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ABSTRACT 
 

The problem addressed in this thesis is the development of strategic knowledge through the 

teaching and learning process. Specifically, it addresses strategic knowledge in three-

dimensional solid modelling computer aided design (3DSM-CAD).  The problem is addressed 

through two separate studies.  In Study 1 the research question, What constitutes strategic 

3DSM-CAD knowledge? is addressed.  The outcomes of the first study are then used to inform 

the second study which addresses the research question: What instructional strategies will 

improve the use of strategic 3DSM-CAD knowledge?  It is argued that CAD knowledge is 

inadequately theorised and a reconceptualisation of 3DSM-CAD knowledge is proposed.  This 

proposed reconceptualisation is tested in Study 1 using a sample of 3DSM-CAD experts.  The 

findings of this study are interpreted as supporting the theorised reconceptualisation of 3DSM-

CAD knowledge.  Study 2 investigates whether the use of expert strategies by novice 3DSM-

CAD learners can be improved though the teaching and learning process.  An instructional 

intervention is devised and empirically tested.  The findings of this study provide support for the 

design of the intervention. 

 

It is argued in this thesis that the existing conceptualisation of CAD (computer aided design) 

knowledge is too narrow and is inadequately theorised, particularly the current interpretation of 

strategic knowledge.  Presently strategic CAD knowledge is narrowly defined in terms of 

making choices between methods of model production.  This thesis draws on existing research 

on expertise and in cognitive science to interpret strategic knowledge in terms of the 

metacognitive processes undertaken by experts when they engage in 3DSM-CAD processes.  

Strategic 3DSM-CAD knowledge is thus more broadly interpreted to include the metacognitive 

processes of planning, predicting, process selection, monitoring and evaluating.  It is argued that 

this reconceptualisation is needed, as much of the existing research in CAD expertise is based 

on two-dimensional and three-dimensional CAD and not the parametric three-dimensional CAD 

currently used in industry and in education.  The parametric nature of current 3DSM-CAD 

software provides a situation whereby decisions made at an early stage in the modelling process 

may later lead to model failure.  The development of the use of expert 3DSM-CAD strategies is 

therefore considered important not only in order to improve the efficiency of the modelling 

process but also in ensuring the integrity of the model during subsequent design modification. 

 

Study 1 of the thesis addresses the delineation of 3DSM-CAD expertise.  It uses existing 

research in expertise, the identification of experts and in knowledge elicitation as a basis for the 

study.  In addition, a theoretical examination of the literature in cognition and mental imagery is 

used to conceptualise the 3DSM-CAD process.  3DSM-CAD experts are identified for case 

studies that investigate the cognitive processes undertaken by 3DSM experts as they engage in 
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3DSM-CAD processes.  The selection of experts is undertaken using criteria identified in 

existing research in expertise: they have a number of years experience in the domain, they 

currently use 3DSM-CAD on a regular basis, others regard them as possessing domain expertise 

and, they have experience in teaching/training others.  The findings of this study suggest that, 

while these existing criteria are useful when identifying experts in the use of complex computer 

applications, there is the possibility that these activities may be specific to the domain in which 

the software is used.  For example, 3DSM-CAD capabilities may be specific in engineering or 

architecture but not to 3DSM-CAD in general.  It is therefore argued that higher level experts 

may be identified by the additional criteria of their engagement in a range of problem solving 

activities across a range of contexts such as is found in ‘Help Desk’ personnel.  Study 1 also 

builds on existing knowledge elicitation research through the development and testing of a 

knowledge elicitation technique, video-capture with think-aloud protocols, which enables the 

capture of very detailed data regarding the cognitive processes employed by individuals as they 

interact with complex computer applications.   

 

The findings of Study 1 support the proposed reconceptualisation of 3DSM-CAD knowledge 

and, in particular, the metacognitive nature of the strategic knowledge employed by 3DSM-

CAD experts.  Study 1 also found that 3DSM-CAD experts employ a range of mental imagery 

techniques, including those identified in this thesis as unique to 3DSM-CAD, in the process of 

solving 3DSM-CAD problems.  Further, the findings establish that 3DSM-CAD experts engage 

in ‘expert parsing’ when dividing an object into parts prior to undertaking the modelling 

process.  ‘Expert parsing’ is similar to the characteristic of experts in other fields who employ a 

deeper and  more structured problem solving approach, looking beyond the surface features of 

an object.  3DSM-CAD experts identify deeper features and alternative algorithmic saliencies so 

that the choices of processes that allow both efficient object modelling and the possibility of 

making future changes may be made.  3DSM-CAD experts are found to bring a different 

approach to the 3DSM-CAD process based upon the ‘encapsulation’ (Boshuizen, Schmidt, 

Custers, & Van de Weil, 1995) of knowledge into an ‘easy to change’ script.  

 

Study 2 addresses the research question: What instructional strategies will improve the use of 

strategic 3DSM-CAD knowledge?  Study 2 builds on the findings of Study 1 proposing that 

expertise in 3DSM-CAD involves both the development of metacognitive processes and ‘expert 

parsing’.  It is argued that, due to the perceptual nature of the processes involved in 3DSM-

CAD, the metacognitive processes involved in expert 3DSM-CAD performance are facilitated 

by mental imagery.  The development of the intervention employed in Study 2 is derived from 

the current research in metacognition, mental imagery and the design of learning strategies.   A 

multi-treatment intervention is designed and tested empirically.   This treatment is found to be 

effective in improving the use of expert 3DSM-CAD strategies.   
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From these two studies it is concluded that the proposed reconceptualisation of 3DSM-CAD 

knowledge into three levels; declarative command knowledge, specific procedural command 

knowledge and strategic knowledge is appropriate.  Further, the research supports the 

metacognitive nature of strategic knowledge and thus the need to address the development of 

expertise in 3DSM-CAD through a cognitive approach to instruction.   
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Chapter 1: Introduction 
 
 
“As rapidly advancing technologies increase the number of mental (vs manual) tasks, critical 
elements of the expert’s performance are correspondingly more likely to become unobservable 
to the apprentice.  Mental processes and features of knowledge often remain tacit, that is, 
unarticulated and therefore unknowable.” Gott (1989, p. 162) 

 

In this section the reason for the study is presented, together with an overview of previous 

research, an introduction to important concepts and an outline of the thesis as a whole.  In the 

remainder of this Chapter the research problem addressed by the thesis is outlined. 

 

Reason for the study 
This thesis examines the cognitive processes involved in three-dimensional computer-aided 

design (CAD) in order to address the research problem, the development of CAD expertise 

through the learning and teaching processes in secondary schools.  In particular it addresses 

those aspects of teaching and learning associated with parametric three-dimensional solid 

modelling computer-aided design software (3DSM-CAD) as it is the type of software 

commonly used in industry, is currently being introduced into Australian secondary education 

and differs considerably from the type of software previously used in the school environment.   

 

Previous CAD research reported in the literature 
The thesis commences with an examination of the CAD research literature in order to establish 

the current level of theoretical understanding of the research problem, to identify whether or not 

there are gaps in this knowledge and to identify those aspects of the research problem that are 

unique to the 3DSM-CAD environment.  This review highlights that, despite the widespread use 

of CAD within industry, the community and education, there is a paucity of CAD research, and 

that the research that does exist concentrates more heavily on two-dimensional rather than three-

dimensional CAD.  This thesis seeks to address this imbalance.    

 

Two key areas of CAD research are identified through the literature.  The first key area involves 

the nature of CAD expertise and the relationship between CAD experience and CAD expertise.  

The research of Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995) and Bhavnani and 

John (1997) indicate that initial training and experience does not guarantee efficient or expert 

use of CAD software.  According to Bhavnani (2000) expertise in complex computer 

applications, including CAD, may be differentiated on the basis of ‘command’ and ‘strategic’ 

knowledge with experts employing greater amounts of strategic knowledge.  Command 

knowledge is referred to as knowledge of the commands (algorithms or tools) and the 
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procedures to use those tools within CAD software while strategic knowledge is concerned with 

knowledge of the alternative methods by which a specific task may be achieved and the process 

by which a choice may be made (Bahvnani, 2000).  Lang, Eberts, Gabel and Barash (1991) 

support Bhavnani’s conceptualisation of expertise using the terms declarative knowledge to 

refer to features, commands and algorithms and procedural knowledge to refer to the strategies 

necessary to do the task.  The differentiation between the two types of CAD knowledge was 

undertaken based largely on two-dimensional geometry development and associated CAD 

processes.  The investigation undertaken in this thesis concentrates on 3DSM-CAD in order to 

establish whether a similar differentiation exists within model generation tasks as has been 

identified within geometry development tasks. 

 

Cognitive concepts adopted in this thesis 
This thesis uses cognitive theory to clarify the nature of CAD expertise by focusing on the use 

of higher order cognitive procedures and structural conceptual understanding in expertise.  This 

thesis also seeks to apply the terms ‘declarative’ and ‘procedural’ more precisely in referring to 

the kinds of cognitive representations involved in the routine and non-routine processes 

involved in 3DSM-CAD.  That is, the thesis argues that both declarative and procedural 

knowledge are needed for strategic action but they are different kinds of declarative and 

procedural knowledge than those used for routine or algorithmic action in other situations.  

Cognitive representations have been conceptualized by Anderson (1990), Newell and Simon 

(1972) and Scandura (1981) in terms of declarative knowledge (knowledge that) and procedural 

knowledge (knowledge how).  However, an additional division has also been identified and is 

referred to, variously, as metacognition (Brown, 1975; Resnick 1976; Sternberg, 1990;), 

cognitive control (Evans, 1991; Stevenson, 1984) and strategic control knowledge (Gott, 1988).  

Although each of these latter theoretical positions differs, they have in common the view that 

distinctive cognitive procedures are utilized for the control and monitoring of cognition.  These 

latter authors base their work on the assumption that cognitive procedures may be divided into 

specific procedural and higher order control functions, with control functions being utilized for 

example to choose between alternative problem solving methods, monitor progress, predict 

consequences, evaluate procedures and switch between problem solving methods.  These latter 

authors also argue that, deeper structured conceptual understanding is drawn upon by control 

procedures in conceptualizing the problem and choosing strategies.  A further set of cognitive 

concepts used in this study are “knowledge encapsulation” and “scripts” (Boshuizen, Schmidt, 

Custers, & Van de Weil, 1995).  These are concepts relating to the transformation of explicit 

knowledge with experience and are discussed in Chapter 3.  Scripts are defined here as 

cognitive processes associated with encapsulated knowledge that transfers a range of conceptual 

knowledge into a single encompassing practice-based concept.   
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The terms declarative knowledge, procedural knowledge and metacognition are also discussed 

in greater depth in Chapter 3.  For the purposes of this chapter strategic knowledge is used to 

encompass the metacognitive processes and structured conceptual understanding used in the 

3DSM-CAD context, declarative command knowledge refers to specific information and facts 

about the modelling tools or algorithms used in 3DSM-CAD software and specific procedural 

command knowledge refers to knowledge of the procedures necessary to use the algorithms for 

routine tasks in the 3DSM-CAD process.  These terms are further discussed later in this Chapter 

and in Chapter 3.   

 

Spatial ability 
A second key area of CAD research reported in the literature concentrates on the relationship 

between spatial ability and CAD.  Gaughran (2002) suggests that spatial ability is a requirement 

for the creative use of CAD, a position that is supported by the research of Alias, Black and 

Gray (2002) and Sorby (1999) who found positive correlations between spatial ability and 

success in CAD.  Ault (2003) argues this may support the assumption that the use of CAD will 

enhance spatial ability.  This latter assumption has been tested by a number of researchers (Ault, 

2003; Bertoline, 1987; Sexton, 1991; Yue & Chen, 2001) each of whom failed to find support 

for improved spatial abilities as an outcome of learning CAD.  It would seem therefore that 

spatial ability enhances CAD usage but CAD usage does not enhance spatial ability.  It is 

hypothesised (Chap. 4) that incorporating specific techniques aimed at improving spatial ability 

into CAD instruction may be employed with the aim of enhancing CAD ability. 

 

The empirical studies 
An investigation of the cognitive processes actually used by CAD experts formed the first part 

of the empirical research, titled Study 1.  Study 1 reported in this thesis (Chap. 5) was 

undertaken in order to gain greater understanding of the nature of the strategic knowledge 

employed by experts.  Study 1 uses cognitive elicitation techniques to delineate the knowledge 

used by experts in solving 3DSM-CAD problems.  The findings from Study 1 were then used in 

conjunction with cognitive theory in the development of techniques (Chap. 6) thought to be 

suitable to address the research problem, in order to improve CAD expertise, as follows.  Study 

2, reported in Chapters 6 and 7, involved the development of an intervention strategy aimed at 

improving the 3DSM-CAD expertise of novice learners.  The cognitive literature pertaining to 

the development of expertise (Chap. 2), particularly those aspects of expertise identified through 

the initial study of CAD experts (Study 1), together with the literature on enhancing spatial 

abilities (Chap. 4) formed the basis of the intervention strategy.  This intervention was 

developed and then tested empirically (Chap. 7).  
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Significance of the problem 
The practical, economic and theoretical significance of the problem is apparent from the 

following factors.  The study is practically significant because the rate of introduction of 3DSM-

CAD into secondary schools is both very rapid and widespread.  Just one of the many 3DSM-

CAD software vendors, when discussing its four-year-old software distribution program, stated 

that; 

“To date, just under 11,000 teachers worldwide have been trained in Pro/DESKTOP on our 
Schools Programme.  Which means over 1 million students from schools in Australia, 
Canada, China, Hong Kong, Japan, New Zealand, Singapore, Taiwan, Thailand, United 
Kingdom, and United States ………………. Closer to home, in Asia, we saw India, 
Singapore and Thailand launch the programme in the last couple of months.” (PTC, 2003) 

This program expanded to involve 3 million students by mid 2005 (PTC, 2006).  Even though 

there is a rapid expansion of the use of 3DSM-CAD in schools, there is little evidence to 

suggest that the instructional strategies being utilised have changed from the command-based 

tradition.  The study is also practically significant because research into the learning and 

teaching of CAD is limited and concentrates mainly on two-dimensional and wire-frame 3D 

systems and not 3DSM-CAD.  The existing research also uses select groups at the tertiary or 

professional level and has identified that current instructional practice is less than effective 

(Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995; Bhavnani & John, 1997; Lang, Eberts, 

Gabel, & Barash, 1991).   

 

In addition to the practical significance of the problem, due to the continued use of inefficient 

instructional practice, there also exists the potential for economic significance.  Bhavnani and 

John (1996) point out that, despite large investments in CAD hardware, software and training, 

the potential productivity gains associated with CAD are often not realised.  Bhavnani, 

Flemming, Forsythe, Garrett and Shaw (1995) point out that experienced CAD operators often 

“seemed more interested in simply ‘getting the job done’ than in learning new and better ways 

to use the system” (p. 221).  Bhavnani and his associates theorise that this is due in part to the 

absence of strategic knowledge on the part of CAD operators, leading to the use of sub-optimal 

strategies.  This study therefore has potential economic significance arising from the finding in 

this Study that a new instructional strategy is successful in enhancing the strategic 3DSM-CAD 

knowledge of users.   

 

The study is also theoretically significant as indicated earlier, as it contributes a more precise 

delineation of the knowledge involved in routine and problematic CAD tasks.  In addition, it 

synthesises the ways in which CAD tasks require specific types of knowledge (declarative, 

specific procedural and strategic knowledge) in meeting the demands of tasks in a strategic 

manner.  The thesis is also theoretically significant in that it also theorises the learning strategies 

needed in order to develop each type of 3DSM-CAD knowledge.  Bhavnani and John (1997) 

quote a number of studies that suggest that initial training and experience alone does not 
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guarantee efficient usage of computer software.  They found that computer instruction tends to 

concentrate on the acquisition of command knowledge and not the efficient strategies necessary 

for the completion of complex tasks.  That is, the learning needs have previously been 

inadequately theorized.  This is a position supported by Lang, Eberts, Gabel, and Barash (1991, 

p. 257) who state “in training CAD operators, either through the use of manuals or coursework, 

most of the emphasis is on teaching declarative knowledge with little emphasis on procedural 

knowledge.”  This practice is at odds with the claim in the literature that CAD expertise is 

differentiated by strategic and not command knowledge (Bhavnani, Garrett, & Shaw, 1993; 

Bhavnani, John & Flemming, 1999; Rodriguez, Ridge, Dickinson, & Whitwam, 1998).  Finally 

Lang, Eberts, Gabel and Barash (1991, p. 258) pose the question “if procedural knowledge is 

more important that declarative knowledge then why is procedural knowledge not taught 

through CAD manuals or through coursework?”  This study is therefore theoretically significant 

because it advances a theoretical conceptualisation of the cognitive processes involved in 

learning, utilising and teaching 3DSM-CAD software; and this theoretical position reconciles 

the cognitive demands of 3DSM-CAD with instructional strategies designed to develop the 

required cognitive strategies. 

