher education, are also introduced.

1.2 Media Comparison Research

Most of the traditional research on CAL effectiveness has compared CAL
with conventional instruction, such as the traditional lecture, in so-called
media comparison studies [2]. This approach is the recurring practice every

time a new instructional technology is introduced [1].

Media comparison research has been criticised by several workers. For
example, Bates (1981) says that in most comparative studies the media are
assumed to be equivalent. Furthermore, unknown variables are often
randomised between the experimental and control groups. This design often
leads to more variation in learning within, rather than between, the media
being studied [12]. Duncan (1993) is more specific, and considers non-
random assignment of subjects to experimental and control groups to be a
major threat to the internal validity of comparative research. For example,

student characteristics such as age, sex, ability, computer anxiety, aptitude,



motivation and prior knowledge may all influence the experimental outcome

and must be carefully controlled [13].

Ransdell (1993) identifies the novelty effect as another user variable that
can seriously affect the external validity of media comparison studies [7].
This effect 1s the most commonly cited problem related to CAL research
[1]. It is caused by the experimental treatment in a study being seen as
more effective because it is different from the traditional one. The novelty
effect 1s a particular problem with multimedia courseware, which

inexperienced users often rate too highly.

For the reasons above, most workers now accept that media comparison is
the least productive method for CAL evaluation [6-8, 12-18]. Current
research is turning away from the comparative approach. This is due to the
difficulty of controlling the number of variables and also to the fact that

CAL has proven to be relatively effective [1] (see Section 1.5).

1.3 Media Replication Research

An alternative t0 media comparison research which showed initial promise
was media replication [19]. This approach investigates the relative
effectiveness of one or more dimensions of CAL, for example, learner

control, feedback or screen design. The evaluation process isolates the

effectiveness of a single dimension or attribute of CAL (e.g. learner control)

in comparison with an alternate attribute (e.g. program control). Media
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replication studies are supported by Clark (1989), who incorporates them
into his prescriptive research recommendation (see Section 1.7.2) [20].
However, some workers, notably Reeves (1992), emphasise that replication
studies have enjoyed only a little more success than media comparison

research [21].

1.4 Aptitude-Treatment Interaction

In the late 1970s, the Aptitude-Treatment Interaction (ATI) approach to
evaluation was devised [22]. This technique assumes that learning involves
interactions between the task the learner performs, the learner and the
characteristics of the media. Therefore, the optimal instructional method 1s
seen.to vary as a function of user attributes [13]. During this period,
researchers began to focus on finding the relationships between these factors

and their effect on learning outcomes.

Following the criticisms of other research approaches, ATI studies were
often rigorously designed and implemented in controlled laboratory settings.
Even so, the most common finding was the observation of no significant
difference between the new and traditional media. Various criticisms have
been aimed at ATI research, most of which are concerned with the highly
controlled environment in which the studies are often carried out. For

example, the relevance of the findings to classroom settings was raised by
several workers [8]. For this and other reasons, ATI research has been

superseded by other methods.
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1.5 Metaanalytic Evaluation Studies

The technique of metaanalysis combines the effect sizes of individual
studies (expressed as the average distance between experimental and control
groups) into one common effect size. It has been particularly useful for

assessing media comparison research (see Section 1.2), since the effects of

multiple factors on learning can be separated for individual examination [7].

A metaanalysis by Jolicoeur and Berger (1986) highlighted a particular
limitation of comparative resecarch. These workers focused on studies that
evaluated commercial products and conclude that most work has low
reliability because it was not carried out in genuine classroom settings.
Therefore, they stress the need for researchers to use realistic environments

for the evaluation of instructional programs [23].

A summary of 16 metaanalyses and other reviews was published by =
Niemiec and Walberg (1987). The results of this synthesis suggest that the
typical effect of CAL on student achievement is to raise outcome measures
by 0.42 standard deviation units. These workers conclude that CAL is a
moderately effective instructional intervention, but attention must be given

to novelty effects in future work [24].

Kulik and Kulik have carried out a series of metaanalyses on studies
comparing computerised and conventional courses. Their most recent

analysis (1991) compared 254 controlled evaluation studies that met specific
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criteria. These specifications excluded work that did not take place in
actual classrooms and experimental designs with methodological flaws. In
keeping with earlier analyses, they found that the average CAL student
outperformed conventionally taught students. They conclude that the exam
scores for CAL students are raised by 0.3 standard deviation units, -
compared to non-CAL students. These workers also conclude that the
effects of CAL are larger for published studies, for short duration

evaluations and for studies where the teachers used for the CAL and non-

CAL media classes were different [25].

The results of metaanalytic studies have highlighted weaknesses in many
experimental designs. Nevertheless, studies that used specific criteria for
the inclusion of published data report a moderate, positive effect of CAL.
However, the critical factors causing these benefits remain unknown.
Therefore, evaluation studies that emphasise obtaining statistical significance

do not provide guidelines for future courseware development or use [13].

The Media or Method Debate

1.6

The controversy over traditional media comparison research led Richard
Clark to initiate a debate in 1983 that continues in the literature. His
argument was that media comparison problems are driven by the fact that
media are merely delivery devices and it is the method or content that is

introduced along with the medium that influences learning. In his paper of

that year [5], Clark uses a now famous truck analogy, in which he states:
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"... [media) are mere vehicles that deliver instruction but
do not influence achievement any more than the truck that

delivers our groceries causes changes in our nutrition."

Clark has strongly supported his views recently (1994) by highlighting the

lack of empirical support for media influences on learning [26].

The stance taken by Clark launched a wave of critical discussion. In a
review of media research, Kozma (1991) takes issue with Clark and insists
that some students can take advantage of a particular medium’s
charactenistics to help them construct knowledge via mental model
formation (see Section 2.5).” Kozma calls for a continuation of media

research, but with a focus on the effects of media on learners’ mental

representations and cognitive processes [27].

Recently, Kozma (1994) has'again replied to Clark’s remarks by declaring
that media can work with methods collectively to influence learning. This
makes it difficult, if not impossible, to isolate the effects of media and
methods. Kozma uses the example of a molecular animation to teach
chemical equilibrium. He questions whether it would be possible to use a

different medium to convey the same message. Changing the medium

would 1nevitably require a redesign of the method [28].



Another instructional technologist, Robert Reiser, is also an advocate of the
influence of media on learning. He states that Clark is correct in insisting
that methods are what cause learning to occur. However, Reiser notes that

Clark overlooks the fact that media have certain attributes, and in certain

situations those attributes are unique and not readily independent of

methods [29].

Tennyson (1994) offers a useful overview of the current state of the media
debate by summarising the positions of the authors involved. He considers
the whole debate similar to a general problem in science, that is, those
involved are trying to generalise their paradigm to a complex world.
Tennyson suggests a more integrated solution to the issue, such that media
do not influence learning unless they are linked to the method. Like
Kozma, he believes that media are always embedded in a complex
association with the instructional method, learner variables, content, context
and risk. Therefore, researchers should remain flexible and embrace the
complexity of media evaluation. Tennyson concludes that the central role
of media in instructional design ensures that the media or method debate

will continue for many years [30].

1.7 New Directions for CAL Evaluation

1.7.1 Introduction
The inadequacy of media comparison and replication studies highlighted by

the media debate has prompted several other workers to propose more
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fruitful paths for the evaluation of CAL. These methods have been rarely
used to date, but they promise to yield a sound scientific foundation for the

design of instructional courseware [16].

1.7.2 Research Framework
In addition to criticising previous work, Clark has made suggestions for
future developments in instructional technology research. He highlights the
fact that many workers spend too little time reviewing the psychological
literature preceding their research and too much time detailing the methods
used in their studies. Clark suggests that workers should go beyond
descriptive methods and adopt a prescriptive research methodology. In this
way, the emphasis will shift from what was done in a study to why it was
done. Only then will research lead to effective training methods for

increasing achievement and motivation [20].

A further area for investigation is suggested by Ullmer (1994). He believes
that interaction is the key learning process since it allows users control over
their learning (see Section 2.8.3). Ullmer suggests that the research focus
should shift from measuring a medium’s efficiency in delivering content
towards assessing how well students adapt to this freedom to apply their

own learning styles [31].

Several recommendations have also been made to improve the basic design

of CAL studies. In keeping with the conclusions from several metaanalyses
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(see Section 1.5), several workers highlight the fact that few CAL
evaluations are conducted in realistic settings. Therefore, the ecological
validity of most work 1s jeopardised [11, 32-35]. Yildiz and Atkins (1993)
note that an authentic environment is essential to allow 1nnovative media to

be exploited to their full advantage. This increases the chance of novel

learning benefits revealing themselves [8].

The short duration of evaluation studies has also been criticised. In
particular, Reeves (1992) analysed study duration times and found the
average to be around 30 minutes, which is far too short for learner attributes
to take effect. Reeves concludes that CAL studies lasting many hours,

extended over several days or even weeks are required to validate results

[21].

An innovative direction for multimedia research is suggested by Reeves
(1993). He suggests that qualitative methods, such as observations of user
behaviour, are employed to redirect multimedia evaluation towards more
meaningful outcomes.  These observations could then be related to existing
learning theory, which may highlight areas for later quantitative
examination. However, Reeves warns researchers against applying
qualitative methods as badly as quantitative techniques have been used in

the past [36].
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1.7.3 Trianqgulation
The concept of collecting quantitative and qualitative data in a study is

taken further by Reeves (1994). He uses the term 'triangulation’ to describe
using multiple measures with the aim of converging more accurately on a
variable associated with learning. For example, a multimedia designer
wishing to find out ‘about the motivation of learners using a product may
use a combination of techniques such as, a questionnaire, an interview
protocol and user observations to estimate motivation. Reeves notes that in

the triangulation approach, errors in one type of measure are assumed to be

cancelled out by errors in another measure [37].

A successful use of multiple measures for evaluating multimedia courseware
is described by Barker and King (1993) (see Section 2.7.2). This study
combined expert evaluations, user trials and verbal observations in the
evaluation of 43 multimedia products. The subjectivity of the evaluation
was carefully controlled to give validity to the exercise. The multi-facetted
approach resulted in several innovative interface design features revealing

themselves, which were not anticipated during the design of the study [38].

1.7.4 User Modelling

In an attempt to move research towards more prescriptive outcomes (see

Section 1.7.2), Reeves (1992) suggests that the computer is used to model
the user of interactive multimedia courseware. Reeves explains that the

powerful data collection capabilities of CAL lend themselves particularly
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well to computer modelling, enabling researchers to embrace the complexity
of a learning situation. In this way, a complex array of input variables and
instructional treatments can be related to multiple outcomes. The derived

relationships can then be used to help explain the effects of instructional

software [21].