 

The structure and content of this chapter 
The purpose of the remainder of this chapter is to outline the nature of the 3DSM-CAD research 

problem and its associated learning problems, as they relate to the secondary school student.  It 

provides an explanation of the differences between the CAD software previously taught in 

secondary schools and the new generation of CAD software now rapidly replacing it, as a basis 

for developing an understanding of the particular learning needs associated with the new 

software.  It then provides, through example, an overview of key characteristics of the cognitive 

processes involved in 3D modelling tasks.  The nature of the research problem is then discussed 

with particular emphasis on the need for the development of strategic CAD knowledge in 

addition to command knowledge.  It explains what appears to be the cause of the learning 

problems and suggests how these may be conceptualized in terms of the cognitive processes 

involved in using 3DSM-CAD software, and, in particular, the hypothesised role of mental 

visual imagery in this process.   The cognitive conceptualisation of the research problems and 

the synthesised role of mental imagery are presented in Chapters 2 and 3 respectively. 

 

Recent evolution of CAD Software 

In this section, the recent growth of the availability of CAD software in schools is discussed and 

the differences between the three types of CAD software are explained.  Different types of CAD 

software are currently available to schools, including two-dimensional drafting software, three-
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dimensional wire frame and three-dimensional solid modelling software.  Three-dimensional 

solid modelling computer-aided design software (3DSM-CAD) is the most recent type of CAD 

software to become available in schools throughout Australia and the world and differs from the 

style of computer aided design (CAD) software previously available.  In addition, 3DSM-CAD 

software has not been the subject of a substantial amount of previous research.   

 

Traditionally, the introduction of CAD software involved the use of two-dimensional drafting 

packages that directly automated the drafting process.  Each view, even a pictorial view, was 

constructed line by line (Figure 1).  This figure depicts an example of two-dimensional CAD 

showing three views (top, front and side) of an object constructed line-by-line.   Edits or design 

changes were achieved on a line-by-line basis.   

 
Figure 1.  2D CAD drafting 
 
This was superseded by three-dimensional CAD software capable of producing a wire-frame 

model (Figure 2) constructed, surface-by-surface, by the student.  This figure depicts the same 

object as in Figure 1 but constructed surface-by-surface to produce a three-dimensional 

depiction of the object.  This software enabled the constructed model to be viewed from a range 

of differing viewpoints or dynamically rotated to a new orientation.  In some cases, the software 

was capable of generating two-dimensional orthographic drawings from the three dimensional 

model by generating views based on individual surfaces.  (An orthographic drawing is one 

comprising a number of different views of an object (top, front side) placed onto the same page 

as in Fig. 1)  In many such cases, detail such as hidden lines needed to be either generated by 

the student or achieved via a process of individual line editing.  Design changes were usually 

undertaken on a surface-by-surface basis.  That is, the software did not readily enable design 

changes nor did it translate changes in one surface to the complete model.   
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Figure 2.  3D Wire frame CAD 
 
These two types of CAD software remained dominant in secondary schools until recently, due 

to the prohibitive nature of the cost of both the 3DSM-CAD software and the associated 

computer equipment required.  The advent of high powered desktop computing removed one of 

the impediments, and this was closely followed by a number of software vendors changing their 

costing or marketing structures to enable 3DSM-CAD to be affordable for schools.   

 

3DSM-CAD (Figure 3), depicting the same object as in Figures 1 and 2, has two distinct 

features not previously found in CAD packages.  Firstly, it produces a computer-generated 

representation with similar characteristics to a solid model rather than a folded-up or separately 

constructed series of surfaces.  It is therefore able to be used for a range of post-processes 

including movement simulation, calculation of engineering data such as mass, moments of 

inertia and centre of gravity, finite analysis of the potential stresses experienced in actual use 

and generation of the data necessary for actual production of the part itself.   

 

Figure 3.  3DSM-CAD 
 
Secondly, the parametric nature of the software enables changes to be made to any part of the 

model at any time, regardless of the order of initial generation, with consequent changes being 
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calculated and invoked automatically by the software.  Thus, the initial dimensions of an object 

may be changed at a later time without affecting processes such as the rounding of corners or 

the position of holes that were modelled after the initial dimensions were established. This 

second feature increases the opportunity to incorporate design changes readily without the need 

to generate complete new models, and is therefore more applicable to the design and problem 

solving aims associated with the teaching of technology in schools as follows.  Technology 

Education world-wide engages students in the process of designing and making artefacts for 

which there is a human need.  The process involves the development of design ideas and the 

justification of design changes.  The ability to modify existing designs readily using 3DSM-

CAD software and to utilise the resulting design file in the production process is consonant with 

the problem-solving aims of the subject, while at the same time modelling contemporary 

manufacturing practice. 

 

The 3DSM-CAD modelling process 

The 3DSM-CAD modelling task is a demanding one involving a range of cognitive abilities and 

strategies in order for it to be undertaken successfully.  The processes involved in the 3DSM-

CAD modelling task are explained in this section.  These processes, outlined below, include 

parsing, identifying the core part and determining the modelling order.  The generation of 

Figure 4 is an example of this process, explained in the following paragraphs.  This modelling 

object is used throughout this section to illustrate central concepts in the 3DSM-CAD modelling 

process. 

 

 
 

Figure 4.  Example CAD model 
 
Figure 4 shows two views of the same object.  If this object is to be modelled, the CAD operator 

must first divide it into separate parts each of which must be capable of being generated or 

modelled by the particular CAD software being used.  That is they must be algorithmically 

salient.  The ability of the human visual system to divide an object into parts is referred to as 

parsing by Braunstein (1989), Schyns, Goldstone and Thibaut (1998) and Schyns and Murphy 
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(1991).  The ability of humans to parse objects in the context of object recognition has 

considerable support (Biederman, 1987; Hoffman and Richards, 1984; Hoffman & Singh, 1997; 

Siddiqi and Kimia, 1995; Tversky & Hemenway, 1984).  For example, part recognition may be 

used to differentiate between animals and birds on the basis of wings and to differentiate 

between species of birds on the basis of beak, wing or tail shape.  Tversky and Hemenway 

(1984) also introduce the concept of ‘part goodness’ in that the parts are not just random; they 

are perceptually salient, functional and possibly unique.  For instance, the trunk of an elephant 

or the screen of a television are perceived as separate parts of the object, have a particular 

functional significance and are unique identifiers of the object separating them from other 

animals or pieces of furniture.  In the 3DSM-CAD context this ‘goodness’ of a part needs to 

demonstrate two features.  It must maintain the perceptual salience outlined by Tversky and 

Hemenway (1984) and also be algorithmically salient.   To illustrate, Figure 5 demonstrates one 

possible but inadequate approach to this parsing process in the 3DSM-CAD context. 

 

Figure 5.  Inadequate parsing of CAD model 
 
While this disaggregation in Figure 5 may appear to be a legitimate attempt at the parsing 

process in that four separate components have been identified, it is inadequate because it fails to 

identify that an additional object will need to be generated in order to construct the ‘hole’ 

through the body of the object.  This is an example of inadequate perceptual and algorithmic 

salience in that the need for an additional part is not perceived.  Thus a more accurate perceptual 

and algorithmically salient parsing process would be that shown in Figure 6 with the proviso 

that the CAD operator recognises the need to subtract the cone from the object.   

 

Figure 6.  Algorithmically salient parsing 
 
Following the parsing of the object into algorithmically salient parts, the operator then has a 

further decision to make in order to identify the core part.  Hoffman and Singh (1997) identify a 
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core part as one that joins more than one other part; however in terms of 3DSM-CAD, a core 

part is one that will form the basis of the modelling process onto which other parts will be 

attached, or from which parts will be subtracted.  Having identified the algorithmically salient 

parts and the core part, the CAD operator will then need to decide on the modelling order for the 

task.  There is anecdotal evidence that an expert operator will also seek efficiencies at this time 

by examining the model for parts that may, for example, be copied, mirrored or scaled.  This 

process might identify that the two ‘knobs’ (top and side) are the same shape but of different 

sizes and may therefore be produced by copying and scaling.  A strategy for the modelling of 

each part then would need to be developed.  In the case of some parts and some software, this 

may be a straightforward process; in others, much less so.  Figure 7 (discussed in the following 

section) illustrates one possible method for this modelling process using the features available 

within the software for each identified object part.  The figure has 4 rows, one for each part; and 

additional cells in each row to illustrate the progression of the development of the part. 
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7.4 Horn Geometry 

 
 

7.4.1 Horn Extrusion 

 
 

7.4.2 Horn Surface 

Draft 

 

Figure 7.  CAD model development 

Core part 
The modelling of the core part could be achieved, for instance, by first identifying, through a 

process of visualisation, the part geometry that needs to be developed and the surface (vertical 

plane) on which to draw it as shown in Cell 7.1 of Figure 7.  Part geometry is the outline shape 

that needs to be drawn in order to enable the CAD algorithm to produce the solid part.  In this 

instance the ‘core’ would then be completed by extrusion (Cell 7.1.2 of Fig. 7).  The extrusion 

algorithm translates a copy of the part geometry to a new location parallel to its origin and 

develops a solid between the two.  However, as with almost all CAD tasks, a number of 

alternative methods could achieve the same shape, and it is at the discretion of the operator 

which method is chosen.  It could be argued, for example, that the part geometry should consist 
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of straight lines and, following the extrusion process, the corners should be rounded using a 

separate algorithm thus allowing for the radii of the rounds to be changed easily.  An expert 

would choose between alternative strategies.  That is, the expert would consider such factors as 

efficiency, time and prospects for future change.  Having identified and modelled the core part 

the peripheral parts are then addressed. 

The knob 
The ‘knob’ involves a different process.  In this case the necessary part geometry may not be as 

perceptually obvious, as it is a half-section of the final solid (Cell 7.2 of Fig. 7).  This half 

section needs to be drawn and then revolved or rotated around an axis (Cell 7.2.1 of Fig. 7).  In 

some cases this axis may be a part of the cross-section, in others, a separate line or even a work-

plane.  Having completed the first ‘knob’ the second is either a repeat of the process or, more 

efficiently, a copy and scale of the original.   

The hole 
The operator, in their initial analysis of the object, would need to recognise that the hole is 

tapered and would therefore need the generation of a tapered cylinder that is then subtracted 

from the core part.  This could be achieved as illustrated in Cells 7.3 to 7.3.2 of Figure 7. 

The horn 
The ‘horn’ Cell 7.4 of Figure 7 may be considered even less straightforward.  Analysis of the 

shape shows that it has two major curved surfaces and two major flat surfaces.  In most CAD 

software this presents a unique challenge.  If the software is a ‘surface modeller’, one of the flat 

surfaces would be modelled at the appropriate angle to the side of the core part and then 

mirrored to form the other surface.  The curved surfaces would then be generated from edge to 

edge of the flat surfaces.  In the ‘solid modelling’ software environment, the geometry would be 

generated and then extruded in two directions to form the ‘horn extrusion’ (Cell 7.4.1 of Fig. 7).  

The flat sides of this shape would then selected and drafted or tapered in towards the tip of the 

‘horn’ (Cell 7.4.2 of Fig. 7).   

 

The process outlined here has not described all the procedures and strategies that would need to 

be employed in construction of the necessary geometry and in the application of the algorithms 

necessary to complete the model.  These examples are given here only to demonstrate initially 

some of the cognitive processes involved in 3DSM-CAD modelling including: parsing an 

object, identifying the core part and peripheral parts, visualising the alternative methods by 

which each part may be modelled, choosing appropriate algorithms for each part and invoking 

the algorithmic procedures necessary to create individual parts.  This thesis hypothesises that 

mastery of these cognitive processes is needed in CAD learning and instruction which currently 

concentrates on knowledge of algorithmic procedures, that is specific procedural command 
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knowledge, without addressing the conceptual knowledge necessary to underpin the 

metacognitive processes encompassed in the strategic activities outlined above. 

 

The 3DSM-CAD research problem 

The major development of CAD technology occurred in the 1970-1980’s and, although this was 

also the period when a major transition from behaviourism to cognitive psychology occurred in 

education, the majority of instructional practice was yet to adopt the cognitive approach 

comprehensively.  The dominant instructional technique, under the influence of behaviourism, 

remained didactic and transmissive, and as such this was the approach adopted for CAD 

teaching.  Analysis of the available CAD research illustrates that this approach to CAD 

instruction remains dominant, as outlined below.  (In order to differentiate clearly between 

software systems throughout this thesis, two-dimensional and three-dimensional surface 

modelling systems are referred to as CAD while three-dimensional solid modelling systems are 

referred to as 3DSM-CAD.)   

 

Recent CAD research has identified that while much may have changed in CAD technology, 

little has changed in the instructional methodologies employed, with the majority of current 

instruction, text support, software manuals and tutorial material still concentrating on step-by-

step acquisition of command or content knowledge.  Bhavnani and John (1996), in their review 

of the manuals provided with CAD software, concluded that these manuals include detail 

regarding specific commands but not the strategies required for their efficient use.  Bhavnani 

and John (1996) maintain that this practice is often reinforced in the introductions to software 

manuals where CAD is described as an expansion of the drawing process.  The introduction is 

then followed by command descriptions that further reinforce the link between manual and 

CAD operations.  In this manner, command knowledge is expanded but strategic knowledge is 

not (Bhavnani & John, 1996).  This analysis is supported by Lang, Eberts, Gabel, and Barash 

(1991) who identify two different types of CAD knowledge: declarative knowledge (knowledge 

about features, commands, algorithms) and procedural knowledge which is knowledge about the 

procedures necessary to use a command.  However, they conclude “in training CAD operators, 

either through the use of manuals or coursework, most of the emphasis is on teaching 

declarative knowledge with little emphasis on procedural knowledge” (Lang, Eberts, Gabel, & 

Barash 1991, p. 257).  In this thesis it is argued that, even with procedural knowledge, the 

emphasis in the literature is on routine tasks rather than controlled problem solving. 

 

While various authors in the CAD field differentiate “command” and “strategic” knowledge, 

there is considerable slippage in terminology.  For instance, there is inadequate recognition that 
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command knowledge can be declarative (knowledge of the commands) and procedural 

(knowledge of how to execute the commands); and that strategic knowledge also can have both 

declarative and procedural aspects.  For these reasons in this thesis command knowledge is used 

to refer to the software commands necessary to carry out specific operations such as extrude or 

revolve.  These commands automatise the model generation process by the software.  That is, 

they are specific procedures used by individuals to secure familiar goals.  Knowledge about the 

commands is called declarative command knowledge; and knowledge of how to execute them is 

called specific procedural command knowledge.  On the other hand, strategic knowledge refers 

to the knowledge necessary to choose and apply the appropriate command knowledge in a 

manner that efficiently produces the model and allows for future design variation.  That is, 

strategic knowledge is used by operators to execute commands in a judicious way.  It draws 

upon a conceptual understanding of processes that can be used, their effects and their 

interrelationships.  In Chapter 2 this cognitive conceptualisation of the knowledge used in 

3DSM-CAD is discussed fully. 

 

Bahavnani and his associates (Bhavnani, 2000; Bhavnani & John, 1996 & 1997; Bhavnani, John 

& Flemming, 1999; and Bhavnani, Reif & John, 2001) have undertaken a number of research 

projects in order to ascertain whether experienced CAD operators use efficient CAD strategies.  

They have found that the use of strategies that reduce drawing production time, and therefore 

increase efficiency, are not gained through traditional training programs or the use of existing 

training and software manuals.  This, they maintain, is because both of these approaches to 

training concentrate on what is referred to here as the acquisition of declarative command 

knowledge and specific procedural command knowledge and not on the strategic knowledge 

(cognitive strategies) necessary to use them effectively.  They also found that current teaching 

practice tends to follow the pattern set by software vendors in their training, and in their 

manuals, in that a series of shape development commands is usually taught in a manner closely 

allied to the algorithms available within the software itself (Bhavnani, 2000; Bhavnani & John, 

1996 & 1997; Bhavnani, John & Flemming, 1999; and Bhavnani, Reif & John, 2001).  This 

instructional strategy makes the assumption that the acquisition of specific procedural command 

knowledge will subsequently enable the user to create all the 3D models they require efficiently.  

However, it is clear from the research of Bhavnani and his associates that the development of 

strategic knowledge does not occur as a natural outcome of the acquisition of specific 

procedural command knowledge in either CAD or a range of other complex computer 

applications such as spreadsheets and wordprocessing.   

 

Bhavnani, Reif and John (2001, p. 231) argue, on the basis of a number of real-world user 

studies, that there are four aspects associated with the development of strategic knowledge in 

computer applications such as word processing, spreadsheets, UNIX and CAD.  These are: 
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knowledge that a command exists to perform a specific task, the ability to recognise when to use 

the command, the ability to execute the command and the ability to recognise general strategies 

and transfer them to other tasks. 

"Unfortunately there are few opportunities for users to acquire all the above knowledge 
components.  Help systems and reference manuals mainly provide knowledge of how to 
execute specific commands; user manuals (even those that contain advanced instruction) 
often provide task-specific solutions that are difficult to generalize; face-to-face and web-
based training typically focus on teaching how to use specific commands in the context of 
simple tasks; and office settings rarely provide opportunities for sharing and discovering 
efficient methods" (Bhavnani, Reif & John, 2001, p. 231). 

Bahavnani (2000) argues, “knowledge to use direct manipulation tools does not seem to aid 

users to perform complex tasks efficiently.  Several studies have shown that despite training and 

many years of experience, many users with basic command knowledge do not progress to an 

efficient use of applications” (p. 338). 

  

However, a number of CAD studies still relate the teaching of CAD to the acquisition of 

specific procedural command knowledge.  Wilss (1994), in one of the few studies of CAD 

teaching in schools, found that teachers often learn CAD themselves either through trial and 

error or the available software manuals and texts.  These latter materials, he found, relate, in the 

main, to the features of the software and 'how to get it to do specific things'.  As such it could be 

described as command-based, reflecting the nature of the software itself and the nature of 

specific facts and tasks; and not reflecting the manner in which individuals learn about 3D 

modelling in particular.  Sadat-Hossieny (2001, p. 1) argues “in the area of Computer Aided 

Design (CAD), changes happen much more rapidly than textbooks can keep up.”  Although 

acknowledging that there is a need for alternative up-to-date methods of resource presentation 

such as multi-media, Sadat-Hossieny (2001) concedes that these too suffer from the time they 

take to prepare and publish.  Real time training through the use of internet-based material 

provided by vendors is seen by Sadat-Hossieny (2001) as a possibility; however, the nature of 

the materials being advocated still tends to be command-based.  Baxter (2001) also supports the 

concept of on-line delivery as a suitable method of CAD software instruction; however, the 

nature of the materials being delivered also remains command-based, a position that is still 

advocated by authors such as Sexton (1996) who supports the use of a series of step-by-step 

tutorials to teach command knowledge as an appropriate method of teaching CAD. 

 

The problems associated with command-based instruction are exacerbated by the fact that many 

individuals and, indeed, corporations regard CAD training as a one-off exercise.  This is despite 

the fact that software changes and develops at a rapid rate, making much of the command 

knowledge irrelevant after a short time, even between versions of the same software (Bhavnani, 

Flemming, Forsythe, Garrett & Shaw, 1995).   
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The learning of CAD through specific procedural command knowledge alone is thus 

problematic and inefficient, particularly in light of the findings of research by Lang, Eberts, 

Gabel, and Barash (1991) who found that it was strategic knowledge and not specific procedural 

command knowledge that leads to greater CAD efficiency.  They conclude that, 

“the high variability among the novices in the ability to generate efficient procedures for the 
task indicates that merely teaching commands, or declarative knowledge, may not be 
adequate to perform complex tasks; they must also be taught how to use these commands in 
various kinds of procedures or contexts which can then be used in subsequent work” (Lang, 
Eberts, Gabel & Barash, 1991, p. 267).    

Lang et al. (1991) also found there was a high transfer of strategic knowledge from one CAD 

system to another.  This latter research and that of Bhavnani and his associates confirms how 

important it is to differentiate between specific procedural command knowledge and strategic 

knowledge in CAD and suggests the need for strategic knowledge to be taught specifically.  

This thesis theorises the differences in the cognitive structures that are involved and how they 

are used in 3DSM-CAD work (see Chapter 2).  It also seeks to advance knowledge on how to 

teach the kinds of strategic 3DSM-CAD knowledge that students will need in order to develop 

the strategies that characteristise expertise in this field.   

 

A synthesis of effective approaches to CAD instruction is therefore still needed, especially since 

there is clear evidence that specific procedural command based instruction does not provide the 

expected advances in efficiency.  In relation to these types of command and strategic CAD 

knowledge three important factors have emerged.  First, as already outlined, is that the majority 

of current CAD teaching concentrates almost exclusively on the acquisition of specific 

procedural command knowledge.  This has been a consistent finding by Bhavnani and his 

associates (Bahavnani, 2000; Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995; Bhavnani, 

Garrett & Shaw, 1993; Bhavnani & John, 1996, 1997; Bhavnani, John & Flemming, 1999; 

Bhavnani, Reif & John, 2001).  This conclusion is supported by Lang, Eberts, Gabel, and 

Barash (1991), Rodriguez, Ridge, Dickinson, and Whitwam (1998) and Yue (1999), who point 

out that there are in excess of 1,100 commands in some CAD packages making the acquisition 

of command knowledge a major focus of manuals and training programs at the expense of 

strategic knowledge.  “Students are so busy learning the commands that little time is available 

for acquiring other kinds of information such as procedural knowledge” (Lang et al., 1991, p. 

257).  A second factor that relates to the use of both command knowledge and strategic 

knowledge is that inefficiencies in the strategic use of the software are not always evident in the 

final product (Bhavnani & John, 1996).  For instance two models may be identical in 

appearance but one may have taken considerably longer to produce, and in the case of 3DSM-

CAD, be much more difficult in which to effect subsequent design change than the other.  The 

third factor is that there is emerging evidence that, when specifically taught, strategic 

knowledge may improve CAD performance (Bhavnani, John & Flemming, 1999; Bhavnani, 

Reif & John, 2001; Lang, Eberts, Gabel, & Barash, 1991).    
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The research problem addressed by this thesis, the development of CAD expertise through the 

learning and teaching process, is cognizant of and builds upon each of the factors identified in 

the literature to date: the propensity of CAD instruction to concentrate on command knowledge, 

the inability of the final model to highlight inefficiencies in the modelling process and the 

finding that, when taught, strategic knowledge improves CAD performance.  Accordingly, this 

thesis provides a conceptualisation of the nature of 3DSM-CAD expertise in terms of the 

cognitive processes involved in expert strategic practice.  Data are gathered from experts in 

order to instantiate the model.  This cognitive conceptualisation is then used as the basis for the 

development of pedagogies predicted to assist in the development of expertise in novice 3DSM-

CAD users.  The intervention is tested with students of 3DSM-CAD.  Two research questions 

are thus addressed by this thesis: What constitutes strategic 3DSM-CAD knowledge and; What 

instructional strategies will improve the use of strategic 3DSM-CAD knowledge? 

 

A possible relationship between CAD expertise and the use of strategic knowledge has been 

identified in this section.  The next section outlines specific research about strategic knowledge 

in the CAD domain and possible generalised computer strategies that may be applied in the 

CAD domain. 

 

Strategic CAD knowledge 

Very little research into the nature and use of strategic CAD knowledge has been undertaken.  

In older research, Luczak, Beitz, Springer, and Langner (1991) undertook an industry-based 

comparison between a number of CAD systems and traditional drafting in order to ascertain the 

relative efficiency of each in the process of drawing production.  Luczak et al. (1991) found that 

traditional drawing boards were superior in terms of quality, quantity, working time and design 

performance to nine of the 11 CAD systems and equal to the other two.  They also found that 

there was a higher level of strain on CAD operators as measured by both psychological and 

physiological factors.  The research finding that the change from traditional drafting practice to 

the use of CAD did not increase drafting efficiency, despite the potential of the software to do 

so, indicates that the potential may exist for improving CAD operators’ efficiency in their use of 

the software.  However, one problem with these results in this technological field is the relative 

age of the research.  The technology of both computer hardware and particularly CAD software 

has changed considerably since 1991.  Only one of the 11 sites had a PC based CAD system and 

of the 11 CAD systems investigated only a small number currently exhibit any market 

penetration.  Moreover, the research did not reveal or delineate the cognitive structures and 

processes involved in CAD tasks, and it is difficult to speculate on the possible basis for 

observed differences. 
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More recently Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995) undertook a detailed 

study of CAD in the workplace in order to try to understand why the predicted increases in 

efficiency as a result of the introduction of CAD were not being realized.  The methodology 

involved extensive observation of users in their natural work environment.  They concluded;   

“users had levelled-off at a sub-optimal use of the system.  Furthermore, none of the 
information sources available to them helped them explore new functionality because they 
were passive.  The users did not know that there existed better ways to execute a task and 
therefore did not know when to ask for them.  They also were not motivated to explore the 
system because they were mostly in the mode of 'getting the job done'” (Bhavnani, 
Flemming, Forsythe, Garrett & Shaw, 1995, p. 226). 

From these results it is clear that research is needed on what constitutes ‘better ways to execute 

a task’, what declarative command knowledge, specific procedural command knowledge and 

strategic knowledge is involved, and how learners might develop this knowledge.  

 

Bhavnani and John (1996, 1997) undertook further analysis of the 1995 data and concluded that 

even experienced users tend to master specific procedural commands but not the strategic 

manner through which the completion of complex tasks may be achieved.  They found that 

users, inundated with a huge range of commands, often reverted to their drafting model for the 

completion of tasks by incorporating the new CAD commands without addressing possible 

efficiencies attainable through the software (Bhavnani & John, 1996, p. 6).  An additional 

problem identified by the research was that “flaws in the technique are not publicly visible, the 

users neither notice their suboptimal techniques, nor have the motivation to change them” 

(Bhavnani & John, 1996, p. 7).  This may be due to the fact that there are always alternative 

methods of completing tasks, some of which almost equate to brute force, but users rarely 

discuss strategic knowledge in the workplace environment and are therefore not in the situation 

to receive remediation.  Thus, again, the need for a cognitive analysis is evident in order to 

investigate the actual thinking processes that are involved.  

 

Bhavnani, John and Flemming (1999) also suggest that the existence of a prior mental set may 

be a contributing factor in the inability of users to adopt or even explore strategies that are more 

efficient.  Mental set, or the Einstellung effect, identified by Luchins (1942), and studied by 

Lovett and Anderson (1996) and Matlin (2002), is discussed later in the thesis.  At this point the 

term is used to refer to the propensity to solve a problematic situation in a given way.  Bhavnani 

and John (1997) make the additional point that it is crucial for tasks to be decomposed in order 

to exploit efficient strategies.  In this respect the process of identifying appropriate strategies in 

the CAD or 3DSM-CAD context mirrors the identification of goals and sub-goals identified in 

the cognitive science literature.  For example, Anderson’s Adaptive Character of Thought 

(ACT) theory (Anderson, 1983; Anderson, 1996) proposes that cognitive tasks or goals are 

achieved through a process of division into achievable sub-goals which together satisfy the 
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conditions necessary for the attainment of the goal.  This is particularly important, especially in 

the case of 3DSM-CAD, where the process needs to be approached differently from manual 

drafting due to the availability of powerful applications of software.   

 

In addition to the possible existence of mental set as an inhibiting factor in the development of 

expertise there also exists the possibility that expert 3DSM-CAD knowledge may be domain 

specific.  That is, 3DSM-CAD experts in one particular field such as heavy engineering may 

develop specific ways of approaching 3DSM-CAD modelling tasks that are different to 3DSM-

CAD experts in the field of product design.  Boshuizen, Schmidt, Custers and Van de Weil 

(1995) and Custers, Boshuizen, and Schmidt (1998) argue that, in the medical field, experts 

develop scripts, or illness scripts.  These scripts develop as an outcome of clinical diagnostic 

experience whereby initial conceptual knowledge is encapsulated into higher level concepts that 

enable rapid diagnosis.  Scripts for the diagnosis of a particular medical condition develop 

following extensive experience in diagnosing that particular condition. Scripts and knowledge 

encapsulation are discussed in more detail in Chapter 3, however, it is posited that the range of 

3DSM-CAD scripts developed by high-level experts is related to the range of problem solving 

experiences encountered by the 3DSM-CAD expert.  

 

Bhavnani and John (1996) hypothesised that with CAD, as with other complex computer 

applications, there exist a number of general strategies.  Bhavnini (2000) cites four categories of 

strategic knowledge: iteration, propagation, organisation and visualization that relate to a range 

of software applications including CAD.  Table 1 presents an overview of these categories and 

the 10 more specific strategies that have been posited as being involved. 
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Table  1.  General Strategies and How They Might Be Useful in Word Processing, Spreadsheet, 
and CAD Tasks (Bhavnini, 2000, p.  339). 
 
General strategies  Word processing 

examples 

Spreadsheet 

examples 

CAD examples 

Iteration    

1. Reuse and modify 
group of objects 

Copy and modify an 
existing paragraph to 
create a new one 

Copy and modify an 
existing table and 
formulas to create a 
new one 

Copy and modify an 
existing graphic 
arrangement to create 
a new one 

2. Check original 
before making copies  

 

Check if paragraph is 
correct and complete 
before making many 
copies 

Check if column 
headings are correct 
and complete before 
making new table 
headings 

Check if window in 
building facade is 
correct and complete 
before copying to 
create many copies 

3. Handle exceptions 
before modification of 
groups  

Group paragraph, drop 
a sentence, then 
modify group 

Group all information, 
drop table headings, 
then modify group 

Group graphic 
elements, drop an 
element, then modify 
group 

Propagation    

4. Make dependencies 
known to the computer 

Make paragraphs 
dependent on a format 
definition 

Make formulas 
dependent on numbers 
in cells 

Make window in 
building facade 
dependent on a graphic 
definition 

5. Exploit 
dependencies to 
generate variations        

Modify style 
definitions to generate 
variations of the same 
document 

Modify formula 
dependencies to 
generate different 
results for the same 
data set 

Modify graphic 
definitions to generate 
variations of a building 
facade 

Organization    

6. Make organizations 
known to the computer 

Organize information 
using lists and tables 

Organize yearly data 
in different sheets 

Organize columns and 
walls on different 
layers 

7. Generate new 
representations from 
existing ones  

Generate table from 
tabbed words 

Generate bar graph 
from table 

Create 3-D model 
from 2-D floor plan 

Visualization    

8. View relevant 
information, do not 
view irrelevant 
information  

Magnify document to 
read small print 

View formulas, not 
results 

Do not display 
patterned elements 

9. View parts of 
spread-out information 
to fit simultaneously 
on the screen  

Use different views of 
the same document to 
bring two tables 
together on the screen 
for comparison 

Use different views of 
the same document to 
view column headings 
and data at the end of a 
long table 

Use two views focused 
at the ends of a long 
building facade to 
make comparisons 

10. Navigate in global 
view, manipulate in 
local view  
 

Use outline view to 
view entire document 
and specify location of 
interest, use local view 
to make modification 

Use outline view to 
view entire 
spreadsheet and 
specify location of 
interest, use local view 
to make modification 

Use global view to 
view entire building 
and specify location of 
interest, use local view 
to make modifications 
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Bhavnani, John and Flemming (1999) and Bhavnani, Reif and John (2001) have developed and 

tested instructional interventions designed specifically to teach these general strategies.  The 

intervention included four components designed to improve strategic knowledge.  These were: 

to make users aware that explicit strategies exist to perform specific tasks efficiently; to provide 

instruction regarding when to use particular strategies; to provide instruction on how to execute 

these general strategies; and to provide instruction and opportunity in the transfer of general 

strategies to other situations and applications (Bhavnani, Reif & John, 2001).  The results of 

their research demonstrated clearly that the intervention was effective in that significant 

improvements in the identification and use of efficient strategies were achieved without 

affecting the acquisition of command knowledge.  The initial research (Bhavnani, John & 

Flemming, 1999) was undertaken in a 2D CAD context while Bhavnani, Reif and John (2001) 

tested efficient strategies in the context of tasks in Unix, word processing and spreadsheets but 

not in CAD.  This thesis seeks to add to this work in three ways.  It proposes to: examine the 

general strategies identified by Bhavnani (2000) in terms of the cognitive literature; to apply the 

strategies in the learning of 3DSM-CAD; and, through detailed analysis of expert 3DSM-CAD 

performance, to identify and apply additional specific 3DSM-CAD strategies.  

 

Thus, a number of conclusions can be drawn from previous research into strategic CAD 

knowledge.  The first is that strategic knowledge has been found to be crucial to efficient CAD 

performance, however, it is not generally highlighted in CAD documentation or tutorials or 

taught in CAD classes.  Secondly the development of strategic knowledge does not necessarily 

occur following the combination of command instruction and experience, and therefore needs to 

be taught explicitly.  Moreover, it is also possible that these processes may be transformed over 

time, and with practice, into encapsulated knowledge. Thirdly, it has been found possible to 

embed generalized strategic knowledge instruction successfully into the command teaching of 

computer applications including CAD.  However, the research into strategic knowledge 

instruction has not been theorised adequately in terms of cognitive theory, including that aspect 

relating to cognitive operations involving spatial visualisation (discussed in the next section), 

and the research has been confined mainly to CAD and not to 3DSM-CAD.  It is clear therefore 

that the 3DSM-CAD research problem is both unique and multidimensional, is associated with 

the acquisition of both command and strategic knowledge and needs to be understood more in 

terms of the cognitive processes that are involved.  

Visualization 

Anecdotally, experience with the training of 3DSM-CAD teachers in secondary schools 

throughout Australia and in several Asian countries suggests that many find it a challenge to get 

students to understand the basic concepts involved in 3DSM-CAD, let alone become efficient or 
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strategic users.  Teachers report that many students cannot recognize how to model individual 

parts thereby having difficulty with basic command knowledge.  Nor are they able to ‘see’ 

alternative modelling methods that may enable them to be strategic and therefore more efficient 

in their 3DSM-CAD use.  Each of these problems may be related to the inability to visualize 

possible approaches to the modelling process.   In the following paragraphs, the possible role of 

visual imagery in 3DSM-CAD is outlined.  The role of visual imagery is more fully addressed 

in Chapter 3. 