To illustrate his point, Reeves quotes a study by Gustafson et al. (1990) that
adopted a user modelling approach to evaluation. In this investigation, data
collection routines were incorporated into HyperCard [39] stacks which
recorded student paths through the courseware, their selections, time spent
in various learning tasks and responses to questions. Analysis of the data

revealed unexpected insights into menu structure, student understanding of

options and fluctuations in their motivation levels [18].

A more theoretical approach to user modelling is suggested by Jih and
Reeves (1992). Since interactivity 1s a crucial component of CAL, these
workers call for research on the mental models (see Section 2.5) that users
form as they interact with such systems. Jih and Reeves suggest that
mental models are assessed at appropriate points in the courseware, by
asking users to provide reasons for their actions and to explain how certain
parts of the program work. Research on mental models will identify
important characteristics of cognitive processes and help in the development

of guidelines for designing interactive learning systems [40].
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1.8 Chapter Summary

In this chapter, the different strategies used for the evaluaﬁon of
instructional software over the past twenty years have been discussed. The
traditional techniques of media comparison, media replication and Aptitude-
Treamment Interaction (ATI) research are widely criticised because of flaws
in the theoretical approach or basic cxpedmentél design of almost all

published work.

More recently, qualitative methods have been suggestéd as an alternative
approach to evaluation. Several studies show that in combination with
quanttative methods, a rich picture of courseware effectiveness will emerge.
A more theoretical strategy of studying the mental models that users form

during their use of CAL has also been proposed.

Twenty years of quanutative research on CAL has produced an inadequate
basis to guide the development of interactive Iearriing matenials. If the

recently described approaches are follhoﬁred. interesting research and findings
will undoubtedly result. This in tum will have an impact on future CAL
developments and extend our knowledge of instructional theory. To achieve
this, CAL researchers must pay attention to the organisation and clarity 6f
their work, the internal and external validity of their experiments and they

must avoid proven unfruitful research approaches.
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Chapter 2

The Design of CAL

"Historical accident has kept
programmers in control of a field in
which most of them have no aptitude:
the artistic integration of the
mechanism.é they work with...
Learning to program has no more to
do with designihg interactive software
than learning to touch-type has to do
with writing poetry."”

(Ted Nelson, 1990)



2.1 Introduction

Successful CAL programs require more than state of the art hardware,
adequate content and effective student evaluation. The user-friendliness of
software is also of concem to courseware designers [41]. If confusion is
involved in using programs specifically designed for education and training,
the effects on learning are especially detrimental [40]. Moreover, if the
learner has to concentrate on using the interface, then attention will be
drawn away from the domain being taught [42]. Since the student-computer
interface provides an entry point to the content it must be carefully designed
if it is not going to limit the quality of the interaction [41]. Therefore, a
successful CAL interface is transparent and enables the user to interact

directly with the content [43].

Until recently, interface design has been a neglected issue in educational
software development [44, 45]. It is commonplace to see designs driven by

the technology, with the user’s needs being largely ignored. However, more

powerful authoring systems and multimedia technology have greatly
broadened the interactive capabilities and complexity of CAL.

Consequently, the quality of the interface has become an important design

issue [44, 46].

Design encompasses several separate issues in CAL development,

principally interface design (i.e. the learning environment), instructional

design (i.e. pedagogical aspects) and graphic design (i.e. visual quality). To
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ensure the production of a consistent, responsive and dependent teaching
tool, attention must be given to all three of these issues during the authoring

process.

This chapter describes the design of CAL, from the initial planning stages
to the design of the interface and the instructional content. Issues related to
the incorporation of multimedia into CAL are discussed scparately as this

has produced several unique problems for the courseware designer.

2.2 The User Interféce Desfgﬁ Cycle

2.2.1 Introduction

The 1terative design-test-modify cycle shown in Figure 1 is used for most
software development and 1s universally recognised as the only reliable

route to a successful interface [2, 47]. It is sufficiently adaptable to be used
in many environments, including CAL development programmes. The

user/task analysis takes place first. The requirements for the interface can

then be specified, taking both the needs of the user and established interface
design standards into account. Prototyping of the package takes place next,
either as a paper storyboard or as a simplified working version. The
prototype is evaluated with real users at various stages (see Chapter 3) until
the usability of the system has been maximised and a satisfactory interface

is produced. The components of this design cycle and their relevance to the

design of CAL are described below.
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User analysis Literature/
Task analysis Standards/
Modelling Styles

Design and specification
of interface/dialogue

Evaluation with :

User feeaback Paper trials/Storyboards
Verbal protocols Video scenarios
Videa/Observation Operational prototypes
Objective measures

Usable

interface

Figure 1 The design-test-modify interface design cycle

(modified from Waterworth, 1992) [61].



2.2.2 Task Analysis

Task analysis examines the needs of the user and their use of the present
system in order to establish a set of functional requirements for the new
system. It should therefore precede the design process. In the analysis, a
set of questions are asked concerning what the users do now and exactly
what the new system 1s expected to do for them. Who 1s the user? Where
1s the task performed? How is the task learned? How often do users
perform the tasks? The answers to these questions provide an input to the

design process by giving an in-depth knowledge of the user’s needs.

In CAL design, the results from the task analysis should be combined with
those gained from user modelling, which addresses amongst other things,
the instructional design of the proposed courseware [43]. What teaching
styles will the interface need to deliver? How much learning diversity will
the interface need to accommodate? What activities will the users need to
perform during their interactions (e.g. use a calculator, takes notes, use a
glossary, etc.)? The answers to these and other questions are then
combined with the technical requirements and limitations of the target
hardware and software. The result is an accurate list of functional

requirements for the new system.

2.2.3 Prototyping
Prototyping is the development of a visualisation of the user interface early

in the development life-cycle. It allows the designer to be creative since it
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involves no theory or specific methodology [48]. Therefore, it is suitable
for CAL development as an innovative interface may be required to allow a
new media type or learning style to be incorporated. The evolving
prototype should be a simplified version of the proposed software. Modern
authoring systems make the prototyping of CAL relatively easy (see Section
2.3). Once accepted, the prototype can be further developed into the final

deliverable.

2.3 Authoring Systems

Authoring systems are high level environments for generating interactive
courseware. - They are designed to enable programs to be produced quickly
and without the need for low level programming [43]. This 1s often

achieved through an object-based interface, using a set of icons to represent

the required operations [49].

All of the available authoring programs have their particular strengths and

weaknesses and the system of choice depends on the requirements of the
proposed courseware. One important feature of modern authoring systems

is their ability to execute external programs and low level code to extend

their flexibility [43, 50]. On the Windows platform this includes the ability
to load and run dynamic link libraries (DLLs). Another important

consideration is the availability and legal status of a run-time environment

for the authored courseware. Most authoring systems are distributed with a
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run-time version of the development package and this must be distributed

with the courseware to enable it to be executed on remote systems.

The instructional design of courseware is still the realm of the author and
not the authoring system. Furthermore, authoring systems are often
criticised for not taking account of learning theories [35]. King (1994)
proposes that future systems should include cognitive strategy tools to help

the courseware designer produce material that follows established theories

of learning [51].

2.4 Courseware Architecture

A frequent limitation of CAL systems is their lack of adaptability.
Courseware 1s most often developed in a read-only form, such that it offers
no opportunity for the teacher to amend or update the content. This

inflexibility has been an important limitation and has reduced the

acceptance of CAL in education.

The structure of CAL can be divided into functional units that, if separated
at the design stage, provide more system adaptability. Park (1992) suggests
that the content (i.e. the media) and instructional logic of hypermedia
systems should be kept separate for this reason [52]. Tait (1993) goes

further, by recognising that CAL systems have a four part architecture:
content, presentation, interaction and control [5S3]. He proposes that the

content should be expressed independently of the presentation and
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interaction (i.e. the interface). He explains that the content evolves rapidly
but the user interface is only updated at intervals. By adopting this
structure, teachers can concentrate on updating the content whereas the user
interface can be revised independently by the designers. If CAL is
modularised in this manner then the resultant courseware will be more
reusable and less susceptible to what Khan (19935) calls software corrosion

[33].

2.5 Mental Models

Successful users of CAL systems possess adequate ‘mental models' of the
form and function of the program’s user interface [54]). Sein et al (1993)
explain that a mental model is the user’s internal understanding of the
structure and functionality of a system and it guides their interaction with
the program [55]. Users are less likely to become disorientated with a CAL
program if they understand how the system works [40]. Incorrect mental

models, on the other hand, introduce confusion and focus the user’s

attention on the shortcomings of the interface rather than the content.
Therefore, an accurate mental model is necessary for maximum
performance, particularly in tasks that require extension of knowledge to

new contexts.

Users can create their mental models by using the system (mapping via

| usage), by drawing analogies from other systems (mapping via analogy) and
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through training (mapping via training). Complex mental models can be

created that use a combination of these mapping techniques [33].

An influential publication by Kozma (1991) discusses how the
characteristics of media can effect the structure, formation and modification
of mental models. Kozma suggests that computers can be used to
symbolically represent entities that might help mental models to form.

More importantly, instruction can be designed to illustrate abstract entities
that novice users, in particular, do not usually incorporate into their mental
models. For example, an arrow representing velocity can become longer or
shorter depending on the direction of acceleration. By interacting with such
abstract objects, novice users may become aware of any inaccuracies in
their models. Through continued use, they are able to move to more

accurate mental models of the phenomenon being taught [27].

Preece (1994) also observes that the mental models adopted by
inexperienced computer users are often vague and incomplete. Furthermore,
she suggests that it is hard to find empirical evidence for the existence of
these models at all. However, Preece argues that interface designers should

concentrate on those methods that will invoke appropriate mental models

[S6].
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2.6 CAL Interface Design

A good interface is transparent to the user, but few actually achieve this.
Many interface design guidelines exist, from the most general to the more
specific. Most of the established guidelines for CAL interface design are
common sense, but designers continue to ignore even the most basic
principles [45, 57]. This 1s not helped by the fact that screen design

guidelines have not kept pace with developments in computer technology

[58].

Both Apple and Microsoft have published detailed design recommendations
[59, 60]. It is widely recommended to follow such standards unless there is
a good reason not to do so, since students will resent having to learn new
conventions and procedures [43]. But within this framework there should
still be room for innovation in interface development [61, 62]. This is
supported by Staples (1993) who concludes that there are many unexplored

opportunities in the visual design process [63]. In this section the full
spectrum of CAL interface development is covered, from general principles

of usability to the basic elements of screen design.