 

Research into the relationship between CAD and spatial visualization has centred upon the idea 

that it “is hypothesized or assumed by many that the use of solid modelling will enhance 

students’ visualization skills” (Ault, 2003, p. 1).  Ault (2003), Sorby ( 1999) and Yue and Chen 

(2001) have undertaken research seeking to discover whether or not this does occur.  In each 

case, however, the conclusion drawn is that “merely working with 3-D software does not 

improve the spatial abilities of students by a significant amount” (Sorby, 1999, p. 1).  The 

anecdotal experience of teachers together with the conclusions that may be drawn from this 

previous CAD research (Ault, 2003; Sorby, 1999; Yue & Chen, 2001) suggests that there could 

be a relationship between an individual’s spatial ability and their ability to use 3DSM-CAD.  

Gaughran (2002) argues that “the creative use of CAD software depends greatly on the users’ 

cognitive ability to visualize the design intent and to interact with the developing model of the 

product” (p. 1). 

 

This thesis explores the possible role of visualisation in the relationship between strategic 

knowledge and the various parts of the 3DSM-CAD parsing and design operations.  The 3DSM-

CAD modelling example outlined at the beginning of this chapter (Figs 4-7) illustrates the 

nature of operations that may be involved.  The object needs to be initially parsed into 

algorithmically salient parts, the core part needs to be identified and the order of part generation 

decided.  Each part individually needs to be analyzed in terms of which algorithms could be 

used in its generation.  Strategic knowledge could be subsequently applied to predict which 

command or algorithm would most efficiently produce the part and enable future design 

changes.  In this process it is hypothesised that it would be helpful to visualize the part 

geometry necessary for part generation.  A cognitive function common to each of these 

processes is visual mental imagery.  It is therefore suggested that the 3DSM-CAD research 

problem, while multidimensional, should be conceptualized in such a way that incorporates the 

possible facilitatory role of visual mental imagery.  The relationship between visual mental 

ability and 3DSM-CAD is hypothesised to be quite direct as all aspects of the modelling process 

can involve visual mental imagery, even though it appears from the available research that 

3DSM-CAD use does not itself necessarily improve visual mental imagery.   
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Summary and thesis structure 

The contribution of this thesis to an understanding of 3DSM-CAD expertise and the efficacy of 

3DSM-CAD learning and teaching process is the manner in which the research is underpinned 

by a cognitive science theoretical approach that conceptualises the strategic knowledge of expert 

operators and the ways in which strategic actions can be facilitated by spatial visualisation 

processes.  This thesis addresses the 3DSM-CAD research problem through an analysis of the 

cognitive processes involved in 3DSM-CAD.  It argues that an understanding of which 

cognitive representations and processes are involved and how they are employed will enable the 

development and testing of effective instructional strategies.  The specific manner in which 

concepts drawn from cognitive science relate to 3DSM-CAD research problem is discussed in 

the following chapters.   

 

Chapter 2 advances an understanding of expertise in the 3DSM-CAD domain.  This chapter 

addresses the research question, What constitutes strategic 3DSM-CAD knowledge?; through an 

analysis of the nature of expertise in other domains as well as in CAD.  The chapter discusses 

the characteristics of experts and provides an analysis of the cognitive processes of experts 

including schemas, knowledge encapsulation, problem solving and metacognition. Chapter 2 

also provides an outline of cognitive theory on procedural knowledge, strategic knowledge and 

metacognition and the manner in which the use of each of these types of knowledge relates to 

expertise.  The chapter concludes with a discussion of mental set. 

 

Chapter 3 discusses the role of mental imagery in the task of developing 3DSM-CAD models.  

The chapter commences with a discussion about shape/object recognition due to the need to 

identify individual shapes, within a model, that may be constructed using the available 3DSM-

CAD commands.  Identification of shapes within an object occurs through a process of parsing 

which is then discussed to provide an understanding of the nature of the processes involved.  A 

range of mental imagery processes is then discussed.  These include: mental rotation; rotation of 

individual surfaces; mental construction, combination and restructuring.  These aspects are 

discussed in order to establish the relationship between existing mental imagery literature and 

the 3DSM-CAD task and to identify any aspects unique to 3DSM-CAD.   

 

Chapter 4 provides an analysis of the literature related to the design of learning strategies to 

inform the research question: What instructional strategies will improve the use of strategic 

3DSM-CAD knowledge?  Firstly, the chapter identifies those aspects that relate to the 

development of metacognitive processes that may be incorporated into an instructional 

intervention to improve the use of strategic knowledge of novice 3DSM-CAD users.  It then 

addresses learning strategies that will improve spatial abilities such as parsing and mental 
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imagery.  The chapter concludes by discussing how the identified instructional techniques that 

provide improvement in the use of metacognitive processes, and spatial abilities, may be 

incorporated with the instruction of 3DSM-CAD specific procedural command knowledge.   

 

Chapter 5 describes Study 1.  Study 1 aims to delineate what constitutes expert strategic 3DSM-

CAD knowledge.  It outlines the research on knowledge elicitation and justifies the 

methodological approach used in the collection of data from 3DSM-CAD experts.  The chapter 

then presents the findings of Study 1 and their implications for the Study 2.  Chapter 6 provides 

details of Study 2 including the theoretical basis for the development of the instructional design 

used in the intervention.  Subject selection is then detailed prior to a description of the 

methodology employed in the intervention.   

 

Chapter 7 presents the findings from Study 2.  This includes the effectiveness of the 

randomisation of subjects, the effectiveness of the intervention and the role of prior experience 

in the post-treatment analysis.  Analysis of the final examination data is then presented.  These 

data were collected following strategy training for the ‘control’ group.  The implications are 

then discussed prior to the presentation of conclusions and recommendations for future research 

in Chapter 8. 
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Chapter 2: Cognitive Processes in 3DSM-CAD 

 

The question being addressed in this thesis is the development of 3DSM-CAD expertise.  In 

Chapter 1 it is outlined how it appears that, central to the development of 3DSM-CAD expertise 

through the learning and teaching processes is the acquisition of three types of knowledge: 

declarative command knowledge, specific procedural command knowledge and strategic 

knowledge.  Chapter 1 outlines research findings (Bhavnani & John, 1997; Bhavnani, 

Flemming, Forsythe, Garrett & Shaw, 1995; Lang, Eberts, Gabel, & Barash, 1991) that CAD 

expertise is differentiated more by strategic knowledge than specific procedural command 

knowledge, and further, that current instructional practice concentrates on, and is effective in the 

delivery of specific procedural command knowledge but has little focus on strategic knowledge.  

Chapter 1 also makes the case for examining these kinds of knowledge in terms of cognitive 

science.   

 

Chapter 2 explores how wider research on cognitive processes may inform the development of 

solutions to the 3DSM-CAD research problem.  It provides an analysis of expertise, the 

characteristics associated with expertise and the potential benefit that a greater understanding of 

the nature of 3DSM-CAD expertise may play in addressing the research problem: What 

constitutes strategic 3DSM-CAD knowledge?  The chapter then synthesises a cognitive 

conceptualisation of the 3DSM-CAD process through a discussion of the various roles of 

declarative command knowledge, specific procedural command knowledge and strategic 

knowledge.  Following this discussion, the chapter addresses the possible effect of mental set on 

expert performance in 3DSM-CAD.   

 

Cognitive science seeks to gain an understanding of “What do we know? and How do we 

acquire and use this knowledge?” (Pylyshyn, 1973, p. 1).  The concerns of cognitive science 

therefore focus on a number of areas of particular interest to this thesis.  It is concerned with the 

thinking processes itself, the difference between cognitive representations used for routine and 

strategic processes (Anderson 1990, 1996; Finke, Ward & Smith, 1992; Gott, 1994; Rumelhart, 

1980; Sweller, 1993) and the manner in which the interaction between different types of 

knowledge affect learning in a particular domain.  It provides greater understanding of the 

processes of the acquisition of knowledge as well as the nature of expertise and how the 

transition from novice to expert occurs (Anderson, 1990, 1999; Charness & Schultetus, 1999; 

Dreyfus & Dreyfus, 1986; Durso, 2000; Reigeluth, 1983; Schraagen, Chipman, Shalin, 1999; 

Yashin-Shaw, 2001).  An outcome of this increase in understanding has been the influence of 

cognitive psychology on learning processes through instructional design.  This is evident in the 

work of a number of authors.  Resnick (1989) highlights the need for strategy training to be 
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embedded in the context in which it will be applied.  Gagne´, Briggs and Wagner (1988) and 

Reigeluth (1983) suggest that there are a number of steps or conditions necessary for the 

learning of cognitive skills.  Landa (1983) highlights the necessity to break down cognitive 

processes in such a manner that they may be modelled by teachers and learned by students 

while, Klahr and Kotovsky (1989) suggest cooperative learning as a suitable instructional 

strategy for the development of the performance-monitoring skill evident in expert performance.  

The aspects of instructional design suitable for the development of the cognitive skills 

associated with expertise in 3DSM-CAD are addressed in more detail in Chapter 5.  Before 

instructional design can be undertaken the nature of 3DSM-CAD expertise needs to be 

explored.  This is addressed in the following section. 

 

Expertise 

Research into expertise across a number of separate domains has given rise to the development 

of a range of definitions for expertise.  Mieg (2001) discusses two aspects of expertise, superior 

performance and specialized experience, concluding that neither in itself is sufficient to define 

expertise, but that expertise is "superior performance based on specialized experience" (Mieg, 

2001, p. 4).  Matlin (2005) defines expertise as “consistently superior performance on a 

specified set of representative tasks for a particular area” (p. 378) while Sternberg (1991) and 

Sternberg and French (in Hoffman, 1992, p. 191) propose “experts can do “automatically” 

things that non-experts can do only with great effort or not at all”.  Expertise may be 

conceptualised, according to Sternberg and Grigorenko (2003), in terms of the ability to process 

information in an automatic manner that enables the expert to utilize the executive control 

processes of planning, monitoring and revising while undertaking much of the other information 

processing automatically and in parallel with these processes.  The novice, however, has to rely 

on serial, controlled processing in both the knowledge and control domains that is both more 

demanding and time consuming.  Thus, much of the cognitive activity of the expert draws upon 

better cognitive structures, overcoming the limited capacity of working memory (Sternberg & 

Grigorenko, 2003).  The novice, however, is forced to rely on high levels of processing within 

working memory and is therefore more restricted by its limited capacity.  Expert performance is 

also conceptualised to differ from that of the novice in other ways, discussed in the following 

paragraphs. 

 

Chi, Glaser and Farr (1988) and Sternberg (1999) argue that expertise is characterised by high 

levels of domain knowledge, speed of task performance, superiority of both short and long-term 

memory and the ability to recognize large and meaningful patterns in the domain of their 

expertise.  The ability of experts to recognise patterns was initially highlighted by de Groot 
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(1965) in research with chess masters finding that they were able to recognise very large 

numbers of authentic chessboard configurations.  The ability of chess masters to remember large 

numbers of patterns or chunks of information has also been confirmed by Chase and Simon 

(1973), Cooke, Atlas, Lane and Berger (1993) and Frey and Adesman (1976).  Research in other 

domains has confirmed the ability of experts to remember patterns in: electronics (Egan & 

Schwartz, 1979); figure skating (Deakin & Allard, 1991); dance, basketball and field hockey 

(Allard & Starkes, 1991); music (Sloboda, 1976); bridge (Charness, 1979; Engle & Bukstel, 

1978); and computer programming (McKeithen, Reitman, Rueter, & Hirtle, 1981).  The 

structures used by experts to remember patterns or chunks of information related to their 

particular domain are sometimes referred to as schemas (Matlin, 2005).  Schemas may be 

defined as "a complex structure of concepts, oppositions, relationships and procedures, which 

the person has, and which influence expectations and actions in a particular situation" (Evans, 

1991, p. 54).  It is therefore expected that 3DSM-CAD experts will possess schemas enabling 

them, for example, to recognise algorithmic salience and invoke complex combinations of 

declarative command, specific procedural command and strategic knowledge.  Of particular 

relevance to this thesis is the argument presented by Schraagen, Chipman and Shalin (1999) that 

experts represent more qualitative information in visual mental images than do novices.  

Schraagen et al. (1999) point out “patterns that are, in fact, significant with regard to functional 

goals of the domain correspond to what the expert sees, recognizes, or thinks are significant.  

An expert is someone who has discovered many of the meaningful patterns within a particular 

domain” (p. 88).  This use of visual images by experts supports the conceptualization that 

solutions to 3DSM-CAD research problem may be enhanced through mental imagery. 

 

In addition to the possible existence of expert schemas, Boshuizen, Schmidt, Custers and Van 

de Weil (1995) and Custers, Boshuizen, and Schmidt (1998) argue that experts develop scripts.  

Scripts, or illness scripts in the medical field, are associated with the encapsulation of 

knowledge.  This encapsulation occurs following the combination of initial acquisition of 

declarative knowledge and extensive experience.  The medical practitioner initially learns the 

knowledge necessary, in the form of the anatomy, physiology, biomedical concepts and so forth, 

that needs to be applied to medical problem solving.  In the novice or intermediate experience 

stages of medical diagnosis these concepts are applied separately to the individual diagnostic 

problem.  Expertise develops following experience with a large range of diagnoses of patients 

with similar conditions leading to “encapsulation of the concepts in the knowledge base, 

resulting in the subsuming of a great number of detailed biomedical concepts under higher level, 

clinically relevant concepts” (Boshuizen, Schmidt, Custers & Van de Weil, 1995, p. 275).  This 

results in rapid diagnosis of patients in terms of, for example, ‘diabetes type 1’ on the basis of 

the identification of a number of enabling conditions (age, sex, medical history, weight, 

occupation etc.) and specific contextual or perceptual information such as poor metabolic 
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control and a body odour of acetone.   Therefore scripts are developed for specific medical 

conditions on the basis of experience in diagnosing those conditions.  A specialist in cardiology, 

for example, would be expected to have well developed scripts for diagnosis in that specialty 

but not in urology.  It is posited that 3DSM-CAD experts may develop similar scripts for the 

solution to problems on the basis of perceptual information available from within the model and 

the specific context, such as engineering or architecture, within which the problem is being 

undertaken.  In a manner similar to the findings of Custers, Boshuizen, and Schmidt (1998) it 

would also be expected that 3DSM-CAD experts would develop additional scripts on the basis 

of the range of problems they encounters. 

 

Expert performance is also evident in the manner in which problem solving is approached.  

Drawing on previous research, Sternberg (1999) argues that experts exhibit: the ability to 

recognize and represent problems at a deeper, more principled or structural level, the 

characteristic strategy of attempting to understand the problem prior to commencement and a 

propensity to solve problems in a forward direction from the given information.  Also 

highlighted by Sternberg (1999) is the ability of experts to predict the difficulty of problems 

accurately and to demonstrate strong self monitoring skills when undertaking tasks in their 

domain of expertise.   Matlin (2005) supports the differentiation between the problem solving 

approaches of novices and experts, drawing attention to well researched findings that novices 

tend to employ bottom-up processing whereas experts employ a top-down approach.  “Bottom-

up processing emphasizes the information about the stimulus, as registered on our sensory 

receptors.  In contrast, top-down processing emphasizes our concepts, expectations and 

memory, which we have acquired from past experience” (Matlin, 2005, p. 378).   The top-down 

approach of experts enables them to utilize their well-developed memory including structured 

conceptual understanding of the domain, using a means-ends heuristic in their problem solving.  

In contrast, novices tend towards the use of a ‘hill climbing’ heuristic in which they “simply 

select the alternative that seems to lead most directly toward your goal state” (Matlin, 2005, p. 

372).   

 

The means-end problem solving strategy utilised by experts is described by Matlin (2005) as 

follows. 

“The means-ends heuristic has two important components: (1) First you divide the problem 
into a number of sub-problems, or smaller problems, and (2) then you try to reduce the 
difference between the initial state and the goal state for each of the sub-problems.  The 
name means-ends heuristic is appropriate because it requires you to identify the “ends” you 
want and then figure out the “means” you will use to reach those ends” (Matlin, 2005, p. 
373).   

The means-ends heuristic requires the identification of a series of moves from the initial state to 

the goal state.  These moves may not always be direct, as in the Hobbits-and-Orcs problem. 
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Figure 8 Hobbits-and-orcs problem (Matlin, 2005, p. 373) 
 

“Three Hobbits and three Orcs arrive at the right side of a riverbank, and they all wish to 
cross to the left side.  Fortunately, there is a boat – but unfortunately, the boat can only hold 
two creatures at one time.  There is another problem: Orcs are vicious creatures, and 
whenever there are more Orcs than Hobbits on one side of the river, the Orcs will 
immediately attack the Hobbits and eat them up.  Consequently, you should be certain that 
you never leave more Orcs than Hobbits on any river bank.  How should the problem be 
solved?  (It must be added that the Orcs, though vicious, can be trusted to bring the boat 
back!)”  (Matlin, 2005, p. 373).   

 

In solving this problem it is divided into a number of sub-problems each of which needs to meet 

the overall problem conditions.  In the solution to the problem two creatures always move from 

the right-hand bank to the left-hand back of the river and one creature from the left-hand bank to 

the right-hand bank except for the sixth move where both a Hobbit and an Orc move from the 

left-hand bank to the right-hand bank in order to keep the creature numbers balanced.  In other 

words, move six appears to be a situation where a backwards, or non-direct, move is required in 

order to reach the overall objective of getting all creatures safely to the left-hand side of the 

river.  The mean-end heuristic is thus successful in solving the Hobbits-and-Orcs problem, even 

though it would appear to take additional time, whereas in this case a hill climbing heuristic 

would be unsuccessful.   In a similar fashion it is also true of some 3DSM-CAD problems, 

where a mean-ends heuristic will be more applicable, as the production of the initial model 

requires a solution that takes more time in order to maintain model integrity during subsequent 

construction and allow for later dimensional or design modification.  In contrast the use of the 

‘hill climbing’ heuristic in CAD may appear to be more direct and at times may lead to the 

production of a model more quickly but the absence of forward planning may also lead to the 

inclusion, in the model, of algorithms that may make later design changes more difficult.    

 

Sternberg and Grigorenko (2003) include executive control processes in their conceptualization 

of expertise. They argued that experts engaged in planning, monitoring and revising when 

engaged in expert activity.  This position is supported by Klahr and Kotovsky (1989) and Matlin 

(2005) who argue that experts employ a metacognitive approach to monitor their problem 

solving, to judge how difficult a problem will be, to allocate appropriate amounts of time to the 
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problem and to recognize when they have made an error.  Klahr and Kotovsky (1989) further 

emphasize the importance of executive control in expert performance and in any attempt to 

develop expert performance stating:  

“superior monitoring skills reflect the domain knowledge and representational capabilities 
of experts, and these skills continue to contribute to the utility of knowledge.  Knowledge of 
a rule or procedure is enhanced by overseeing its applicability and monitoring its use.  
Thus, self-regulatory skills are important candidates for learning and instruction and can be 
significant predictors of problem-solving abilities that result in new learning” (Klahr & 
Kotovsky, 1989, p. 274). 

 

Some research has been undertaken in order to identify the characteristics of experts in the CAD 

domain.  Bhavnani and his associates (Bhavnani, 2000; Bhavnani & John, 1996 & 1997; 

Bhavnani, John & Flemming, 1999; and Bhavnani, Reif & John, 2001) have identified that 

CAD expertise may be differentiated on the basis of differences in the use of command and 

strategic knowledge.  However, little of their research involves analysis of expert performance.  

On one study, Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995) observed  architects and 

CAD draftsmen in their natural environment concluding that they had “leveled-off at a sub-

optimal use of the system” (Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995, p. 226).  

However, the study used a group of existing users and did not identify the subjects as experts.  

The finding that the subjects demonstrated sub-optimal system use would tend to support the 

view that the subjects were not experts.  In an attempt to differentiate expert from non-expert 

3DSM-CAD performance, Gaughran (2000), Rodriguez, Ridge, Dickinson, and Whitwam 

(1998) and Ryne, Gaughran and McNamara (2003) introduced the concept of ‘design intent’ as 

an objective for CAD training.  Rodriguez et al. (1998) argue that design intent requires the 

3DSM-CAD operator to study each object: 

“before adding features because geometric relationships within the model must be 
preserved. Critical problems may arise if an engineer creates a solid model without taking 
into account the importance of Design Intent. Without proper forethought, construction of a 
solid model can reach a critical stage where parametric manipulation is no longer possible” 
(Rodriguez , et al. 1998, p. 1).    

However, the basis for the concept of ‘design intent’ has not yet been established through 

empirical research of expert performance. 

 

Research involving CAD experts has also been undertaken by Lang, Eberts, Gabel, and Barash 

(1991) using 3D wire frame but not 3DSM-CAD software.  The experts in the Lang et al. study 

were chosen on the basis of the number of years experience in their respective engineering 

fields and were differentiated on the basis of ‘system’ expertise and ‘design’ expertise.  The 

‘system’ expert had more than 10 years engineering experience and was considered expert on 

the specific CAD software.  The ‘design’ expert had more than 20 years engineering experience 

but had only the same amount of training on the particular CAD software as the novices.   In 

their analysis of the differences between CAD ‘system’ experts, ‘design’ experts and novices, 
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Lang et al. (1991) found that declarative knowledge, which they defined as knowledge about the 

object to be modelled and the particular commands that could be used in the specific CAD 

system (referred to in this thesis as declarative command knowledge and specific procedural 

command knowledge), was about the same for both experts and novices.  However, differences 

in CAD performance were found and could be attributable to improved procedural (strategic) 

knowledge on the part of the experts.  They also found little difference in the performance of 

‘system’ and ‘design’ experts indicating that procedural (strategic) knowledge was transferable 

from one CAD system to another.  Lang et al. (1991) argue that, “strategies or procedures used 

for CAD tasks should be independent of the data which is, in this case, the particular CAD 

system used.  The same procedures should be usable on virtually any CAD machine” (p. 258) 

leading Lang et al. to question why procedural knowledge is not specifically taught.  However, 

Lang et al. did not specifically delineate the cognitive processes as has been done in this thesis. 

 

In summary, experts are found to display a number of common characteristics.   Analysis of 

these characteristics by Chi, Glaser and Farr (1988) and Sternberg (1999) indicate that experts 

display high levels of domain knowledge and speed of task performance, while Sternberg 

(1991) proposes that experts automatise many of the processes within their domain thus freeing 

up memory for executive control functions.  The prominent role of executive control processes 

such as planning, predicting, revising and monitoring in expert performance is well supported 

and is found to be facilitated by well developed cognitive structures in the form of schemas and 

by the ability to recognise large numbers of patterns relative to their domain of expertise.  De 

Groot (1965) initially highlighted the ability of chess masters to recognise large numbers of 

patterns, an expert ability since confirmed in a number of other areas.  Consistent with this 

research would be the expectation that 3DSM-CAD experts would also be able to recognise 

‘patterns’ such as algorithmic salience, copy, mirror and specific complex procedures.  Of 

particular relevance to this thesis is that Schraagen, Chipman and Shalin (1999) found that 

experts represent more qualitative information in the form of visual mental images than do 

novices reinforcing the conceptualization advanced in Chapter 1 that the solutions to the 3DSM-

CAD research problem may be addressed via mental imagery.   

 

In terms of CAD research, expertise has been mainly distinguished on the basis of a difference 

in the level of strategic rather than specific procedural command knowledge (Bhavnani, 2000; 

Bhavnani & John, 1996 & 1997; Bhavnani, John & Flemming, 1999; Bhavnani, Reif & John, 

2001; Lang et al., 1991).  While this is of particular importance to the 3DSM-CAD research 

problem addressed in this thesis, due to the propensity of CAD instruction to concentrate on the 

acquisition of specific procedural command and not strategic knowledge, it does highlight the 

need to reconceptualise 3DSM-CAD expertise in terms of the general literature on expertise 

with particular reference to the cognitive processes involved.  Due to the concentration of 
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3DSM-CAD research on the differences between strategic and command knowledge, and the 

slippage in terminology referred to in Chapter 1, it is proposed that 3DSM-CAD knowledge be 

reconceptualised to include three types of knowledge; declarative command knowledge, specific 

procedural command knowledge and strategic (or metacognitive) knowledge.  Declarative 

command knowledge is taken to be knowledge about the commands or algorithms that are 

available within CAD.  Thus, an individual may know for example that it is possible to mirror 

lines, copy objects and create a solid by extrusion.  This knowledge is general in nature and is 

applicable across the majority of CAD software.  Specific procedural command knowledge 

enables the operator to execute the necessary commands to, for example, mirror lines, copy 

objects and create a solid by extrusion within specific CAD software.  Specific procedural 

command knowledge thus varies from one CAD software package to another and may also vary 

from one version of a CAD software package to another.  It is for this reason that the emphasis 

on the acquisition of specific procedural command knowledge commonly found in CAD 

instruction is considered problematic and has also not been found to deliver the expected 

efficiency advantages (Bhavnani & John, 1996; Bhavnani, Reif & John, 2001). 

 

Research into CAD expertise has identified that experts use more strategic knowledge than 

novices.  However, strategic knowledge is narrowly defined in terms of identifying and 

choosing between alternative algorithms.  In contrast, research in a number of domains of 

expertise outlined in this section indicates that experts utilise a range of other metacognitive 

strategies including planning, analysing, predicting, monitoring, reviewing, checking and 

process switching (Klahr & Kotovsky, 1989; Matlin, 2005; Sternberg, 1999; Sternberg & 

Grigorenko, 2003).   It is therefore proposed that strategic 3DSM-CAD knowledge be 

reconceptualised to include a broader range of metacognitive processes.  In particular, due to the 

parametric nature of 3DSM-CAD software, it is theorised that 3DSM-CAD experts engage in 

more predicting in order to ensure that the choice of algorithms will enable the construction of a 

model that will maintain its integrity during subsequent production and allow for later ease of 

design modification.  The three types of knowledge, command (declarative command), 

procedural (specific procedural command) and metacognitive (strategic) knowledge identified 

in the cognitive science literature are discussed in the following section in support of the 

proposed conceptualisation of 3DSM-CAD knowledge. 

 

Command, procedural and metacognitive knowledge 

CAD researchers such as Bahavnani (2000), Bhavnani and John (1997, 1996), Bhavnani, John 

and Flemming (1999), Bhavnani, Reif and John (2001) and Lang, Eberts, Gabel and Barash 

(1991), have identified two types of CAD knowledge, commonly referred to as command 
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knowledge and strategic knowledge, as being critical to performance.  Lang et al.  (1991) 

describe declarative knowledge for CAD work as being knowledge of “the facts of the situation 

and would include knowledge on the object being designed and knowledge about the particular 

commands which can be used on a particular CAD system” (Lang et al., 1991, p. 257).  

However CAD researchers include in their conceptualisation of declarative CAD knowledge, 

knowledge about features, commands and algorithms, which include elements of procedural 

knowledge in order, for example, to invoke specific commands or algorithms.  The previous 

conceptualisation of declarative CAD knowledge is therefore a mixture of both declarative and 

procedural knowledge.  It is for this reason that the conceptualisation proposed here divides 

3DSM-CAD knowledge into declarative command knowledge (knowledge that) and specific 

procedural command knowledge (knowledge how) based on Ryle’s (1949) classical 

differentiation and its application in contemporary cognitive theory (e.g. Anderson, 1990).  

Strategic CAD knowledge is an outcome of the fact that in CAD, as with other complex 

computing applications, there are often multiple methods available for the completion of a 

single task.  According to Bhavnani (2000) strategic knowledge is “knowledge of these 

alternative methods and how to choose between them” (p. 339).   The knowledge of these 

alternatives is here called declarative command knowledge and the knowledge of how to 

execute the relevant procedures is here called specific procedural command knowledge.  

However, strategic knowledge is here reconceptualised to include, in addition to choosing 

between alternative algorithms, a range of metacognitive processes such as planning, predicting, 

checking, monitoring and analysing. 

 

The distinction between what has been referred to in the CAD context as command knowledge 

and strategic knowledge is not a new one.  The difference between declarative knowledge 

(knowing that) and procedural knowledge (knowing how) can be traced to Ryle (1949), who 

drew attention to the nature of knowing “how” to secure goals, as opposed to having theories 

about how to achieve such goals.  Subsequent cognitive research has confirmed this distinction, 

albeit using a range of labels, but most predominantly declarative knowledge and procedural 

knowledge (eg. Anderson, 1983, 1990; Card, Moran & Newell, 1983; Gott, 1989; Newell & 

Simon, 1972; Scandura, 1981; and others).  Anderson (1990) defines a difference between the 

two types of knowledge – “declarative knowledge – knowledge about facts and things” and 

“procedural knowledge – knowledge about how to perform various cognitive activities” 

(Anderson, 1990, p. 220) and proposes that cognition, particularly problem solving cognition, 

occurs as an outcome of the interaction between these two types of knowledge (Anderson, 

1996). 

 

Procedural knowledge has been further divided by some theorists into two levels to explain the 

planning and switching roles in cognition.  This additional level proposed by Card, Moran and 
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Newell (1983), Gott (1989), Newell and Simon (1972), and Stevenson (1986), among others, 

involves a strategic, control, metacognitive or executive control level whereby decisions are 

made regarding the selection and order of individual procedures utilized in the process of 

problem solving.  Gott (1989) describes strategic control knowledge as “how-to-decide what-to-

do-and when) knowledge” (p. 100).  It is this higher level of cognitive activity, here called 

metacognition, that is referred to as strategic knowledge in the CAD research of Bhavnani and 

his associates (Bahavnani, 2000; Bhavnani & John, 1997, 1996; Bhavnani, John & Flemming, 

1999; and Bhavnani, Reif & John, 2001) and Lang et al. (1991).   However this division has 

been previously inadequately theorised in CAD reearch, as evidenced by the slippage in 

terminology and a narrow interpretation of strategic knowledge.  

 

The interpretation of procedural CAD knowledge is undertaken by Bhavnani and his associates 

in terms of two types of processes. These are: choosing between alternative modelling 

algorithms, and the use of a number of general computer strategies including functions such as 

copying, grouping, and creating dependencies between objects so that a change to one changes 

the other, and exploiting the capacity of the computer system to zoom or provide multiple 

windows so that only relevant information is displayed.  This interpretation of procedural 

knowledge does not fully recognize the range of cognitive processes involved in metacognition.  

The nature and range of these cognitive processes is described by a number of researchers.  For 

example Gott (1989) argues that the deployment of procedural and declarative knowledge is 

bought about following the formulation of goals and plans, a metacognitive activity, using a 

range of strategies including “the active monitoring and consequent regulation and orchestration 

of these processes in relation to the cognitive objects or data on which they bear” (Gott, 1989, p. 

100).   Resnick (1976) describes five metacognitive processes which include planning, 

monitoring, testing, revising and evaluating of the processes.  Baker and Brown (1982, 1984a, 

1984b) identify four metacognitive strategies: planning, predicting, guessing and monitoring.  

Similarly Veenman and Verheij (2003, p. 260) list “task orientation, planning, monitoring, 

checking, and reflection” as aspects of metacognition, with Veenman, Elshout, and Meijer 

(1997, p. 188) adding the ability to predict the consequences of an action or event to the list of 

metacognitive activities.  In addition Sternberg (1990,) defines 10 metacomponents;  

“(1) recognition that a problem of some kind exists, (2) definition of just what the nature of 
the problem is, (3) selection of a set of lower order, nonexeuctive components for 
performance on a task, (4) selection of a strategy for task performance, combining the lower 
order components, (5) selection of one or more mental representation for information, (6) 
decision on how to allocate attentional resources, (7) monitoring or keeping track of one’s 
place in task performance and of what has been done and what needs to be done, (8) 
understanding of internal and external feedback concerning the quality of task performance, 
(9) knowledge of how to act on the feedback that is received, and (10) implementation of 
action as a result of the feedback” (Sternberg 1990, p. 121). 
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Thus, contemporary research theorises a range of strategies that may be included within the 

concept of metacognition.  Common to these are the processes of planning (dividing the 

problem into a number of goals and sub-goals and deciding what to do and when), monitoring 

(checking on the progress towards both sub-goals and goals) and evaluating (reviewing the 

processes being used for efficacy).  In CAD research emphasis on “procedural” knowledge has 

been concentrated on the process of choosing between alternative algorithms (deciding what to 

do and when).  However, it is hypothesised here that other metacognitive processes are also 

important, as well as associated declarative knowledge about managing and monitoring one’s 

cognitive processes.  For example the 3DSM-CAD modelling process outlined in Chapter 1 

involved parsing the object into algorithmically salient parts, choosing the appropriate algorithm 

and geometry, and then modelling each part in sequence in pursuit of the overall goal or model.  

This represents a range of planning processes.  However, it is theorized here, that throughout the 

modelling process, expert performance will involve processes including monitoring and 

evaluating/reviewing.  In addition, the metacognitive process of predicting proposed by 

Veenman, Elshout, and Meijer (1997) is also theorized to be a characteristic of expert 

performance due to a particular characteristic of the 3DSM-CAD environment that it is possible 

to create a model that can reach a “critical stage where parametric manipulation is no longer 

possible” (Rodriguez , et al. 1998, p. 1) thus preventing future design changes.  This more 

comprehensive conceptualization of 3DSM-CAD strategic knowledge proposed here is based 

on the review of the literature on expertise earlier in this Chapter and the general cognition and 

metacognition literature.  In order to confirm the proposed conceptualization of 3DSM-CAD 

strategic knowledge, the first of the empirical studies reported in this thesis (see Chapter 5) was 

undertaken using 3DSM-CAD experts.  Their knowledge was elicited and analyzed for 

cognitive and metacognitive aspects.  Data collected from this process were then used in the 

development of the intervention for the second empirical study.  Development of the 

intervention reported in Chapter 6 necessitates an understanding of information processing 

theories which are discussed in the next section.  