2.6.1 Usability Guidelines
To ensure that a usable system 1s developed, usability guidelines should be

used in the design process. These guidelines are general purpose but those

of relevance to the design of CAL are outlined below.
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. Consistency [2, 41, 64, 635]
Consistency aids the leamer decide where they are in the program and what

they should do next. This includes all visual aspects, such as text style,
techniques of erasure and the use of colour. Consistent screen layouts
reduce the ‘cognitive load' placed on the user, therefore reducing the burden

on their short term memory.

. Simplicity [41, 43, 46)

The interface should be logically organised, uncluttered and pleasant to use.

. Naturalness [43, 65]

The system should be intuitive to use and allow the user to perform the

required tasks with a minimum of confusion.

. Learnability [43])

The amount of training required to use the system should be minimal.

. Supportiveness [43, 46, 66]
An important feature of CAL is the availability of an appropriate set of end-
user tools and services (e.g. note book, glossary, hélp, etc.) appropriate to

the task that the user has to perform.
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o Relevance [41, 46]
Only material of direct relevance to the current task should be displayed on
the screen. Also, the availability of user services should be carefully

controlled to reduce complexity.

. Flexibility [43, 44, 62, 67]
The courseware should be sufficiently flexible to be able to cater for

different user learning styles, requirements and preferences.

2.6.2 Functional Areas

An intuitive technique for organising CAL displays is to divide the screen
into several well-ofganised functional areas [68]. A comparative study by
Aspillaga (1991) shows that displaying text at a consistent location, and of
relevance to graphical information, facilitated learning [69]. Galitz (1993)
furthér suggests that functional areas of related items can help users
navigate through a program [64]. These functional groupings can be
separated by shading, lines or boxes and may change in size throughout the
courseware, but the basic layout should remain the same. In an
instructional program this will help leamers to focus on the content without

constantly having to search for the options they require [2].

Any arrangement of functional areas may be used, but research has shown
that some orientations are more desirable than others. For example,

information that should be seen first must go on the left and/or top of the
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screen [2, 43, 64]. The centre of the screen is usually reserved for the
content of the courseware, with navigation and orientation information

positioned around it.

Heines (1984) identifies five standard components that should be present on

a CAL screen [70]):

. Orientation information

The user needs to constantly know where they are in a lesson. This
information can be supplied by putting the section and sub-sections
headings at the top of the screen. The orientation information is generally

for reference only, therefore it is best to display it subtly to highlight this

fact.

¢ Directions and learner responses
Directions tell the user what to do next and therefore help with the

response. Many displays are intuitive and will not require this component.

° Error messages

These should always be presented in the same area of the screen.
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. Student options
These options consist of relevant tools to which the user may want access at
any time during the course of the lesson (e.g. help, notebook). The

selection of tools may vary throughout the lesson.

. Text and graphic areas
These are usually the largest areas on the screen with the others arranged

around them.

2.6.3 Navigational Strategies

In CAL systems where navigation is under user control, such as hypermedia
courseware [52], the problems of orientation in the information resource
become particularly important [47]. Navigational aids are therefore required
in these environments to provide orientation cues and to reduce the load on
the short term memory (the cognitive load) of the user. The techniques

used by designers to simplify user navigation include metaphorical

interfaces, guides, maps, overviews, tables of contents, search and backtrack

facilities and indexes [43, 47]. De Jong et al. (1993) warn against the over-
provision of navigational tools, since this may distract the users from the

content of the courseware. These workers suggest that the types of

navigational aids incorporated into a package should be decided by its

objectives, embedded media types and the user population [71].
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The navigational strategies used in a CAL package have a major influence
on the mental model (see Section 2.5) of the courseware held by the user
[40]. Users automatically create mental models of the systems they interact
with to make their interaction more efficient [43]. The navigational aids
described below attempt to enhance the user’s mental model of instructional

courseware.

2.6.3.1 Interface Metaphors
An interface metaphor is a conceptual mapping between aspects of the
user’s mental model of a system and the real world [61]. This can be

achieved in CAL by using familiar objects to represent the functionality of

the program [72].

Common interface metaphors include a book, a library, a desktop and an
encyclopedia. Metaphors based on such real world objects are extremely
effective at reducing interface complexity by allowing users to capitalise on
their existing knowledge [47, 73]. O’Malley (1990) emphasises the
importance of consistency in the use of these metaphors as this will enable
users to make correct predictions about the behaviour of the system and

improve the effectiveness of their interaction [42).

The scope for interface metaphors has been increased with the introduction

of multimedia systems. For example, the incorporation of sound into a
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metaphorical interface provides an unexplored opportunity for a mixed

media metaphor [74).

The use of interface metaphors does have its problems and they should be
chosen with great care, since badly chosen metaphors are counter-
productive. In addition, Waterworth (1992) wams against over restrictive
and cumbersome interface metaphors. Occasionally it may be necessary
and even advisable to incorporate so-called 'magic' features that deviate
from the metaphor model but provide extra and maybe vital power to the
system. For example, a hypermedia system built around the metaphor of a
map, which can be explored to navigate around information about a certain
geographical region could be enhanced with such magic features as ‘time
cars. This facility would allow abstract browsing, such as the comparison

of features at different periods of history [61].

2.6.3.2 Maps

A graphical map of courseware structure is a particularly effective
navigational tool [16, 75]. These maps are more effective than text-based
spatial descriptions [62]. They can be used to show the current position in
the system [46] and if correctly designed they can reinforce the system
metaphor [43] (see Section 2.6.3.1). Within hypertext and hypermedia

systems in particular, where navigation is non-linear and under user control,

overview maps are an essential orientation aid [76].
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Reeves and Harmon (1994) describe an extension to the map concept. This
involved the recording on the map of those parts of the system that have
already been visited. This technique can help to alleviate user-
disorientation. They caution against providing too much information on the

map, as this may result in more confusion [38].

Preece (1993) emphasises that our knowledge of effective map design for
hypermedia is incomplete. As such systems grow larger and more complex,

so the maps they contain must become more intuitive and flexible [47].

2.6.3.3 Guides

Guides, or intelligent agents, are another solution to the problems of
hypermedia navigation [77]. The notion is that a computer-generated
character can mediate between the computer and the user by giving
overview tours of the system, providing context-sensitive advice, suggesting

next moves or locating specific information [47). In doing so, they increase

user motivation and make the system more engaging [78]. Also, Park

(1992) suggests that learners make better decisions with guidance [52].

A guide can be presented in any media format, but in a study by Austin
(1994), a video of a 'talking head' was shown to elicit the greatest response

from the user [79]. Austin concludes that the video was more authentic
than just audio, or a still image with audio narration, since the users could

watch the lips and expressions of the subject. Therefore, by exhibiting
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some of the multi-modal communication characteristics of its human source,
the user saw the guide as more valuable. The disadvantage of such an
attention-holding device is that users devote more of their time listening to
what the guide has to say. This may disrupt their learning of the subject

material in the program.

Conversely, guides can be used to aid the learning process by providing
point of view on the information contained in the system.  The use of
multiple guides, with each one offering a different perspective, may be a

valuable way to help users form new concepts and intuitions about

information [80].

Laurel et al. (1990) suggest that guides may have a further benefit, by
helping to alleviate the problems of media integration at the interface,
particularly between dynamic media (such as video) and static média (such
as text) [80]. They could achieve this by providing suggestions for next
moves to any media type, for example, play a video clip then read some

text, or read some text then interactively rotate a molecule.

The design of guides must be carefully controlled to ensure that they do not
mislead users into performing inappropriate actions. In particular, Nass and

Steuer (1993) show that different computer-generated personalities elicit

variable responses from users. They postulate that gender, age, quality of
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voice, language and pictorial representation may also affect the user

response [81].

2.6.4 Cursors

The shape of the pointing device or cursor on the visual display is often
used within computer applications to show the current state of the program.
This technique has been extended to interactive courseware since modern
authoring systems, such as Authorware Professional, allow the cursor to be
set to a system or user-defined shape [82]. For example, the cursor can be
changed to a pointing hand to indicate that it is over a hypertext area and
an hourglass cursor can be used during background activities that prevent
interaction momentarily [64]. By changing the cursor to a shape relevant to
the activity currently being performed, user confusion will be reduced with

a resulting boost to their system confidence [38].

2.6.5 Colour

Software designers often lack the training and visual perception of the
graphic designer or artist [83]. Consequently, the use of colour on the
computer screen often causes difficulty for CAL designers. However, there
are a number of guidelines gained from using colour on the printed page

that are equally applicable to the computer screen.

Research into the effectiveness of colour in the learning process has

produced mixed results but it is generally believed that colour enriches
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learning materials and helps with the retention of information [84]. Most of
this work has focused on media other than the computer screen, but it 1s
probable that the conclusions made will be transferable to the computer
display [85]. Donahue (1973), for example, reports that college students
judged colour films as more pleasing and significantly more interesting than
black and white presentations [47]). Apart from being more visually
engaging, research also suggests that colour is easier to discern than size or
shape [86]. The use of colour for distinguishing between different types of

information 1s therefore a recommended design technique.

Common meanings for colours should also be transported onto the CAL
interface, since these meanings already exist in the world at large and users
find them very difficult to unlearn. Galitz (1993) lists some common colour

associations that should be considered during the CAL interface design

process [64]:

. Red - Stop, fire, hot, danger.

. Yellow - Caution, slow, test.

. Green - Go, OK, clear, vegetation, safety.

o Blue - Cold, water, calm, sky, neutrality.

. Grey - Neutrality

o White - Neutrality

. Warm colours - Action, response required, spatial closeness.

. Cool colours - Status, background material, spatial remoteness.
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As with other screen design elements, colour should be judiciqusly used in
interactive courseware, as poor usage may impair performance [43]. Many
studies show that the maximum number of colours a user can effectively
distinguish is between four and ten, with emphasis on the lower numbers
[64]). Clarke (1991) concludes that the use of more than seven colours on
the CAL display is confusing and requires the user to spend more time

decoding the information [87].

Besides the quantity of colours used, colour combinations are also an
important consideration in courseware design. The basic principle is to aim
for the best contrast between background and foreground colour. For
example, extreme colour pairs such as red and blue or yellow and purple
should be avoided. This will avoid frequent refocussing and visual fatigue.
Colour blindness must also be taken into account, since between 7 and 10%
of the population are colour blind. Certain colour combinations, for
example, red and green should therefore be avoided [83]. An effective
solution to the problems of visual handicap is to allow the user to select

their preferred colour combinations.

2.6.6 Electronic Text

The presentation of text on computer screens has received a great deal of

attention [46] but there are still few empirically-based guidelines for the
design of text in ways that ease learning [68]. One distinction that has been

made is the difference between screen and page-based text. For example,
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screen text can be dynamic and interactive [85] which creates new
possibilities for the design of learning materials. A further consideration for
CAL design is that users read screen text 20-30% more slowly than paper

text, though comprehension remains the same [43].

The density of text is an important factor in determining the efficiency of
reading from a computer screen. It is generally accepted that text on the
screen should be well spaced and kept to a minimum [46, 68] and
segmentation into logical blocks and the use of headings will improve
comprehension [88]. In addition, lines of text should be no more than 40-
60 characters in length and sentences should be less than 30 words long. If
these guidelines are coupled with an active, personal writing style (as if

addressing the user) then engagement will be maintained [64].

The characternistics of different fonts can also be used to improve the quality
of CAL text. For example, sans serif fonts, such as Helvetica, are often
used for titles and headings to make them stand out. However, serif fonts,
such as Times Roman, are more readable for large blocks of text because

the serifs help the eye to track across the page [43].

2.6.7 Static Graphics

In a review of the use of graphics in CAL, Siliauskas (1986) observes the

shift from textual to graphic orientated courseware [89]. The instructional

benefits of this illustrated courseware are observed by Kozma (1991) [27],
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and this view 1s held by most designers of CAL matenals [45, 46, 85]. The
broad 'band width' and the fact that different elements of an image can
perform different functions may partly explain why pictorial communication
is effective [72]. However, graphics are often used as an additional extra in
courseware, which suggests that designers do not understand the principles

of using illustrations to enhance learning [90].

A complete set of guidelines for using graphics in CAL are lacking but the
assumption is that those derived from illustrations in printed materials are

transferable to the computer screen.

Clarke (1992) brings together several recommendations for using graphics
in computerised instruction. For example, it is generally accepted that
graphics should be accompanied by explanatory captions and should be
related to the main body of text or they will not enhance learning. In

addition, pictures can sometimes be used as substitutes for words or as

providers of non-verbal information [83].

2.7 Multimedia CAL
2.7.1 Introduction
Multimedia CAL uses more than one medium for the distribution of

information to the user. The media used in such packages include a
selection of sound, music, animation, text, narrative, video and images.

Multimedia courseware has the potential to provide clear, error free
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communication. However, Tognazzini (1990) highlights that multimedia
instruction also has the potential for causing utter confusion [91]. Every
medium has its own instructional attributes and weaknesses [17] and when
combined, they have the potential to reinforce or interfere with other media

in the package [92].

Research suggests that multimedia packages are more engaging than other
methods of instruction [93]. Hapeshi and Jones (1992) suggest that this is
because multimedia courseware represents real life events to the user that

they can relate to more easily than traditional text-based instruction [94].

It 1s also proposed that multimedia courseware results in better retention of
information. The 'dual-coding' theory has been established to explain this
obscrvation.r This theory was first put forwafd by Paivio (1979) who
suggests that there are distinct verbal and visual models of material

representation [95]. The theory predicts that learners will remember and

transfer material (into long term memory) better if they encode the
information both visually and verbally. Such a dual media representation
will give users two éepai‘ate ways of finding the information in memory
[96-98]. The dual-coding theory of multimedia learning is illustrated

diagrammatically in Figure 2.
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More recently, the dual-coding theory has been extended to include learning
from multimedia applications. For example, Park and Hopkins (1993)
propose that verbal explanations of animations lead to more effective mental
model formation [99]. Mayer and Anderson (1991) also examine the effects
of narration on learning from animations. They showed that when
animations were accompanied by narration, more creative solutions were
created on problem solving tasks [100]. In a more recent study, Mayer and
Sims (1994) suggest that spatial ability is a key factor in determining the
ability of users to create referential connections between verbal and visual
information in a multimedia package [97]. However, all possible
combinations of media presentation have not been examined and designers

still do not fully understand how people learn from words and pictures.

Reeves and Harmon (1994) observe that most currently available
multimedia packages are limited to tri-media or even bi-media [58].

Though, as Kentish (1989) points out, the production of multimedia CAL is

rapidly increasing as the technology for handling it improves and becomes

v

more cost effective [101]. These technological limitations have left many
unexplored media combinations, though it 1s not known whether all
combinations stand to enhance the user learning experience. Research in
this area has been hampered by the innovatory nature of multimedia

packages, since it is generally not known how a new medium will work and

therefore it is difficult to measure its effectiveness [102]. The production of
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quality multimedia courseware therefore continues to be an exploratory

challenge for the instructional designer [63].

This section examines the qualities of dynamic media that should be
considered during the CAL design process. The design of the multimedia
user interface and the integration of media into instructionally effective

courseware are also considered.

2.7.2 Multimedia Interface Design
The most important issue in the design of multimedia systems 1s the
provision of intuitive and consistent access to the complexity of multimedia

data. The emphasis is on enabling the user to browse through the

courseware without getting lost in the information.

Research into multimedia interface design has addressed navigational issues
and several guidelines have been proposed. Tognazzini (1990) suggests that
user navigation should be reduced or eliminated by avoiding complex
menus and by designing systems with a user-centred approach. In addition,
users should be provided with clear, visual communication and central
landmarks such as overview maps should be provided to help with
navigation [91]. Further mechanisms to assist with multimedia navigation

are described in Section 2.6.3.
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Barker and King (1993) carried out an in depth analysis by evaluating 43
interactive multimedia products, and found many desirable interface features
and novel ideas. High quality interactivity, navigation (e.g. maps), context-
sensitive help and user support (e.g. glossaries) were found to increase the
effectiveness of the packages. The use of an audio track to enhance text or
graphics, spreading the user’s cognitive load across another sense, was also
very powerful. Software adaptability was another valuable feature, enabling

the users to structure the data according to their chosen leaming style [38].

The mmportance of allowing different learning styles in multimedia
courseware 1s also stressed by Koumi (1994). There are several ways in
which adaptability has been integrated into multimedia CAL. Some
applications allow the interface to be prioritised towards text, video or
sound [43, 103]. Austin (1994) describes another technique, which is to

allow the user to disable the audio or visual components of a motion video

clip independently [79].

2.7.3 Motion Video Design Issues

With the technological advances in computer hardware, the dynamic visual
display has become a primary component of instructional courseware. In an
extensive review of studies comparing the leamning effect of static and
dynamic visual displays, Park and Hannafin (1993) conclude that dynamic

displays, such as motion video, are generally more effective than static

visuals [99].
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The broad band width of motion video 1s an important consideration for
designers of instructional courseware, since it dramatically increases its
social presence [104]. For example, Austin (1994) observes that users
perceived ‘'talking head' video as more authentic since they could see the
movement of the lips and variety of expression in the subject [79]. This

realism makes motion video particularly suitable for social, dynamic or

informal communication within CAL [104, 105].

Along with the advantages of motion video there are several undesirable
features that the multimedia author must attempt to control. A consequence
of the realistic presence that video can create is the possible humanisation
of the computer by the user. Hapeshi and Jones (1992) explain that this
may induce undesirable behavioural changes from the user [94]. This

realism may also demand more of the user’s time because of the complexity

and engaging qualities of video material [79].

- A further 1ssue is highlighted in a study by Gustafson et al. (1990). They
conclude that motion video can be distracting because of the attention that it
demands from the user. These workers suggest that video incorporation be
carefully restricted so that undesirable effects such as these do not occur
[18]. Further issues related to the integration of video and other dynamic

media into CAL are discussed in Section 2.7.5.
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Another well-documented criticism of motion video is that most users adopt
a passive stance towards it since they see it as a familiar medium {88,
106-109]. Consequently, they will invest less mental effort in processing
the information it contains so reducing its effectiveness as a learning
resource. A solution to this passivity is to make the video interactive and
challenging by interspersing small clips with questions and tasks for the
user to perform [106]. Cennamo (1993) calls for further investigation into
the dominance and passive attitude of users towards motion video [108].
This 1s particularly important since multimedia designers are now

incorporating other dynamic and interactive media into CAL.

2.7.4 Audio Design Issues

When compared to what is known about the visual aspects of instruction,
not much 1s known about the use of audio in courseware [74, 110, 111].
Until recently, the use of sound at the interface has been restricted by
computer hardware to providing alert and feedback information [56]. This
may account for the absence of a proven set of guidelines for the

incorporation of sound into instructional computer software.

As the multi-modal output of computers increases, the benefits of using
audio to reduce interface complexity have become more attractive [56].

Sound demands more mental processing by the user than visual information
[108, 112] and this can be used to good effect in the CAL design process.

Brown et al. (1989), for example, suggest that auditory cues can be used to
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direct attention to certain areas of the visual display, therefore freeing

screen space for other purposes [86]. Aarntzen (1993) supports this idea

and further suggests that audio can be used to announce events, motivate

the user and complement concurrently presented visual information [110].

To ensure that the most effective use 1s made of audio in CAL, the specific
qualities of the auditory channel must also be considered during the design
‘process. - First, it is difficult for the user to pace themselves and backtrack
through audio material because of its transient nature. This problem can be
alleviated by using short sound clips {94] and by providing a repeat clip
option [110]. The fact that audio is a serial medium is another limitation of
this channel but, as Unnava-et al. (1994) point out, it makes speech -
particularly effective for describing ordered events or sequences of

instructions [113].

Another important quality of audio is its dynamic nature since, as Mayes
(1992) suggests, this may lead to memory overload by the user [74]. This
concern is also addressed by Alpert et al. (1995) [78). Both researchers
conclude that sound clips should be followed by a delay to give users time

to process the audio information.

CAL designers should also consider the broad band width of audio. In a
similar way to video, this attribute increases the social presence of the audio

channel {105]. With careful ﬂesign of audio material this effect can be used
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to help the learning process. For example, the mode of a voice may act as
a handle to the information in memory. Though, as Aarntzen (1993)
concludes, much more research 1s required on the effects of different voices

and gender on learning from audio material [110].

A more practical concern regarding the increased use of audio in
courseware is that of noise pollution. Control measures are required to

solve this problem, which may include the use of headphones or quiet

directional speakers [56, 94].

2.7.5 Media Integration and Selection

Among the most important issues for designers of multimedia CAL are how
to combine the media and which media to use for presenting different kinds
of information [47]. Prosser (1984) further emphasises that the way media
are used and integrated into an instructional lesson is as important to its

success as the quality of the media [114].