 

Models of information processing 

The nature of the relationships between declarative and procedural knowledge outlined above 

has been the subject of considerable research, resulting in a number of theories addressing the 

nature of human cognitive processing.  Two of the prominent theories already noted are 

Anderson’s (1982) ACT and Card, Moran and Newell’s (1983) GOMS (Goals, Operators, 

Methods and Selection rules) theories.  These are now discussed as examples of the manner in 

which the various types of knowledge are applied in cognition. 
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Anderson (1982) developed the Adaptive Character of Thought (ACT) theory that has since 

undergone considerable development and experimental validation (ACT, Anderson 1982; ACT-

R, Anderson 1996).  Anderson (1996) argues that “complex cognition arises from an interaction 

of procedural and declarative knowledge.  Procedural knowledge is represented in units called 

production rules, and declarative knowledge is represented in units called chunks” (p. 355).   

Declarative knowledge is concerned with factual information such as knowledge that 3DSM-

CAD software enables objects to be extruded, mirrored or copied.  Production rules, on the 

other hand, are procedural knowledge including the conditions under which the production can 

be applied and the actual process of application.   Production rules therefore embody procedural 

knowledge, and their conditions and actions are defined in terms of declarative structures.  

According to ACT Theory, an extremely large number of production rules and chunks are 

encoded as units in memory and then, in the process of cognition, are selected and applied 

according to the cognitive task being undertaken.  A specific production rule can apply only 

when that rule's conditions are satisfied by the knowledge (chunks) currently available in 

declarative memory.  Thus, before the production rule for extruding a solid can be applied the 

nature of the object must meet certain conditions.  For example, the two faces of the object must 

be parallel to one another, the angle between the faces and the edges must be constant and, in 

some software, the face must be defined by a single enclosed boundary or chain of connected 

lines.  Anderson (1983) proposes that the more often a production rule is used the stronger 

become the relationships between the declarative chunks, thus leading to the production of new 

declarative structures that embody the previous rule conditions.  Thus, according to Anderson 

(1992), through practice these new structures become more automatic and less likely to interfere 

with other cognitive functions, and are themselves more difficult to inhibit. 

 

ACT theory proposes that cognitive tasks or goals are achieved through a process of division 

into achievable sub-goals which together satisfy the conditions necessary for the attainment of 

the goal.  In this respect, the disaggregation process is similar to the means-ends readiness 

construct of Tolman which Anderson (2000) acknowledges:  

“Tolman’s greatest contribution was the demonstration that it is not the behavior that is 
learned but rather knowledge that can be used to guide behavior.  He proposed that 
organisms learned what he called means-ends readiness, or MERS.  A MER was the 
expectation that certain actions would lead to certain results” (p. 19).   

The division of cognitive tasks (goals) into sub-goals is central to ACT-R theory and is 

achieved, according to Anderson (1996), via a process whereby “the perceptual system has 

parsed the visual array into objects and has associated a set of features with each object” 

(Anderson, 1996, p. 359).  Following this process, which Anderson argues is achieved through 

visual perception, the identified chunks then become available for further cognitive processing.  

Anderson’s acknowledgement of the central role of visual perception in this parsing process is 

especially relevant as, in 3DSM-CAD, the goal (the final model) often needs to be divided 



 47

(parsed) in order that the operator identifies “algorithmically salient objects” as sub-goals.  

(“Algorithmically salient objects” are defined as those that may be modelled utilizing the 

algorithms available within the specific software program.)   However, Anderson (1996) 

recognises that the parsing process is an assumed one.  Whether or not this assumption is valid, 

it may not be presumed that the parsing process is always efficacious to the problem solving 

process.   What would happen, for example, if a student parsed a mathematical problem into 

horizontal rather that vertical columns?  In the same way that this would create insurmountable 

problems in gaining the solution to a mathematics problem, so too would inaccurate parsing into 

non-algorithmically salient parts create insurmountable problems in 3DSM-CAD.  In this 

respect it is argued here that problem solving competence in 3DSM-CAD may be dependent 

upon the accuracy of the parsing process.   In the discussion of the parsing process in Chapter 3, 

it is concluded that individuals tend to parse pre-attentively and on the basis of perceptual and 

functional salience which may differ from algorithmic salience.  The fundamental role of 

identifying algorithmic salience in 3DSM-CAD problem solving provides support, for the 

inclusion of instruction in algorithmic parsing, as a component of instructional strategies 

designed to address the 3DSM-CAD research problem. 

 

Describing the problem solving process Anderson and Schunn (2000) point out;  

“each task is decomposed into a sequence of subgoals which in turn may be decomposed 
into a sequence of subgoals.  ACT-R maintains a stack of goals, onto which subgoals are 
added, and which are still remembered once the subgoals are achieved. Only the most 
recently added subgoal is used to select productions at any one point in time; once it is 
achieved it is removed from the goal stack” (p. 4). 

The division of a goal into sub-goals in 3DSM-CAD may be illustrated by referring to the 

modelling process outlined in Chapter 1.  The goal is the production of the model.  This is then 

divided, using production rules for algorithmic parsing, into a series of sub-goals; the core part, 

knob, hole and horn.  Each of these sub-goals is then divided into a further series of sub-goals 

involving the selection and application of production rules for the modelling algorithms and also 

the geometry production necessary for the achievement of the sub-goal, the modelling of the 

individual part, before moving to the next sub-goal.  Anderson (1996) states that:  

“the theory [ACT] implies that acquiring competence is very much a labor-intensive 
business in which one must acquire one-by-one all the knowledge components.   However, 
it would be misrepresenting the matter to say that competence is just a matter of getting all 
the knowledge units right.  There is the very serious matter of deploying the right units at 
the right time” (p. 359-360).  

In this respect Anderson (1996) supports the findings of CAD researchers who have identified 

that command knowledge is insufficient for efficient CAD use; rather it is the application of 

strategic knowledge that leads to efficient use.   

 

A second model of information processing called GOMS is proposed by Card, Moran and 

Newell (1983).  Of particular interest for the present research is that the development of the 
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GOMS model was undertaken in the environment of human-computer interaction following the 

analysis of both text editing tasks and a CAD task.  This model consists of “(1) a set of Goals, 

(2) a set of Operators, (3) a set of Methods for achieving the goals, and (4) a set of Selection 

rules for choosing among competing methods for goals” (p. 140).  Goals may consist of a single 

overall goal or one made up of a number of sub-goals necessary to achieve the goal.  Operators 

are the acts (cognitive, motor or perceptual) used to affect either the user’s mental state or the 

task environment.  Methods are the procedures necessary for accomplishing a goal such as the 

three-dimensional algorithms or general strategies such as mirror or copy.  (A CAD algorithm is 

therefore a method involving a series of sub-goals and operators that are invoked and then tested 

to assure its success.)  Selection rules are necessary because:  

“when a goal is to be attempted, there may be more than one method available to the user to 
accomplish the goal.  The selection of which method is to be used need not be an extended 
decision process, for it may be that the task environment features dictate that only one 
method is appropriate.  On the other hand, a genuine decision may be required” (Card et al., 
1983, p. 146).    

The 3DSM-CAD task relates well to the GOMS model as Methods equate to specific procedural 

command knowledge and Selection Rules to some aspects of strategic knowledge.  The 

inclusion of Selection Rules is important as multiple methods are often available and decisions 

at an early stage of the process may effect later options if the model needs to be modified.  

Selection Rules would therefore embody some of the metacognitive functions theorised to be 

involved in 3DSM-CAD including disaggregating, predicting, planning and algorithm selection. 

 

Both the ACT and the GOMS models incorporate the division of goals into sub-goals when 

solving problems.  Different strategies to achieve this division have been proposed.  Of 

particular interest in 3DSM-CAD is the proposal of Anderson (1996) that cognitive action in 

problem solving involves the division of a task or goal into sub-goals according to production 

rules (procedural knowledge) on the basis of both knowledge of the procedures themselves and 

the ability to recognize that all the necessary conditions and actions are met in the current 

situation.  Anderson (1996), when discussing problem solving in maths, further proposes that 

the act of dividing a goal into sub-goals is undertaken through “environmental encodings with 

respect to the visual modality” (Anderson, 1996, p. 359).  Environmental encoding occurs via a 

process of parsing the object into separate sections and then concentrating on the solution to 

each section independently.  This is directly analogous to what it is hypothesised to happen in 

the 3DSM-CAD modelling task that involves the division of the goal (the model) into sub-goals 

(parts) that can be modelled separately and then combined to provide an overall solution.   

However, Anderson (1996) states, “it is assumed that the perceptual system has parsed the 

visual array into objects and has associated a set of features with each object” (p. 359).   While 

this may be a natural assumption in the mathematics domain upon which much of Anderson’s 

work has been predicated, it does not address the process of identifying how parsing decisions 

are made and upon what basis.  For instance: how is algorithmic salience identified when it 
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differs from perceptual or functional salience; upon what basis is algorithmic salience identified; 

and how is an algorithmically salient part further disaggregated into its geometric derivatives?  

The issue of parsing solid objects prior to 3DSM-CAD modelling is discussed in Chapter 3.  

Once the problem is parsed into goals and sub-goals, selection of the appropriate method for 

achievement of the goals is undertaken.  It is expected that the development of an understanding 

of this selection process will provide an insight into the higher order procedures involved in the 

strategic knowledge that appears to be critical to efficient CAD performance.  It is proposed that 

understanding these cognitive processes would help to overcome the problem found by 

Bhavnani, John and Flemming (1999) that experienced CAD users often persist in the use of 

inefficient strategies.   

 

As these authors also postulate that such problems may be due to the existence of a mental set, 

mental set is discussed in the following section. 

 

Mental Set. 

Bhavnani and his associates (Bhavnani & John, 1996, 1997; Bhavnani, John & Flemming, 

1999) suggest that the existence of a mental set may be a contributing factor to the inability of 

some CAD users to identify and use more efficient strategies.  The concept of mental set dates 

back to the work of researchers such as Luchins (1942) with the seminal water jar experiment.  

In this experiment subjects were given three jars of different capacities and asked to measure a 

specific volume of water that did not match the capacity of any single jar.   Mental set according 

to Matlin (2005, p. 381) is “a mental rut that prevents us from thinking carefully about a 

problem and solving it effectively.”  It inhibits effective problem solving and may either prevent 

a solution being found at all or, due to a persistent attempt to use a previously learned strategy, 

prevent the identification of an alternative more effective strategy.  Mental set manifests itself 

due to the negative influence of prior knowledge (Kossowska, Matthaus & Necka, 1994) that 

leads to the reliance on previously successful, but now inappropriate, or inefficient strategies 

(Matlin, 2002; Weiten, 1992).  Mental set is similar to Langer’s concept of mindlessness where 

an individual is committed to one predetermined use of the information, and other possible uses 

or applications are not explored” (Langer 1989, p. 22).  Langer argues that mindlessness comes 

about as a result of a preoccupation with the outcome, or ‘getting the job done’, which is in line 

with the CAD research findings of Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995).  In 

Anderson’s (1982) theory the proceduralisation of knowledge can lead to this kind of automatic 

response. 
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Research on mental set may be classified into two types.  These are: (1) the experimental 

manipulation of stimuli in order to induce a mental set (Luchins 1942, Maier, 1931) and (2) 

research that seeks to understand the effects of previously learned, but not experimentally 

manipulated, knowledge (Kossowska, Matthaus & Necka, 1994; Matlin, 2002; Wiley, 1998).  It 

is the latter of these two research directions that is of interest to this project as it supports the 

work of Bhavnani and his associates (Bahavnani, 2000; Bhavnani& John, 1997, 1996; 

Bhavnani, John & Flemming, 1999; Bhavnani, Reif & John, 2001; Bhavnani, Garrett & Shaw, 

1993; Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995) in providing a possible 

explanation for the lack of use of efficient CAD strategies in the CAD domain by experience 

users.   

 

Kossowska, Matthaus and Necka (1994), Matlin (2002), and Wiley (1998) provide experimental 

evidence in support of the concept that under some circumstances experts can in fact be 

outperformed by novices due to a lack of flexibility in their approach to problem solving.  This 

may occur “when a new task or context runs counter to highly proceduralized behaviours.  

Experts performed worse than novices when a shift from a standard means of representation is 

required or when a standard response is inappropriate” (Wiley, 1998, p. 717).  Wiley (1998) in 

discussion of the findings of Frensch and Sternberg (1989) comments that “highly 

proceduralized domain knowledge, which is usually advantageous in processing domain-related 

information, may lead the experts to act less flexibly in new contexts” (p. 717).   The cause of 

this inflexibility may be due in part to the nature of expertise. 

 

Matlin (2002) suggests that the highly proceduralised nature of expertise means that problem 

solving is undertaken in a top-down fashion, whereby experts make use of accumulated 

concepts, strategies and expectations from memory.  This is similar to both mental set and 

functional fixedness (see below), both top-down processing strategies, which have been shown 

to impede problem solving.  This occurs due to the fact that experts “use familiar strategies and 

familiar tools, and we fail to notice specific information about the stimulus (that is, the problem 

we are trying to solve)” (Matlin, 2002, p. 377).  Wiley (1998) supports this position arguing that 

initial solution attempts are influenced by existing domain knowledge and that future problem 

solving attempts by high-knowledge subjects are fixated  “by defining and narrowing the search 

space, preventing a broad search, and decreasing the chances of finding an appropriate solution” 

[functional fixedness] (Wiley, 1998, p. 727). 

 

Matlin (2002) refers to Langer (1997) regarding mindlessness:   

“Mindlessness, refers to a kind of automatic thinking in which we are entrapped in old 
categories, without being aware of new information available in the environment.  In 
mindlessness, we only look at a problem from one point of view.  In contrast, mindfulness 
includes the creation of new categories, receptivity to new information, and a willingness to 
look at the world from a different point of view” (Matlin, 2002, p. 381). 
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The fashioning of instructional solutions to the 3DSM-CAD research problem needs to 

concentrate on the development of important characteristics of expertise particularly the 

capacity to make strategic decisions about which commands to employ.  It therefore becomes 

important to take into account the possible limiting affects of mental set, functional fixedness or 

mindlessness.  Sternberg and Grigorenko (2003) argue:  

“the key challenge for aspiring expert performers is to avoid the arrested development 
associated with automaticity that is seen with everyday activities and instead acquire 
cognitive skills to support continued learning and improvement.  The future expert 
performer actively counteracts the tendency towards automating performance by engaging 
in training activities” (p 113).  

In addressing the research problem, there is therefore a need to develop instructional strategies 

that develop both command and strategic knowledge while overcoming the possible negative 

effects of mental set, mindlessness and automaticity.  As Badham (2002) argues, in the context 

of safety, highly proceduralised automatic ways of responding can get in the way of appropriate 

action in new situations.  Current 3DSM-CAD instruction appears capable of delivering high 

levels of command knowledge.  The challenge is to develop techniques for the teaching of 

strategic knowledge.  In this respect principles of learning and instruction need to be analysed 

and appropriate instructional strategies employed.  These are addressed in Chapter 4. 

 

Conclusion 

Charness and Schultetus (1999) suggest, “if we can develop a deep understanding of expertise, 

we will be in a better position to promote and even accelerate its development through more 

effective instruction and training” (p. 57).   This chapter discusses the expertise literature in 

order to develop a conceptualisation of the nature and characteristics of expertise in 3DSM-

CAD.  A comparison is then undertaken between findings on expertise in other domains and 

those of the CAD research on expertise.  The outcome of this analysis is used to tease out the 

current conceptualisation of CAD expertise in terms of “strategic knowledge” with experts 

employing more “strategic knowledge” than novices.  Through this analysis, the strategic 

knowledge referred to in the CAD literature is found to be limited in scope, relating mainly to 

the process of choosing between alternative algorithms.  This is in contrast to the characteristics 

identified in experts of other domains whereby experts engage in a wide range of cognitive and 

metacognitive functions including analyzing, predicting, monitoring, reviewing, choosing and 

switching between problem solving approaches and analyzing performance.  The problem 

solving approach of experts has also been found to rely not only on well developed domain 

knowledge but on the existence of the ability to recognize large and meaningful patterns in their 

domain of expertise and thus to undertake complex procedures in an automatic fashion.  Experts 
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have also been found to employ a top-down approach to problem solving representing problems 

at a deeper, more structural level. 

 

Cognitive science identifies declarative knowledge and procedural knowledge, but further 

divides procedural knowledge to include an executive control or metacognitive level.  The 

metacognitive level incorporates a range of functions such as planning, predicting, monitoring, 

reflecting and strategy selection.  The metacognitive functions identified in the cognitive 

science literature are hypothesized to be consistent with the characteristics of 3DSM-CAD 

expert performance.  Hence, it is proposed that 3DSM-CAD knowledge be reconceptualised 

into three levels: declarative command knowledge (knowledge about the commands), specific 

procedural command knowledge (knowledge about how to execute the commands) and strategic 

knowledge (metacognitive knowledge necessary to choose between commands in order to 

create efficiently a model that may be modified at a later time).  It is proposed that this 

conceptualisation of 3DSM-CAD expertise be tested empirically in Study 1, using 3DSM-CAD 

experts, in order to ascertain whether 3DSM-CAD experts do engage in high levels of 

metacognitive activity and the nature of that metacognitive activity. The concept of mental set is 

also discussed (Luchins, 1942; Matlin, 2002; and others), and related to CAD research (e.g. 

Bhavnani, John & Flemming, 1999) suggesting that mental set, the propensity to solve a 

problem in a particular way, may inhibit problem solving performance. 

 

Chapter 2 also addresses information processing theory.  It discusses how declarative 

knowledge, procedural knowledge and metacognition are employed during problem solving.  In 

particular it highlights the process of the division of problems into goals and sub-goals.  This 

process mirrors the nature of the 3DSM-CAD task outlined in Chapter 1 and, due to the 

perceptual nature of the 3DSM-CAD task, the need to address this division through mental 

imagery and in particular, the process of parsing, is discussed in the next chapter.   
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Chapter 3: Mental Imagery in Computer Aided Design 

Chapter 1 suggests a relationship between spatial visualisation and 3DSM-CAD ability, 

hypothesizing a link between the acquisition of strategic knowledge and the ability to ‘see’ 

alternative modelling methods.  This chapter further develops the conceptualisation of 3DSM-

CAD ability as being dependent upon spatial visualisation by presenting an overview of mental 

imagery research.  This is followed by a discussion on two aspects of mental imagery: object 

recognition and parsing that are critical to the 3DSM-CAD process.  (Object recognition allows 

algorithmically salient parts to be recognised so that decisions may be made regarding the 

appropriate modelling procedure and parsing is necessary so that an object can be divided into 

individual algorithmically salient parts.)  This Chapter then addresses a range of individual 

mental imagery processes as they relate to the 3DSM-CAD modelling process.  It highlights the 

mental imagery processes that form part of the mental imagery research and those which, while 

they are in some way unique to the 3DSM-CAD process have not yet been the subject of 

research in the psychological literature.   

 

In Chapter 2 aspects of cognitive science related to expertise, types of knowledge and 

information processing relevant to this thesis are discussed.  Cognitive science is also concerned 

with mental imagery: its existence and nature (Finke, 1989, 1990; Helstrup and Anderson, 1991; 

Kaufmann, 1990; Kosslyn, 1981, 1983, 1994; Pylyshyn, 1973; Richardson, 1999; Sheppard, 

1978; 1999; Teng, 1998; Thomas, 1999), its development (Alias, Black, & Gray, 2002; Ben-

Cham, Lappan & Houang, 1988; Duesbury & O’Neil, 1996; Liu, 1995; Lord, 1985; Mathewson, 

1999; Sorby &  Baartmans, 1996; Zavotka, 1987) and the manner in which it is utilized in the 

process of problem solving (for example Antionietti, 1991; Card, Moran & Newell, 1983; 

Kaufmann, 1990;  Middleton, 1999).   These theoretical issues are discussed in the following 

section. 

 

Mental Imagery 

One of the major themes in current CAD research is the relationship between CAD and spatial 

abilities, particularly spatial visualization (Ault, 2003; Baxter, 2000; Bertoline, 1987; Sexton, 

1991; Sorby, 1999; Yue & Chen 2001).  For example, Sorby (1999) points out that an 

individual’s spatial skills “are a significant factor in their ability to interact with a computer in a 

3-D modelling environment” (p. 5).  While it is often assumed (Ault, 2003) that the use of 

3DSM-CAD develops spatial skill, Sorby (1999) found “that merely working with 3-D 

modelling software does not improve a person’s spatial skills” (p. 5).   
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This section discusses the theory related to mental imagery, the research debate regarding the 

nature of mental images and the manner in which this debate affects the research questions.  

Two specific aspects of mental imagery critical to the 3DSM-CAD process are then addressed.  

These are object recognition, which allows algorithmic salience to be recognised so that 

decisions may be made regarding the appropriate modelling procedure; and parsing which is 

necessary so that a complex object can be divided into algorithmically salient parts.  A 

conceptualisation of the processes involved in object recognition and parsing is then used to 

theorise the cognitive processes underlying the initial stages of the 3DSM-CAD task.  This 

analysis then enables a discussion of a range of individual mental imagery abilities that form 

part of the mental imagery research and how these relate to the 3DSM-CAD process.  It also 

enables the identification of those mental imagery abilities that are in some way unique to 

3DSM-CAD processes.   

 

Human spatial abilities (especially the formation and control of visual mental imagery) have 

been the subject of considerable research and debate within the psychological community for a 

number of decades.  The research came to prominence towards the end of the behaviourist era in 

the late1960s and early 1970s with the work of Roger Shepard and his associates (Cooper & 

Shepard, 1973; Shepard, 1974; Shepard & Cooper, 1982; Shepard & Feng, 1972; Shepard & 

Metzler, 1971).  This work not only resurrected the concept of mental imagery that had been 

dormant throughout the behaviourist years but in some respects contributed to the move towards 

support for cognitive psychology, as it represented a direct challenge to the behaviourist view of 

imageless thought (Richardson, 1999).   

 

Much of what followed was a debate between proponents of two opposing viewpoints.  

Thomas, (1989) defines this as the analogue-propositional divide.  Propositionalists led by 

Pylyshyn (1973) maintained that  “an adequate characterization of “what we know” requires 

that we posit abstract mental structures to which we do not have conscious access and which are 

essentially conceptual and propositional rather than sensory or pictorial, in nature” (p. 1).  In 

other words, such a view is that mental images are stored as a series of word pictures or 

propositions.  The alternative viewpoint proposed by Shepard and his associates (Cooper & 

Shepard, 1973; Shepard, 1974; Shepard & Cooper, 1982; Shepard & Feng, 1972;  Shepard & 

Metzler, 1971) and Kosslyn (1980, 1995) is one in which mental images are in the form of 

depictional representations (pictorial as in picture, video).  Depictional representations include 

both the "shape of the represented parts immediately available to appropriate processes, but also 

the shape of the empty space" (Kosslyn, 1995, p. 6) and the representation is inclusive of factors 

such as size and orientation.  Paivio (1971) proposed a dual-code theory as an alternative to the 

analogue-propositional divide whereby images are held in both propositional and depictive 

form.  Kosslyn (1995) sums up the imagery debate by saying, 
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“The issue was not whether people experience visual mental images.  All parties agreed that 
they do.  The issue was not whether propositional representations are sometimes used in 
cognition.  All parties agreed that they are. And the issue was not whether images are solely 
depictive representations. All parties agreed that for a depiction (a picture or mental image) 
to have meaning, it must be interpreted in a specific way, which involves a propositional 
component (see Fodor 1975; Rollins 1989; Tye 1991; Wittgenstein 1953).  The issue was 
whether visual mental images rely on depictive representations (which are in turn 
interpreted by other processes), or whether they are purely propositional representations" (p. 
6).    
 

The existence of mental images is supported by the major proponent of the propositional stance, 

Pylyshyn (1973), who states,  

“it should be stressed that the existence of the experience of images cannot be questioned.  
Imagery is a pervasive form of experience and is clearly of utmost importance to humans.  
We cannot speak of consciousness without, at the same time, implicating the existence of 
images.  Such experiences are not is question” (p. 2).   

The outcome of the debate about the nature of mental images is not of direct consequence to this 

thesis as it is not the nature of the mental images that is of importance. What is important is the 

agreement that humans have the ability to form and manipulate mental images.   

 

Chapter 1 suggests a role for visual imagery in 3DSM-CAD modelling.  It explains that a CAD 

operator undertakes a sequence of operations during the model generation process and illustrates 

this process in Figures 4-7.  This sequence may typically involve the initial parsing of the object 

and the recognition of algorithmically salient parts, identification of the core part and deciding 

upon the order of peripheral part generation.  It is hypothesised that each part is then 

individually analyzed in terms of which of the available algorithms could be used in its 

generation.  It is posited that strategic decisions are then undertaken regarding which command 

or algorithm would most efficiently produce the part and enable future design changes.  Finally 

it is suggested that the operator identifies the part geometry necessary for part generation.  It is 

also proposed that each of these operations makes use of visual mental images.  In the following 

paragraphs some of the mental imagery processes that may be involved are identified and 

outlined. 

 

It is apparent from the literature that humans possess the ability to form visual mental images 

and to use a number of different visual mental imagery strategies (Cooper & Shepard, 1973; 

Kosslyn, 1980, 1995; Pylyshyn, 1973; Shepard, 1974; Shepard & Cooper, 1982; Shepard & 

Feng, 1972; Shepard & Metzler, 1971).  Cognitive research has identified and validated a range 

of human visual mental imagery capabilities, many of which are directly relevant to the 3DSM-

CAD task.  Table 2 presents a summary of relevant visual mental imagery processes, discussed 

in the following paragraphs. 
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Table 2. Visual Mental Imagery Processes 
 
Imagery strategy References 

Mental rotation Bauer & Jolicoer,1996; Cooper, 1975; Cooper & Shepard, 

1973; Jolicoeur,1985; Kosslyn, 1980; Pani, Zhou & 

Friend, 1997; Pylyshyn, 1979; Shepard & Metzler, 1971; 

Tarr & Pinker, 1989; 1990  

Surface rotation Lohman, 1979; Shepard & Feng 1972 

Mental construction, 

decomposition, combination, 

restructuring, scaling 

Bundesen & Larsen, 1975; Cooper, 1990; Finke & 

Slayton, 1988; Helstrup & Anderson, 1991; Kosslyn, 

Reiser, Farah & Fliegel, 1983; Neisser, 1967; Pylyshyn, 

1973; Thompson & Klatsky, 1978; Verstijnen, van 

Leeuwen, Goldschmidt, Hamel & Hennessey, 1998 

Shape or object recognition Biederman, 1987; Biederman & Gerhardstein, 1995; 

Edleman & Bulthoff, 1992; Liter, 1995; Lui, 1995; Soufi 

& Edmonds, 1996; Tarr & Bulthoff, 1995 

Parsing Biederman, 1987; Biederman & Gerhardstein, 1995; 

Edleman & Bulthoff, 1992; Liter 1995; Liu, 1995; 

Palmer, 1977; Schyns, Goldstone & Thibaut, 1998; 

Tversky  & Hemenway, 1984; Vecera, Behrmann & 

Filapek, 2001.    

 

A review of the literature relating to a range of mental imagery processes is undertaken in the 

following section which discusses how the majority of the mental imagery processes are in 

some way relevant to the generation of 3DSM-CAD models.  It also identifies visual mental 

imagery processes not yet explicitly part of the literature but unique to the 3DSM-CAD task. 

 

Shape/object recognition 

As outlined in Chapter 1, the process of recognising shapes in the form of algorithmically 

salient parts or objects is central to the 3DSM-CAD task.  The concept of object or shape 

recognition has been the centre of ongoing research.  Biederman (1987), Biederman and 

Gerhardstein (1995), Edleman and Bulthoff (1992) and Liter (1995) all propose that the process 

of recognising particular objects, for example, a chair, is dependent upon the ability to recognise 

the shape of the particular components that go together to make up its structure.  Recognition-

by-components (shapes or ‘geons’) (Biederman, 1987) is a theoretical proposal for a particular 

vocabulary of components derived from perceptual mechanisms, and an account of how an 

arrangement of these components can access a representation of an object in memory.  
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Biederman (1987) and Biederman and Gerhardstein (1995) argue that recognisable components 

demonstrate a number of characteristics.  They can be recognised rapidly, when viewed from 

most orientations, that is, they are viewpoint invariant; they can be identified under moderate 

levels of visual noise; and they are recognised when partially occluded.  Figure 9 gives 

examples of the components or ‘geons’ identified by Biederman (1987).  It is interesting to note 

that the components or ‘geons’ may all be formed through the application of various 3DSM-

CAD algorithms such as ‘extrude’, ‘revolve’, ‘sweep’ and ‘loft’.  These commands or 

algorithms are found in most 3DSM-CAD software. 

 

Figure 9.  Geons (Biederman & Gerhardstein, 1993, p. 1176 ). 

 

Tarr and Bulthoff (1995) challenge the recognition-by-components theory maintaining that it is 

too coarse and therefore lacks the ability to differentiate between objects of the same category.  

For example, different clocks, could have different shapes and therefore would have different 

component descriptions for the same object.  These authors discuss but tend to dismiss 

identification by unique features, such as clock face, although it is conceivable that it may be 

such a unique feature(s) that would allow identification; and that this feature may be describable 

under geon theory.  However, the debate centres not on the process but the interpretation of its 

application, which, in this case is whether or not this is the method used in the recognition of 

particular objects such as chairs.  Regardless of whether or not recognition-by-components is 

the method by which known objects are actually recognized, this process of being able to 

recognize particular shapes within an object even when presented from different viewpoints is 

central for the development of 3DSM-CAD models.  This latter process is supported by the 

literature and seems to be generally accepted.  For example, research by Lui (1995), and Soufi 

and Edmonds (1996) investigated the recognition of sub-shapes from a primary shape.  Both 

used overlapping squares as the basis for experiments and identified different classes of sub-
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shapes that could be recognised.  Lui (1995) (Figure 10) identified four classes of sub-shapes: 

explicit closed sub-shapes; explicit unclosed sub-shapes; implicit closed sub-shapes; and 

implicit unclosed sub-shapes. 

Initial Object 

 

 

 

 

Explicit closed 

sub-shapes 

 

 

 

Explicit 

unclosed sub-

shapes 

 

 

Implicit closed 

sub-shapes 

 

 

 

 

Implicit 

unclosed sub-

shapes 

 

 

 

1. 2. 3. 4. 5. 

Figure 10.  Explicit and implicit sub-shapes (Lui, 1995) 
 
Of these sub-shapes, Figure 10, items 2 and 4 (closed sub-shapes) represent the processes that 

require the same visual mental imagery techniques as those posited for 3DSM-CAD.  Closed 

sub-shapes relate to basic shapes such as squares, circles, triangles and so forth, needed as a 

basis for the subsequent development of cubes, cylinders, cones and spheres, prisms and 

pyramids.  Implicit closed sub-shapes (Fig 9, item 4) are also shapes necessary for the 

development of ‘holes’ or cut-outs in a model.  Unclosed shapes (Fig 9, items 3 and 5) can be 

problematic in the context of 3DSM-CAD.  This is due to the algorithms used by different 

software accepting or not accepting unclosed sub-shapes as valid part-geometry as a basis of 3D 

shape generation.   

 

Research by Lui (1995), demonstrates that both experienced and inexperienced designers 

readily recognise explicit sub-shapes (Fig 9, item 2) within a design or drawing.  He cites work 

by Gottschaldt (1926, 1938) demonstrating that the emergence of sub-shapes from a shape is a 

normal human visual ability but that sophisticated shape identification occurs only after a 

search.  Lui (1995) maintains that this is particularly so in the case of implicit shape recognition 

(Fig 9, item 4), which can be achieved, in the case of designers, only after experience.  The first 

shapes recognised are explicit, closed, named sub-shapes such as triangles, squares and circles.  

Implicit sub-shapes, particularly unclosed and unnamed (Fig 9, items 3 & 5) take time, effort 

and experience.  This work was done in the context of designers identifying sub-shapes as a 

means to progress possible design alternatives and, although the work needs to be treated with 

caution due to the 2D nature of the studies, there are some parallels for 3DSM-CAD as follows.  

In 3DSM-CAD and in the design context, objects are made up of both explicit and implicit sub-

shapes, and these must first be identified before they can be used in subsequent stages of the 

design or model development.  Furthermore in both contexts, experience and practice appear to 

be factors in the development of these sub-shape recognition processes.  Recognition of sub-
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shapes, parts or ‘geons’ within an overall shape is a prerequisite for 3DSM-CAD processes.  

The manner by which this process of division or parsing occurs is addressed in the next section. 

 

Parsing 

The example of a CAD task outlined at the beginning of this thesis (see Figures 4-7) highlighted 

the need for the operator initially to parse or decompose the object into algorithmically salient 

parts.  It is of interest that none of the previous studies of the knowledge needed for CAD has 

addressed this aspect of the task, instead concentrating on the need to gain efficiency through 

more effective use of the available CAD commands.  The assumption of previous CAD research 

appears to be that this parsing process, presumably through the use of visual mental imagery, is 

an automatic one.  Anderson (1996) states that in problem solving “it is assumed that the 

perceptual system has parsed the visual array into objects” (p. 359).  This view is supported by 

Hoffman and Singh (1997) who suggest “psychophysical evidence now suggests that human 

vision breaks shapes into parts, and does so preattentively” (p. 72).   

 

Assuming the ability of CAD students to undertake this visual mental imagery task is therefore 

supportable, however, it needs to be recognised that the majority of previous CAD research has 

used, as its subjects, professional engineers, architects or draftspersons, or undergraduate 

university students in programs such as industrial design or engineering.  The spatial abilities of 

these groups has been found to exceed those of the general population.  Humphreys, Lubinski 

and Yao (1993) found high correlations between student spatial ability and enrolment in 

engineering, and Nordvik and Amponsah (1998) concluded that students self select into courses 

of study partly according to their own particular abilities, with technology students as a group 

having higher spatial abilities than social science students.  It may therefore be expected that the 

individuals used in the majority of previous CAD research already possess relatively high 

mental imagery abilities by virtue of their membership of particular groups.  On the other hand, 

the emphasis of this present research is on the improvement of three-dimensional CAD 

modelling abilities in novice learners such as secondary school students who may be expected 

to possess the full spectrum of visual mental imagery abilities.  It is therefore thought to be 

necessary to consider the visual mental imagery task of parsing for these learners, due to its 

central nature in the 3DSM-CAD learning task, and the possibility of improving mental imagery 

through instruction for these latter students.  These topics are addressed in the following 

sections. 