A recurring criticism of multimedia CAL is that the media appear to be
tacked onto the interface and that, consequently, they disrupt rather than
enhance the learning process. In addition, the most common practice has
been to design packages based on technical or economic grounds and

courseware objectives have often been invented to justify the use of a

particular medium [17].
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The coordination of multimedia materials to produce effective instruction is
a difficult task [77]. However, Romiszowski (1993) suggests that the
multimedia author should focus on instructional design issues and use the
most appropriate media for the desired learning outcomes [115]. For
example, if motion is required for a particular task, the medium that
illustrates motion most effectively should be used [116]. Mayes (1992)
considers attention holding to be the key aim of multimedia designers. He
suggests that changing the modality (i.e. mixing the media) throughout a

package will help to maintain the attention of the user [74].

The integration of multimedia into CAL presents several problems for the
courseware designer. An important issue is how dynamic media, such as
video, audio and animation are controlled by the user. The author must
decide whether to make the controlling devices for these media (i.e. how
the user interacts with them) compatible with those for static media such as
text and images. A seamless integration of all media types through using a
consistent interface is recommended [80], but this should not limit the
introduction of innovatory control devices. In these cases some new media

control device should be incorporated into the design of the user interface

[61].

There are few definitive guidelines for the integration of multimedia into

instructionally effective courseware [43]. However, research on learning

—d47 -



from television has been extended to CAL to provide pointers for the

combination of dynamic media such as video and audio.

It is generally accepted that if sound and vision are carefully combined in
instructional material, they will work together to focus attention and aid
comprehension [17, 27, 74, 110, 111, 117]. However, it is critical that the
media correspond with each other (i.e. they embody the same message) to
ensure the clarity of the information [88, 118]. For example, a study by
Grimes (1990) shows that users who experienced the highest
correspondence between audio and video exhibited the most efficient
division of attention and the best memory scores following use of the

courseware [112]. This recommendation is supported by other studies [94,

108].

The issue of media correspondence arises because of the relative dominance
of the visual channel over the audio channel. This has been demonstrated
in a study by Austin (1994) which shows that the audio component of a
lesson is ignored if a different visual message is shown concurrently [79].
Grimes (1990) explains that visual messages do not require as much
attention as audio to be decoded by the user. Consequently, in a complex
audiovisual presentation, users will devote most attention to the visual

channel [112]. Therefore, the instructional designer must be aware of the

potential redundancy of the audio component in a package [17, 119].
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The simultaneous presentation of visual and verbal narration is another
factor that influences the instructional quality of CAL. Baggett (1987)
suggests that the visual and verbal components in a lesson should ideally be
in synchrony. ‘However, if the lesson design prevents this, the visual
component should always precede the verbal narration. This ordering of
visual and audio components has been shown to result in the best retention

for learning a procedure [120].

2.8 The Instructional Design of CAL

2.8.1 Introduction

Courseware produced by combining modern authoring systems with
multimedia technology does not guarantee learning for the user [16, 121].
Computer software designed for instructional purposes should incorporate
known principles of effective teaching and learning, such as those derived
from classroom teaching, to maximise the quality of the user learning
experience [122, 123]. Unfortunately, as Romiszowski (1993) observes,
technology is currently leading the development of interactive multimedia

courseware in non-pedagogically ideal directions [115].

Taking account of the concepts described in this section will help ensure

that CAL maintains the instructional effectiveness of traditional teaching

rﬁethodologies.
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2.8.2 Designing for Learning

The basis for most of the principles of instructional design is the
maintenance of user motivation throughout the lesson [124], where
motivation is exhibited as a will to learn and curiosity about the leamning
material itself [125]. Kinzie and Berdel (1990) address this issue of so-
called continuing motivation, and describe it as an important technique to
encourage users to really explore computerised instruction and learn [126].
This group have also proposed several guidelines which will help to ensure
that user motivation is maintained throughout a CAL lesson. The
presentation of challenging situations via the use of graphics and animation
will increase curiosity with the content, as will user control over the

medium and the theme used to present the material [121].

The sequencing of the content in a CAL lesson is also an important
consideration if user motivation is to be maintained. Jekovsek et al. (1989)
note that learners prefer to apply what they have leamt soon after they have
learnt it [127]. Users should therefore be given the opportunity to
experiment, for example, enter data or manipulate objects, soon after having
learnt about the concept they are studying. This 1s supported by Hooper
and Hannafin (1991) who suggest that independent user practice should be

distributed throughout instructional courseware [88].

Motivating instruction promotes deep processing of the content [88], which

leads to more understanding and retention of the information. Multimedia
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technology does provide opportunities for more motivating courseware [88],

but these features must still be consciously designed into the software [128].

A set of guidelines are put forward by Shuell and Schueckler (1989), and
they provide a basis for the instructional design of effective CAL [123].

Several of these principles are supported by other studies:

. Students should be informed of the instructional goals and °
objectives of the lesson within an easily understandable network
[83].

. A check should be made to detect if a student has the prerequisite

knowledge to use the courseware.

. The program should re-teach any information that the user is
lacking.
. Material should be presented in steps or blocks appropriate for the

subject matter and grade level [46, 51].
. The 1nstructional portion of the program should be consistent with

the stated objectives.

. The organisation and structure of the material being learned should

be made clear to the learner [51].

¢ Appropriate examples should be made for guided practice [117].
o A check should be made to see if the student understands the

-material being learned.
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. The learner should be provided with feedback on the adequacy of
his or her performance [129].

. Re-teaching should occur in those areas where the learner is
making numerous errors.

. Opportunity should be made for independent practice.

. The program should provide for closure, via a summary or review
of important points of the lesson at the end.

. A profile of the student’s strengths and weaknesses should be

maintained for later review by the teacher.

2.8.3 Interactivity

Interactivity 1s probably the most important component of effective CAL
[15, 31, 40, 66, 109, 123]. Interactive courseware promotes higher
cognitive processes than passive courseware, such as, composition, analysts,
synthesis, self-assessment and review, these being key qualities of effective

learning material. Moreover, interactive instruction has been shown to

result in more learning than passive instruction [2].

Emerging technologies, such as multimedia and modem authoring tools,
offer more opportunities for interactive instruction, but they do not
inherently induce more interaction than traditional media [88]. Effective

interaction must be consciously designed into all instructional materials.
Unfortunately, there is still little agreement about what constitutes

meaningful interaction, but Bork (1987) suggests that the ideal human-

- 50 -



computer interaction would be similar to a typical interaction between

humans [130].

Interactivity must be carefully designed to avoid disrupting the learning
process. To prevent this, both the mode and style of the interaction should
be intuitive to the user [66]. In addition, the degree of interactivity
integrated into CAL is subject to the constraints of user understanding, since
if too much is provided, the mental capability (or cognitive load) of the
learner may be exceeded. The degree of interaction incorporated should

depend on the goal of the activity and the complexity of the concepts to be

learnt [131].

Different levels of interactivity have been described that allow varying
degrees of user control within computerised instruction. Goforth (1992)
specifies two types of interactive control applicable to CAL, namely
extrinsic and intrinsic control. For example, a student has access to
recorded images (extrinsic control) but can interact with simulations
(intrinsic control). Access control 1s extrinsic, since the features the learner
manipulates in exploring the content are essentially independent of the
content, as in searching through text. Interactive control is intrinsic in that
the learner manipulates features of the content directly. Goforth suggests
that the intrinsic control of interactivity offers the greatest potential for CAL

[131].
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Computer simulations and interactive graphics are possibly the most
effective ways to give users interactive control over the content of CAL
displays [99, 132]. These simulations of processes or objects allow leamers
to use their own leamning style to explore and reason with the information
presented. This active exploration is often a preferred learning mode [133].
King and Barker (1992) suggest that the most effective simulations allow
learners to change variables and observe the results. Conversely, fixing
variables and restricting the interaction to moving a slider or pressing
buttons reduces the quality of the simulation and may turn leamning into a

passive process [66]. -

Besides interactive features of the courseware itself, the physical operations
involved in manipulating computer input devices have an important role to
play in the directness of an interface. For example, O’Malley (1990)
explains that the act of holding a mouse button down and dragging to
perform an action is a positive and engaging operation. The tension in the
finger gives constant feedback about the mode the user is in [42]. A variety

of mouse clicking and dragging operations can be incorporated into CAL to

maintain the attention and interest of the user.

2.8.4 Situated Learning

Long term memories of events and facts often include the context or
environment in which the learning took place [134]. Educationalists call

this ‘situated learning' and it is based on the assumption that leaming is
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most effective when it is in the context of some meaningful, real-world task
[16, 62, 135, 136]. CAL can be designed to take advantage of this human
quality by creating visual or social contexts for the presentation of
information.” This will increase the chance of prior knowledge being
activated and encourage the creation of a meaningful and memorable

experience [104].

2.8.5 Learner Differences

As with traditional teaching, it is important to recognise that users of CAL
differ not only in their abilities but also in their learning styles [137]. Groat
and Musson (1995) observe that learning style differences have implications
for the degree of success or failure experienced by users of software [138].
Courseware designers must therefore take account of individual learner
differences in the design process [139]. All user differences cannot be
addressed with a computer [137], but by incorporating flexibility and

adaptability into CAL (see Section 2.4), it can be made more accessible to a

wider variety of users.

Jih and Reeves (1992) suggest that prior experience is an important factor
in determining the leamning style adopted by users [40]. These workers also
comment that the quality of the user’s mental model of the system will

decide the leaming style that they adopt. To account for this variety,

courseware should be designed for novice and expert learners by

incorporating several levels of difficulty [117]. This facility can help to
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prevent novice users being overwhelmed by over-abundant options and

subject complexity.

2.8.6 Feedback

The provision of informative feedback in instructional courseware 1s a key
element in determining the success of the program [61, 140, 141]). Users
need to know what the consequences of their actions are, since they cannot
make sensible decisions if this information is hidden or delayed. Effective
feedback encourages learners to reflect on their actions [142] and it should

therefore be in context and not require further explanation [125].

2.9 Chapter Summary
This chapter has examined the research relating to the CAL design process,

from the initial planning stages to the design of the user interface and the

instructional content.

The recurring theme throughout this discussion has been the importance of
identifying the characteristics of the user and designing courseware that
meets their requirements. It is particularly important that computer
programs designed for instruction have intuitive user interfaces. Learners
will then focus on the information in the package and not on the

complexities of the interface.
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The incorporation of multimedia into CAL has been facilitated by more
powerful and cost-effective computer hardware. As discussed in this

chapter, multimedia courseware is an effective instructional tool but its use
presents several novel problems for the instructional designer. These issues
are brought about by the potential complexity and broad band width of
multimedia information. Definitive guidelines for the design and integration
of multimedia into CAL are still lacking, but the extension of work on
learning from television and other media has provided a sta;ting point.
Principles of instructional design derived from traditional teaching have also
been extended to include multimedia courseware design. The conclusions
from this work also emphasise that the user should be the focus of the
design process. The maintenance of user motivation and high quality

interactivity must be considered foremost to ensure the design of

instructionally effective courseware.
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- Chapter 3

CAL Evaluation Methodologies

"Is software accurate? Does it
match curricular objectives?

Is it instructionally sound? Is it
technically adequate? These are
questions generally used to evaluate

instructional software. But an even

more important question is often
ighored: Do students learn the

skills that the program is

designed to teach?"
(Zahner et al., 1992)




3.1 Introduction
Evaluation of computer software 1s concerned with the measurement of

usability. Usability has been described as a function of efficiency, low

error rates and user satisfaction [143].

The evaluation of CAL takes account of usability measures and pedagogical
issues such as, whether the lesson objectives have been met, identification

of the reasons for the observed performance and specification of those parts
of the instruction where modification is required [2]. Therefore, the aim of
CAL evaluation 1s to show that a package benefits learning, or as Anderson

and Draper (1991) put it, to show that there is no better substitute for the

computer [11].

There are many measures that can be applied to assess the usability of CAL
[61]. The methods of choice are determined by the kind of results required,
but the resources available (i.e. funding, expertise and time) and the stage in

the software development process are also important considerations.

This chapter begins with a discussion of the rationale behind the evaluation
of CAL. The various methodologies developed for software evaluation are
then described, including their advantages, disadvantages and their

application to CAL evaluation.
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3.2 Evaluation Rationale

CAL evaluation is an on-going practice that takes place throughout the
design process. Evaluation carried out while a program is under
development is known as 'formative evaluation'. This stage of an evaluation
is part of the design-test-modify interface design cycle (see Section 2.2.1).
It is focused on the improvement of the courseware through making small
modifications to the program [37]. Following the implementation of the
product, a 'summative evaluation' takes place. The aim of this stage is to
test the success of the software and investigate the contextual conditions
that achieve the best results. Laurillard (1994) highlights that the pressure

to release CAL materials can lead to the merging of the formative and

summative evaluation phases [4].

The approach taken to usability evaluation is another important
consideration for the evaluator. Maguire and Sweeney (1989) distinguish

between three general approaches to usability evaluation [144]:

 those assessing the user’s performance while using the
system,
 those that apply theoretical models of task performance and

 those based on an expert’s judgement.

Maguire and Sweeney explain that each of these approaches to evaluation

have their own characteristics which determine when they should be
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applied. ' The user-based approach directly involves the user and is
concemed with measures relating to user performance (e.g. accuracy),
psychophysiology (e.g. stress), behaviour (e.g. gestures), attitude (e.g.
opinions) and cognition (e.g. understanding). The theoretical approach does
not involve users and allows predictions to be made about the learning of
the system. Finally, the expert-based approach employs human-computpr
interaction (HCI) specialists to assess the level of conformance to guidelines

or standards.

The attainment by the learners of the required lesson objectives is the main
consideration in a CAL evaluation and so the user-based approach is the
most commonly applied methodology. The user approach enables the
evaluator to determine exactly what happened during a user session. This
information can then be used to modify either the interface or the

instructional content, as necessary [2].

For a comprehensive evaluation of software usability, it is recommended to
use more than one evaluation method in a study (see Section 1.7.3). For
example, Macleod (1992) suggests that an observational method (e.g.
interaction monitoring) can be combined with a survey method (e.g. a
questionnaire). This allows both user performance and satisfaction to be

used in the assessment of the usability of a system [145]. This technique is

also supported by Maguire and Sweeney (1989) who suggest that combining
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evaluation techniques in this simple fashion may be-sufficient to enable

more valid conclusions to be made {144].

3.3 Observational Evaluation

3.3.1 Introduction

Observational evaluations require a population of users who actively use the
system being studied. The users are given a set of tasks to perform that are
recorded for later analysis. These techniques have the benefit that the
designers of the system can be involved, allowing them to see any flaws in
the design directly [145]). Observation of users is a time-consuming

operation. It can range from one-to-one observations, to the use of video

cameras and computers to record user interactions [37].

This section describes the techniques of observational evaluation employed

to evaluate CAL (see Table 1 for a summary).

3.3.2 Direct Observation

Direct observation is the simplest observational method and involves
someone familiar with usability issues watching individual users performing
tasks with the system [145]). Objective details are recorded by the evaluator
that may include; time taken to complete certain tasks, frequency of errors
and relevant events. Direct observation provides first hand feedback of user

interaction, which helps in the interpretation of the results. Disadvantages

of this method are that there is no permanent record of the interaction and
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the intrusive presence of the evaluator may affect the behaviour of the user

[118, 146].

3.3.3 Interaction Monitoring

Interaction monitoring, or software logging, involves the collection of user
interaction data during their use of a system and it may operate in several
ways. For example, all user inputs (e.g. keystrokes and mouse movements)

can be recorded, or screen outputs can be captured at specific points in a

session [144].

The main advantages of system monitoring are that it is non-invasive,
objective and does not require the evaluator to be present. Also, unlike
direct observation of the user it provides a permanent record of the sesston.
However, the interpretation of large quantities of interaction data is a major
undertaking. This problem can be eased by clearly defining the purpose of
the evaluation and having software tools to aid the analysis. In this way a
specific set of relevant parameters can be analysed in depth. For example,
Maguire and Sweeney (1989) suggest that categorisation of monitoring data
will help to reveal patterns in the users’ interactions. The evaluator can
then explain these patterns in terms of cause and effect, and make any

necessary improvements to the software [144).
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Computer logging of user interaction is widely recommended for the

evaluation of CAL [27, 104, 147, 148] and has been successfully used in

many evaluation studies [92, 149-153].

A particularly valuable study, which employed computer logging was
carried out by Gustafson et al. (1990) [18]. These workers looked at the
design and implementation of an interactive videodisc training system
entitled, 'Macintosh Fundamentals and Beyond'. On-line tracking of student
paths and time spent in various parts of the course were facilitated by
specially written routines. Analysis of the data revealed several insights

into the design of the instructional material, some of which are outlined

below:;

* A large variance in completion times was noted, which
indicates that the package is a truly self-paced system.

The video material was largely ignored, possibly bec;me
users found it distracting.

*  Most options were generally chosen in the order that they

were presented on the menu, which highlights the importance

of sequencing of menu options.

Tracking programs can also be used to study the mental models that users

form when using interactive courseware (see Section 2.5). For example, Jih

and Reeves (1992) suggest that user navigation through courseware and
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their use of various features is time-stamped. Inaccuracies in the users’
mental models of the interface will be highlighted by any confusion that is

apparent following analysis of the monitoring data. The patterns that may
emerge include repeated operations and backtracking through the

information structure [40].
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Analytic Expert Observation | Survey Controlled
experiment
Timing of use |Early Any Prototype Prototype or | Any
or late late

Type of data:

Quantitative Yes No Yes Yes - Yes
Qualitative No Yes Yes Yes Yes
Diagnostic Narrowly Yes Yes Yes Narrowly

Medium Low Medium

Low/medium | High

Low/medium | Low Medium Low/medium | High

Used early |Low cost User-based |Fairly quick |User-based

advantages in design Quick Diagnostic | User-based
Fairly low |[Diagnostic |Broad scope | Users’ views

cost Broad scope

Diagnostic

Broad scope

Main-

disadvantages

Not user- Less - Less Narrow

based effective effective scope

Reliability |early in the |early in the High cost

problems design cycle |design cycle

Table 1 Evaluation methodologies for computer software (Macleod, 1992)
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3.3.4 Video Recording

A video recording of user interaction with a system is the most detailed
observational record that is available. However, these studies are costly and
detailed analysis of the video material is extremely time consuming. In
addition, the evaluation usually takes place in a usability laboratory, which -
reduces the authenticity of the data [145]. Therefore, video recording is
mainly used when a highly controlled environment is required, such as for
the evaluation of a specific feature of a commercial product. The high cost

and lack of authenticity have prevented it from being used extensively for

the evaluation of CAL.

3.4 Survey Evaluation

3.4.1 Introduction

The evaluation methods described so far have ignored the users’ opinions
about the system. Incorporating user attitudes into an evaluation can have a
substantial influence on the design of the final product. In common with
observational methods, survey evaluation techniques also involve real users,
but they contribute information after rather than during their use of the
system. Measuring attitudes in this way involves assessing the users’
perception of reality, and so these techniques are subjective and do not

always correlate with more quantitative observational measures.

A critical consideration in the design of a survey is the selection of subjects

for the study. In a CAL evaluation, the subjects must represent a subset of
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the target population to give ecological validity to the results. Ensuring that
the users have an appropriate level of experience with both the subject
material and computer systems will produce more reliable data [92, 154].
For example, Whitnell ez al. (1994) used a questionnaire to evaluate a series
of multimedia chemistry lectures (sce also Section 4.3.3). The results were
validated by the first two questions on the questionnaire, which determined

the students’ molecular chemistry and computer experience [155].

This section describes the techniques of survey evaluation used for the

evaluation of CAL (see Table 1 for a summary).

3.4.2 Questionnaires

Questionnaires are widely used in software evaluation. They offer
advantages over other methods, since they collect information from the
actual users of the software. The data are gathered following a realistic
implementation of the program which means that questionnaires are
particularly useful for CAL evaluation where an authentic environment is a

prerequisite (see Section 1.7.2).

The subjective nature of questionnaires means that they are harder to

interpret than observational measures. Rubinstein and Hersh (1984) put

forward three potential biases which may explain this:
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*  Halo effect — the tendency of some people to respond
positively (or negatively) to all questions in a set.
*  Acquiescence — the tendency of some people to respond in
an agreeable, positive way to all questions.
*  Cognitive dissonance — the tendency of everyone not to
- admit being biased, illogical or inconsistent as the result of

external influences.

Most of these effects can be neutralised by phrasing some questions
positively and some negatively on the attitude scale [149, 156]. In addition,

Maguire and Sweeney (1989) suggest that ambiguous statements are

avoided on a questionnaire [144].

The benefits of careful questionnaire design were demonstrated by
Hutchings et al. (1993). These workers evaluated a hypermedia system
using a questionnaire containing statements most likely to produce a strong
response from the users. Consequently, the study produced significant

results concerning the effectiveness of specific parts of the system [149].

Preece (1994) describes two types of question structure that can be used on
a questionnaire; ‘closed questions', where the respondent is asked to select

an answer from a choice of alternate replies and ‘open questions', where the
respondent is free to provide their own answer. Closed questions are

usually incorporated into a rating scale [56].
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The Likert scale [157] is a multi-point rating scale that has been
successfully used for the evaluation of many CAL products [4, 92, 1355,
158]. It allows the strength of agreement with a set of clear statements to

be measured (see Appendix 4).

A carefully designed rating scale was used by King and Barker (1992) to
examine the effectiveness of 43 interactive multimedia products (see also
Section 2.7.2). The scale was designed so that innovation or good practice
in the courseware would be revealed. A category based approach was
chosen, with groups of questions being assigned to each of the categories
concerning, for example, quality of interaction, motivation and interactivity.
Key 'pointer’ questions were used within each category to gain specific, pre-
determined information from the evaluation. This approach enabled the
researchers to decide whether a package exhibited a desired property or not.
In addition, the use of open-ended text entry questions allowed casual
observations on innovative and undesirable features to be captured. The
results from the study revealed several interesting and exceptional features

concerning the design and structuring of multimedia learning materials.

These included observations on the role of different media and engagement,
the relationship between interactivity and learning and the effectiveness of

user support facilities [66].
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3.4.3 - Interviews

Interviews are one of the most time consuming of software evaluation
techniques. They require a skilled interviewer and HCI expert. In addition,
the questions to be asked must be carefully selected so that they cover all
the relevant topics and leading questions must be avoided [56]. If the data
resulting from an interview are to be statistically analysed, a pre-determined

set of precisely phrased questions must be prepared before the evaluation.

The audio recording of interviews is effective if exact quotes are required to
convince decision makers of the effectiveness of a package. Furthermore,
interviewing users face-to-face can provide revealing and precise insights

into the effectiveness of a system [145].

3.5 Chapter Summary

In this chapter, the rationale behind the evaluation of computer software has
been discussed. The aim is to focus on some measure of usability in order
to assess the effectiveness of a program. The concept of usability is
especially important for CAL, since the underlying goal of these systems is
learning and anything that hinders learning will severely affect the quality

of the interaction.

To assess pedagogical quality, CAL evaluation should also involve the
collection of performance data to determine the extent to which students

learn the skills the software is designed to teach. In addition, the
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importance of user attitudes should not be underestimated for obtaining
more casual observations on software quality. In fact, the combination of

both observational and survey methodologies in a study is widely

recommended to obtain the richest picture of courseware quality.

Multimedia techhofoéjr has introduced new problexﬁs for the CAL evaluator.
Evaluation techniques may have to be modified to meet the challenge of

these new forms of instruction, but the assessment of student learning will

remain the most important objective.
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- Chapter 4

Computers and Chemistry
Education

"How abstract questions are
translated into im*ages IS a problém of
staggering depth. How was it, for
example, that Kekulé imagined a
snake swallowing its own tail just
prior to realizing that the benzene

molecule was structured like a ring.”
(Pinker and Kosslyn, 1978)



4.1 Introduction

Undergraduate chemistry is a particularly challenging subject for the teacher
since it is rich in analogies, models and complex 1deas spanning
mathematics, physics and chemistry itself [159]. In organic chemistry
teaching this means that most phenomena must be explained in terms of
atomic and molecular models [98]. Therefore, the main challenge for the
student is the creation of mental three-dimensional (3-D) images of
molecules [160]. However, many students find the visualisation of the
spatial arrangements of molecules a difficult task [161, 162]. This is a
major shortcoming, since students must develop insights into spatial and
quantitative concepts to take more advanced courses or undertake research.

For these reasons, chemistry teaching has seen the introduction of many
innovative teaching tools in an attempt to bring the subject to life for

students [159].

The computer has been used in chemistry research for many years. The

arrival of more powerful machines with larger storage capacities has meant
that increasingly large chemical systems can be studied, using more accurate
calculations. In addition, high resolution computer graphics have allowed
the visualisation of larger chemical structures and phenomena with ever

increasing realism [163].

Until recently, the cost of computer hardware has prohibited the extensive

use of computers within the undergraduate chemistry curriculum [161].
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However, the modern desktop computer provides a cost-effective platform
for presenting abstract concepts to the chemistry student [164]. The
integration of computational chemistry tools into the curriculum has recently
provided the student with powerful tools to help them understand molecular
chemistry [165]). For example, molecular modelling is now a well

established teaching aid, available to nearly all educational institutions

[164].

This chapter begins with a description of the pedagogical and spatial aspects
of chemistry education. There follows an overview of computers in the

undergraduate chemistry teaching, including the integration of molecular

modelling and multimedia into the curriculum.

4.2 The Process of Learning Chemistry

Chemistry is one of the most symbolically based of the academic disciplines
[165]. This is a consequence of the abstract nature of most chemical

processes. Success in learning chemistry is therefore dependent on the
application of mental skills, such as, reasoning ability, spatial ability and
specific knowledge [166]. Research has recently begun to focus on
cognitive psychology in an attempt to understand how these skills are used

in the learning process.

In a review of studies on chemistry learning, Janiuk (1993) concludes that

concept formation is the most important element of chemistry knowledge,
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with other factors being knowledge structure, short-term memory capacity,
development of cognitive abilities and the solution of problems [167].
Janiuk suggests that concepts can be split into two groups. Concrete-
operational concepts are developed from first hand experience with objects
or events and include objects such as, beaker, flame or metal. Formal-
operational concepts, on the other hand, are more abstract and include
concepts such as mole, chemical equilibrium or oxidation. The process of
learning formal-operational concepts is more difficult and Janiuk concludes
that most work has focused on this group, with the aim of finding the most

effective teaching methods.

The path to understanding chemistry was also investigated by Kleinman
(1987), who highlights the importance of mental imagery in this process.
Kleinman suggests there 1s an increase in the degree of abstraction as a
student becomes familiar with a chemical concept. For example, an
experienced student may visualise the term ‘equilibrium' as a seesaw rather

than as a simple word association. However, if students form incorrect

mental images of chemical concepts then abstract thought will be disrupted

[168].

The process of learning chemistry is still not fully understood, but it is
important for teachers to be aware of the principles involved so that they

can justify their choice of instructional methods.
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4.2.1 Spatial Ability

Studies on the psychology of learning show that spatial ability 1s a primary
parameter of intelligence [169]. Psychologists propose that mental images
are created and manipulated in a 3-D 'work space’, though more research is
required to determine the nature of these 3-D mental images [170]. Spatial
skills are particularly important when learning involves the use of visual
materials, so success in chemistry is particularly dependent on this ability.
Most of the research on spatial visualisation highlights the importance of

individual differences and the need to consider these in the design of any

instructional material [97, 166].

The effect of individual differences in spatial ability on the mental rotation
of 3-D objects was investigated by McGee (1978). This study supports
carlier work by highlighting a gender difference, in that males have better
spatial abilities than females of the same age. A further observation is that

spatial ability appears to be positively correlated with how ambidextrous an

individual is [171].

A common conceptual problem for students of chemistry is the mental
transformation from a two-dimensional (2-D) representation of a molecule
(e.g. a Fischer representation) to its 3-D equivalent (e.g. a ball and stick

model on a computer screen). In particular, research has shown that a high
percentage of students cannot visualise molecules in 3-D [162]. Barke

(1993) looked specifically at this problem and posed the question, "At what
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age is the spatial ability of students sufficient to be able to see spatial
relations in two-dimensional illustrations?”. He concludes that this ability
develops by the age of 14 and by using appropriate imagery in the
classroom, the spatial abilities of both males and females can be improved.
Barke also observes that females tend not to use models as actively as
males and cbnscquently, their spatial abilities are less well developed.
However, if a teacher ensures that females make intense use of models,

their spatial abilities will develop to the same degree as males [169].

Spatial ability is also a strong predictor of user success in learning how to
use computer systems. For example, a study by Sein et al. (1993)
concludes that highly visual learners form mental models (see Section 2.5)
of computer software more easily and can use these to guide their
interactions [55]. The importance of spatial ability in learning to use
computer systems has been highlighted by other workers [97, 172]. This

ability is particularly important for effective use of molecular modelling
packages, which require the visualisation of 3-D structure from 2-D

computer screens.

4.3 Integration of Computers into the Chemistry Curriculum

4.3.1 Introduction

The reduction in funding to Universities has led to a greater student to staff

ratio and to a reduction in the amount of practical work carried out by
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students [173]. Consequently, CAL is well placed to support the teaching

of both lecture and practical chemistry courses.

Computers have brought several advantages to the teaching of
undergraduate chemistry courses. Mottram (1994) suggests that CAL i1s
ideal for enabling students to experience experimental situations that would
be otherwise unavailable to them. However, Mottram warns against the
over reliance on CAL as a teaching medium and supports the replacement
of practicals with CAL programs only where there is a real requirement. A

certain amount of hands-on experience is essential for students to gain an

insight into real experimentation [174].

This section describes the integration of molecular modelling and

multimedia technology into chemistry education. These tools have the

potential to change the present approach to undergraduate chemistry

education.

4.3.2 Molecular Modelling

Molecular modelling applications are powerful tools for building,
visualising, analysing and storing models of complex molecular systems
[163]. The rapid advancements in computer hardware have recently brought

molecular modelling to the desktop personal computer. This has given
students access to powerful visualisation tools to aid their understanding of

abstract molecular chemistry concepts [175].
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Several studies show that the use of molecular modelling makes a positive
difference in the learning of chemistry. A study by Bamea (1995) collected
information from chemistry teachers concerning the advantages of using
computerised molecular modelling rather than plastic model building kits in

chemistry classes. The main conclusions from this work are summarised

below:

* A student can build molecules very quickly using a computer
and display them in any representation (e.g. stick or space
fill). -

*  Atom labels can be added or removed from a computer
model to aid understanding.

The energy minimisation capabilities of modern molecular

modelling packages allow accurate 3-D structures to be

presented.

An important feature of molecular modelling packages that emerged from

this study was the provision of more than one representation for the display

of molecules. This ensures students realise that different representations are

merely alternate ways of showing the same structure.

Barnea did discover several disadvantages of using computer modelling
applications from her study. In particular, the cost of molecular modelling

packages often prohibits their use in schools and teachers may have to
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spend valuable time getting acquainted with the software. However, the

general attitude of the teachers towards molecular modelling in the

curriculum was favourable [84].

Other workers have suggested further advantages of incorporating modelling
software into the chemistry curriculum. For example, the complexity of
structures that can be built using modelling applications is highlighted t;y
Bays (1992) [175]. Complex molecular structures are inherently more
visually appealing and this increases the engagement of molecular
modelling as an instructional tool. Another capability of modelling
packages is their ability to simultaneously display two or more molecules
with common features. Henkel (1990) sees this as a major advantage, since

1t allows drug molecules to be compared and it enables drug-receptor

interactions to be studied in 3-D [161].

Unfortunately, the lack of quality software with the required functionality

has delayed the integration of molecular modelling into the undergraduate
curriculum [175]. One reason for this is that the guidelines for interface
design have not kept pace with &eveIOpmcms in the computational area
[160]. For example, Cohen (1990) highlights the fact that most software
development has concentrated on the integration of computational chemistry
(e.g. molecular mechanics or dynamics) at the expense of providing

intuitive graphical user interfaces [163].
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Despite these criticisms, several guidelines for integrating molecular
modelling into the chemistry curriculum have emerged. DeKock et al.
(1993) suggest that computational chemistry tools should be presented in a
context of actual use [160]. This is in keeping with the principle of situated
learning (see Section 2.8.4) and could involve constructing a CAL lesson as

a simulation or in a case study format.

Several other workers have investigated features that enhance the ability of
users to visualise objects in 3-D on the computer screen. These guidelines
are applicable to the design of molecular modelling packages and several

have been incorporated into desktop applications. For example, the use of

colour and depth cueing for portraying 3-D objects on the computer screen

- has been recommended [153, 176].

Attention has also been given to the design of devices that enable users to

manipulate objects in 3-D space on the computer screen. Several of these

devices, for example, rotating dials and joysticks have been used in the
design of molecular modelling applications [163]. An additional device
called the 'virtual sphere’ was investigated by Chen (1988). This controller
uses the mouse to simulate the mechanics of a physical 3-D trackball. To
effectively use this device, the user must imagine the rotating object being

~encased in a glass sphere. Chen compared the virtual sphere to traditional
rotational devices (e.g. sliders and buttons) and discovered that users found

it more natural and faster to use than any other device [147].. The virtual
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sphere has been successfully incorporated into several molecular modelling

applications [177, 178].

Due to the deficiencies in current teaching methodologies, the 3-D
representation of molecules on the computer screen has great potential as an
educational tool in chemistry [179]. However, the effective integration of

interactive molecular modelling into chemistry courses remains a daunting

problem for the chemistry teacher [160].

4.3.3 Multimedia

Recently there has been an interest in the use of multimedia in chemistry
lectures and laboratonies. For example, llman (1994) suggests that the
multimedia approach may work well for subject matter involving motion,

change, dynamics. graphics and 3-D concepts and instrumentation [180].

The advantages of using multimedia for chemistry teaching have been well

documented and include increased student interest, more retention of the
subject material and the ability to illustrate concepts in ways not previously
available. To test these ideas, Whitnell ez al. (1994) evaluated the
feasibility of replacing part of a physical chemistry lecture course with a set
of multimedia presentations. These workers used an overhead LCD panel

to present aspects of the course difficult to describe in a traditional lecture
format, for example. dynamic or 3-D concepts. Following student

evaluation, multimedia instruction was clearly most successful in illustrating
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concepts through animation and least suécessful when applied to the
derivation of equations. In addition, there was a tendency for students to
watch the multimedia lectures passively without taking notes. In
conclusion, Whitnell and co-workers suggest that a balance is maintained in
a multimedia lecture. This should be based on providing enough

information for maintaining concentration, but not too much to discourage

note taking [155].

As with any teaching technology, multimedia courseware will work well for
some students but others will not perform as well. In particular, Illman
(1994) suggests that a multimedia presentation will only be effective for 60

to 70% of students, perhaps because of the variety in learning styles [180].

4.4 Chapter Summary

In this chapter, the pedagogical and spatial aspects of chemistry education
have been considered. Clearly, an understanding of the issues involved in
learning abstract chemistry concepts 1s essential to enable the most effective

instructional methods to be chosen.

The recent integration of molecular modelling into the curriculum has given

students access to a variety of computational chemistry tools traditionally
used for research. These include energy minimisation, molecular

mechanics, ab initio calculations and electron density plots. In addition,

multimedia technology has provided chemistry teachers with the tools to
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demonstrate dynamic concepts such as, reaction mechanisms, that were

extremely hard to describe in a traditional lecture format.

The potential for more effective instruction through the integration of
modern technology into undergraduate courses has therefore dramatically
increased. It is now left to teachers to review the traditional lecture

approach and introduce these new techniques into the chemistry curriculum

where appropriate.
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Chapter 5

Design of a CAL Package

Integrating Molecular Modelling
with Tutorial Courseware

"Among the most difficult aspects of
medicinal chemistry for a student to

master are the 3-D nature of drug

substances and their interactions with
3-D biological targets.”
(James Henkel, 1991)



5.1 Introduction
Probably the most difficult skill a student of chemistry has to accomplish is
the visualisation of 3-D arrangements of molecules [161]. Compounding

this problem is the observation that the perception of 3-D structure is very

difficult to teach in a traditional lesson format. Consequently, many
students are not able to visualise 3-D structures [162]). Spatial ability is a
prerequisite to the understanding of a diverse range of molecular topics,
from the stereochemistry of organic compounds to receptor-ligand
Interaction. Moreover, research has shown that high spatial ability leads to

a deeper understanding of the mechanisms underlying most chemical

processes [171] (see Section 4.2.1).

As discussed in Section 4.1, molecular modelling systems have been used
for many years in the research environment to study 3-D molecular
structure and interactions. Such systems have found limited use, however,
on PC platforms due to the hardware requirements imposed by high
resolution graphics [161]. As such, these valuable tools have been largely
inaccessible to undergraduates to help them understand the spatial
arrangements of molecules. Today, cheaper hardware and more powerful
modelling software are providing opportunities for the integration of

molecular modelling into CAL teaching tools [163].

Besides molecular modelling software, there are now many applications

commercially available for authoring CAL material on PC platforms [50].
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Most authoring systems allow the incorporation of hypertext and multimedia
and they can communicate with external programs (see Section 2.3). Such
authoring tools also enable courseware to be designed which encourages a

high degree of student interaction.

Research has shown interactivity to be a key feature of effective CAL in
that it increases engagement and maintains motivation [38, 40] (see Section
2.8.3). Molecular modelling packages employ a high degree of real-time
manipulation of structures, making them ideal candidates for an interactive
leaming environment. In particular, using a mouse to rotate and change the
representation of molecules 1s a visually rewarding process. It is likely that
such on-screen manipulation would give students enhanced control over the
learning process in an instructional situation. The visualisation of molecules

too complex to be built using traditional model building kits would increase

engagement further [175] (see Section 4.3.2).

This chapter describes the development of an integrated CAL package
within the Microsoft Windows' environment. It combines tutorial
courseware with the interactive 3-D molecular graphics extracted from a
commercial modelling application. This is a novel approach for the

teaching of spatial chemistry concepts.

'Microsoft Corporation, One Microsoft Way, Redmond, WA 98052-6399, USA.
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5.2 Aim
The aim of this study was to demonstrate the feasibility of integrating
authored courseware with molecular modelling algorithms. The emphasis

was to combine the instruction and modelling tools to create an engaging

and intuitive learning environment.

5.3 Hardware and Software

An Opus PC486 33 MHz microcomputer with 8 MB of memory was used
for all the programming work. The machine was installed with Windows
3.1 and MS-DOS 5.0. The minimum hardware requirements for the
program are an 80386SX microprocessor and 4 MB of RAM. This -
combination gives acceptable results, but a higher specification machine will
increase the speed and smoothness of interactive structure manipulations.
The package uses the Windows 16 colour system palette, which was chosen

to increase the speed of redrawing during molecule manipulations.

Authorware Professional for Windows (APW) v2.0 [181] was used to

develop the courseware. It satisfied the following criteria, which were

essential for different stages of the project:

. rapid production of prototype interface designs, allowing iterative
revision of screens based on user feedback,

. communication with external programs and function libraries,

enabling linkage with the molecular modelling algorithms, and
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. widely adopted in the higher education environment, such that
extensive distribution of the courseware for evaluation purposes

would be possible.

APW is an object-based authoriﬁgsystfem [49] that allows an author to
create a series of flow diagrams using a set of eleven design icons. These
icons control both the multimedia elements and the application logic.
Figure 3 shows the APW design window and the flow of nested icons
controlling the operation of the courseware. When the completed software
1s ‘packaged’, a read-only version is produced for distribution. The

Authorware run-time software is either linked into the packaged program or

resident on the host machine.

The C language source code for Nemesis v2.0 [177] for Windows was used
to build a set of modelling tools that could be loaded by the APW
courseware. Nemesis provides a series of tools for building, manipulating,
analysing and displaying molecular structures. Structures may be displayed
and manipulated in 3-D using the mouse as a 2-D control device. A full
description of the program can be found in the manual [182]. Microsoft
C/C++ v7.0 and the Microsoft Software Development Kit v3.1 were used to

build the set of modelling tools from the Nemesis code.
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5.4 Courseware Architecture

In Section 2.4, the advantages of a modular approach to courseware
development are described, as is used for traditional software design. The
most appropriate separation to make during CAL design is between the
content (i.e. the media) and the presentation (i.e. the interface). This is
because the media and interface are often revised by different individuals

and on different time scales.

Figure 4 shows the courseware architecture used for this study. Authorware
and the DLL (see Section 5.7.1) are managed by the Windows operating
system and they communicate with each other to control the molecule
display window on the Authorware screen. The media files consist of
molecule data files (read by the DLL) and text and bitmap graphic files

(loaded by Authorware). In addition, the Authorware program appends data

to evaluation files during self-assessment.
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Figure 4 The architecture of the Authorware Professional and Nemesis
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5.5 Courseware Interface Design

As discussed in Section 4.3.2, the user interface is often a neglected part of
molecular modelling software design [163]. Conversely, 1t is usually taken
as the starting point in CAL development. The production of an intuitive
interface within which to embed the modelling tools was therefore the most

important design element for this project.

A simple paging model was developed, using a set of standard screen
layouts to incorporate the different media used. Figure 5 shows the
functional areas used for the design and a screen shot from the self-
assessment section of the package. A perpetual title is used to show the
current section and sub-sections. The molecular modelling window is the
largest functional area and is positioned in the centre of the screen, with the
modelling tools grouped down its left side. The student tools and actions
are presented directly below the modelling window. Navigational

operations are grouped at the bottom of the screen. All navigational and
molecular modelling operations are duplicated in the pull-down menus to

help cater for different interaction styles.

A set of relevant tools are either presented on the screen or are accessible
from the pull-down menus. These include a basic periodic table to help

with the assignment of priorities during assessment. A glossary and a set of

references are also included in the Windows ‘cardfile’ format.
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Supplementary information and help are presented using Windows dialogue
boxes for consistency within the package. During self-assessment, for

example, students can access information of pharmaceutical relevance about
the currently presented molecule along with the atom colour scheme used in

the package.

More fundamental screen design elements, such as colour, text and graphics
are used consistently throughout the package. Colour co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>