 

As outlined in Chapter 1, the process of mental disaggregation or parsing is critical to the 

development of successful 3DSM-CAD modelling strategies.  This process involves not only 

the recognition of specific algorithmically salient sub-shapes or parts within a model but also 
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the part geometry necessary to generate those objects.  Although the manner by which specific 

sub-shapes are identified through parsing has been the subject of previous research, the process 

of further disaggregation into part geometry and the relationships between the two processes 

have not.   

 

As argued in Chapter 2 cognitive research into problem solving by researchers such as 

Anderson (1990) and Schoenfeld (1987) is predicated upon the division of a problem into sub-

goals that are then solved individually in order to achieve the overall goal.  The construction of 

a 3DSM-CAD model follows a similar pattern in that the overall goal is the completed model 

which can be divided into a series of sub-goals or parts, each of which needs to be constructed 

in order to complete the model.  Common within much of the problem solving research has 

been the assumption that the identification of sub-goals, a decomposition or parsing process, 

occurs through the use of visual mental imagery and is an automatic one (Anderson, 1996).  The 

ability to parse objects is well supported (Biederman, 1987; Biederman & Gerhardstein, 1995; 

Edleman & Bulthoff, 1992; Liter 1995; Liu, 1995; Palmer, 1977; Schyns, Goldstone & Thibaut, 

1998; Tversky  & Hemenway, 1984; Vecera, Behrmann & Filapek, 2001).  However, the 

processes through which this occurs needs to be delineated as this is hypothesised as critical to 

the 3DSM-CAD research problem, and needs to be researched further. 

 

The parsing process 

Some cognitive processes underlying the parsing of three-dimensional objects have been the 

subject of study by researchers such as Baylis and Driver (1995a, b), Hoffman and Singh (1997) 

and Siddiqi and Kimia (1995).  Baylis and Driver (1995a) undertook research relating to the use 

of edges to provide detection of 3D shapes from 2D images.  They concluded that convex edges 

predominate over concave ones in this process as convex edges are used to denote shape; and 

concave, background.  Figure 11 (adapted from Baylis & Driver, 1995a) illustrates, for 

example, that a ‘vase’ can be readily identified in both instances, despite the distraction of 

contrasting colours, due to the predominant convex nature of the vase’s shape.  
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Figure 11.  Recognition by edge detection (adapted from Baylis & Driver, 1995a, Fig. 3, p. 
203) 
 
This research was undertaken in the context of human vision research relating to figure-ground 

differentiation in providing an explanation for the process by which the human visual system 

differentiates objects from backgrounds.  While important, this process is often not problematic 

in the 3DSM-CAD context as the object to be modelled is already the focus of attention and 

does not have to be ‘found’.  Baylis and Driver (1995b) also undertook research relating to 

symmetry and repetition that has direct relevance to the 3DSM-CAD task.  This research related 

to the ability to identify both symmetry and repetition, and therefore impacts upon the ability to 

apply strategic 3DSM-CAD knowledge through the application of copy, mirror and duplicate 

functions, thus avoiding the necessity to construct the same shape or geometry on more than one 

instance.  Baylis and Driver (1995b) found that symmetry is easier to identify when both 

examples are convex than when one is convex and one concave irrespective of whether the two 

instances appear in one or two separate objects.  Shape repetition showed a similar result.  

Repetition, however, was found to be more difficult to detect than symmetry (Figure 12).  

 

Figure 12.  Recognition of symmetry and repetition (from Baylis & Driver, 199 b, Pp 203, 204) 
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The research of Siddiqi and Kimia (1995) and Hoffman and Singh (1997) is particularly 

relevant to 3DSM-CAD research problem in that it concentrates on the mechanisms involved in 

the parsing of three-dimensional objects.  This latter work differs from the work of Biederman 

(1987) and others who contend that objects are made up of a set of finite ‘primitives’.  While 

these ‘primitives’ may be able to be recognized, and may be of value in 3DSM-CAD learning 

tasks when they are in accordance with feature generation algorithms, there are parts that may 

be generated via 3DSM-CAD algorithms but do not easily fit into the known ‘primitive’ class.  

These would include ‘lofts’ and ‘revolves’ (see below Figs 16 and 22) for example.   

 

According to Hoffman and Singh (1997), different researchers have proposed alternative basic 

shapes by which objects are parsed.   

“Proponents of basic shapes have studied many alternatives: polyhedra (Roberts, 1965; 
Waltz, 1975; Winston, 1975), generalized cones and cylinders (Binford, 1971; Brooks, 
1981; Marr and Nishihara, 1978), geons (Biederman, 1987), and superquadrics (Pentland, 
1986)” (Hoffman & Singh, 1997, p. 31).   

Hoffman and Singh (1997) point out that the disadvantage of these proposals is that objects such 

as faces or shoes are often not made up entirely of these basic shapes.  They also have the 

disadvantage that derivatives of these ‘basic shapes’ would be needed for example, in order to 

describe common objects such as fingers and bananas where the ends of the basic shape are 

rounded.  This would mean that recognition of a finger would require recognition of the 

derivative combination of a cylinder and a hemisphere rather than a single object, the finger.  

Hoffman and Singh (1997) maintain “every collection of basic shapes that has heretofore been 

proposed has in fact been ad hoc.  Nevertheless they may be useful as qualitative descriptors of 

parts, rather than as an algorithm for parsing objects into parts” (p. 31).  The role of basic shapes 

in the object recognition context being argued by Hoffman and Singh (1997) and other object 

recognition researchers (Biederman, 1987; Biederman & Gerhardstein, 1995; Edleman & 

Bulthoff, 1992; Liter, 1995) may be questionable, however, as Hoffman and Singh (1997) point 

out, the division of objects into qualitatively describable parts may be useful in some situations.  

One such instance is 3DSM-CAD where existing objects need to be parsed into their component 

parts for modelling purposes.   

 

A number of methods of object parsing have been proposed on the basis of part boundaries.  

According to Hoffman and Singh (1997) these include alternative rules by which part 

boundaries may be defined.  These include ‘‘deep concavities’’ (Marr & Nishihara, 1978), 

‘‘sharp concavities’’ (Biederman, 1987) and the ‘‘minima rule’’ (Hoffman & Richards, 1984; 

Hoffman & Singh, 1997).  Each of these methods uses concave sections or profiles between 

separate parts as its parsing method.  The difference between the methods pertain mainly to the 

definition of these concavities, whether they are deep or sharp or whether or not they form a 

natural division between parts as in the case of the “limbs and necks” of Siddiqi and Kimia 



 63

(1995).  Hoffman (1983) uses examples to illustrate the parsing process according to a number 

of defining rules.  The first is the “rule of concave creases” that divides 3D shapes into parts 

according to the location of concave creases (Hoffman & Singh, 1997).  In the left-hand 

illustration of Figure 13 concentric ‘hills’ are identified on the basis of the concave creases.  The 

same illustration, when viewed upside-down in the right hand illustration, still identifies 

concentric ‘hills’, but this time on the basis of a different set of concave creases.  This 

comparison shows that the viewpoint of the observer plays an important role in the parsing 

process. 

 

Figure 13.  Parsing using concavities (Hoffman & Singh, 1997, p. 35) 
 
According to the minima rule (Hoffman & Singh, 1997) “human vision defines part boundaries 

at negative minima of curvature on silhouettes, and along negative minima of the principal 

curvatures on surfaces” (p. 31).  Figure 14 shows how an object is divided into parts on the 

basis of the area of minimum radius (minima).   It also illustrates (Fig 14(a)) how this process is 

affected by different object viewpoints with division being more difficult to determine, and 

therefore less salient, as the minimum radius is increased (Fig 14(b), (c)). 

 

 

Figure 14.  Minima rule (Hoffman & Singh, 1997, p. 57)                                                            

 

In support of their theory Hoffman and Singh (1997) claim that; 

“converging experimental evidence suggests that human vision does in fact break shapes 
into parts as per the minima rule (Baylis & Driver, 1995a,b; Braunstein , 1989; Driver & 
Baylis, 1995; Hoffman, 1983a,b; Hoffman & Richards, 1984), and that it finds parts 
preattentively (Baylis & Driver, 1995a,b)” (p. 32). 

They add further that the parts that are obtained are not just haphazard, they have the 

characteristic that they are view-point invariant so that the same shapes will be extracted 

regardless of the viewpoint.   The objects illustrated in Figure 14 provide a salient example of a 
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3DSM-CAD parsing process that may conceivably occur in more than one way but would 

depend on engaging some strategic thinking of the operator.  Both objects could be modelled as 

a single part, however, it would also be possible to divide the left hand object along the part line 

suggested by Hoffman and Singh and then to mirror this part to complete the object.  Similarly, 

instead of modelling the whole right hand object it could be divided into three parts according to 

the minima rule and then copied.  This second strategy would have the advantage that a change 

to one part would automatically change all the parts thus leading to greater efficiency should a 

change be required.  A similar result could also be achieved if associations between the various 

parts of the geometry (all circles and all ellipses) were established so that, for example, a change 

to one ellipse would bring about a change to all ellipses. 

 

Part hierarchy and part salience 

Hoffman and Singh (1997, p. 73-4) also discuss the concept of the relative importance of parts 

using the terms main, core, and peripheral to illustrate the differences.  They provide 

differentiation on the basis that “a peripheral part has only a single part cut, whereas a core part 

has more than one part cut.  A main part is, roughly speaking, much larger than any other 

part……  The salience of main parts is determined, it appears, primarily by their relative sizes 

and protrusions” (Hoffman & Singh, 1997, p. 73-4).  Figure 15 illustrates the differences 

between these part categories.   

 

Figure 15.  Core and main parts (Hoffman & Singh, 1997, p. 73) 
 
A peripheral part is illustrated in Figure 15 (c), core parts in (a) and (d) and, due to their relative 

size, main parts in (b), (e), (f).  In terms of the 3DSM-CAD research problem this proposed 

hierarchy of parts is regarded as important as design decisions need to make explicit the 

efficient order of part generation.  Core or main parts would normally be constructed first as the 

basis of the model and would be followed by modelling of the peripheral parts.  This is due to 

the parametric feature of 3DSM-CAD software that would automatically reposition peripheral 

parts should a change to main or core parts be made at a later time. 
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Tversky and Hemenway (1984) claim that it is possible to identify different saliencies for the 

division of objects into parts.  On the basis of their experimentation they claim,  

“for specifically selected natural objects and for artificial objects, it seems possible to 
separate functional significance from perceptual significance.  In artificial stimuli, there is 
usually no function to contend with.  There is some evidence that for children, perceptual 
salience, particularly in the contour of an artificial object, highly determines parsing an 
object into parts” (Tversky & Hemenway, 1984, p. 185).   

While this research was also undertaken in the context of object recognition, it highlights the 

human process of dividing an object into parts on the basis of main, core, peripheral, perceptual 

and functional saliencies.  For efficiency in 3DSM-CAD operations, the object needs to be 

parsed according to algorithmic salience, and, while this may differ from other saliencies 

identified in previous research, the evidence of Hoffman and Singh (1997) and Tversky and 

Hemenway (1984) supports the possibility that division of an object into parts on the basis of 

algorithmic salience may be possible.   

 

The preceding discussion on parsing indicates that the parsing of objects, as a function of 

human object recognition, occurs consistently and that there is a number of theories relating to 

the manner in which parsing is achieved.  Common to the theories is the proposition that parsing 

is done on the basis of part boundaries which are generally concave (Biederman, 1987; Hoffman 

& Richards, 1984; Hoffman & Singh, 1997; Marr & Nishihara, 1978).  However, in 3DSM-

CAD it may be demonstrated that not all algorithmic shapes are separated by concave lines or 

creases.   Figure 16 illustrates at left two algorithmic shapes, a rectangular prism and a truncated 

rectangular pyramid, separated by a sharp convex crease; at centre two similar algorithmic 

shapes are separated by a convex curve; and in the case of the right-hand figure the rectangular 

prism and the cylinders that constitute the holes are separated by both convex creases and 

convex curves.  The parsing process, as it applies to 3DSM-CAD, thus needs to be cognisant of 

the possibility that division into algorithmically salient parts may occur on the basis of both 

convex and concave boundaries. 

 

Figure 16.  Algorithmic salience 

 

In order to address the 3DSM-CAD research problem that is the subject of this thesis, the ability 

to parse an object into algorithmically salient parts is important.  This appears to be a spatial 

process that may need to be specifically addressed in order to improve 3DSM-CAD 

performance.  It has been suggested (Baylis & Driver, 1995a, 1995b; Hoffman & Singh, 1997) 
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that the parsing process occurs pre-attentively, however, as noted earlier, Figure 14 provides an 

example of shapes where more than one parsing solution is possible and where, in some 

circumstances, parsing on the basis of visual salience may be inappropriate for 3DSM-CAD 

modelling.  The parsing process itself and the manner by which it may be learned and taught 

therefore needs to be addressed. 

 

Schyns, Goldstone and Thibaut (1998) highlight the ability to parse or decompose objects by 

using a range of methods other than geon based (primitives) features.  They cite some evidence 

from Braunstein (1989) and Schyns and Murphy (1991) that the outlining of parts “gave the 

strongest evidence of parsing with the minima rule” (Schyns et al., 1998, p. 4).  Schyns et al. 

(1998, p. 4) also discuss work suggesting that parsing into discrete features for the purpose of 

category recognition can be learned.  While this has been demonstrated in the context of real 

objects such as birds in order to identify different species through beak shape, head shape, tail 

shape and so forth, it is posited here that it may also be applied to categories of CAD feature 

development.  For example, it may assist in resolving such questions as: What are the 

discriminating elements of a shape (subshape) that lead to its recognition in terms of CAD 

feature generation by revolve or extrude?  Brooks (1998, p. 21), cites evidence in the medical 

field (Norman, Le Blanc & Brooks, 1997) that: 

“noticing these supposedly obvious features is difficult and is strongly influenced by 
contextual factors.  Both experts and students gained 20% in diagnostic accuracy by having 
the key, clearly visible features verbally described for them.  Both experts and students 
reported seeing from 15% to 30% more of these features when diagnosis was suggested to 
them. ……….  The informal report by experts and students alike was that they had simply 
not noticed features that seemed clear when they were pointed out” (Brooks, 1998, p. 21).  

It is hypothesised that this failure to identify specific features in an object automatically may be 

due either to an inability to parse the object into salient parts or the existence of a prior mental 

set preventing the recognition of the salience of a particular part.   

 

Parsing summary 

This section has addressed the process of parsing an object into distinct parts or entities.  It 

identifies, through previous research, that this is a visual mental imagery process utilised in the 

identification of objects (chairs, clocks, or birds) and for category recognition (eagle, sparrow, 

or dove) and may occur on the basis of both perceptual and functional significance.  Further, it 

is argued that, while the process of mental disaggregation or parsing is critical to the 

development of successful 3DSM-CAD modelling strategies, none of the studies of the 

knowledge needed for CAD has addressed this aspect of the task, instead concentrating on the 

need to gain efficiency through more effective use of the available CAD commands.   
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A number of different methods by which parsing occurs is discussed.  These methods may be 

categorised as either parsing by basic shape (Biederman, 1987; Binford, 1971; Brooks, 1981; 

Roberts, 1965; and others) or parsing by part boundaries (for example; Bayliss & Driver, 1995a; 

Hoffman & Richards, 1984; Hoffman & Singh, 1997; Marr & Nishihara, 1978).  It is argued 

here that both of these methods are relevant to the research problem as the identification of 

algorithmic salience involves both the identification of basic shapes and the identification of 

algorithmic shapes on the basis of part boundaries.  It is further argued that parsing for 

algorithmic salience, as is the case in Figures 14 and 16, may differ from other types of parsing, 

as the shapes identified may differ from the perceptual and functional parsing reported in the 

literature and may therefore need to be specifically taught.   

 

In addition, Hoffman and Singh’s (1997) finding reported that the parts of an object identified 

through the parsing process are differentiated according to their relative importance (main, core 

and peripheral).  This differentiation is specifically relevant to this research as it corresponds to 

the 3DSM-CAD modelling process whereby the main or core part is created first as a basis for 

the remainder of the model, thus reducing potential problems during future model modification.  

It is also established in this section that the process of further disaggregation of parts into part 

geometry and the relationships between the two processes have not been the subject of previous 

research.  Parsing may be considered a specific form of spatial processing relevant to the 

3DSM-CAD research problem, and it is hypothesised here to be one element that may constitute 

strategic 3DSM-CAD knowledge.  Accordingly, the processes of outlining parts (Schyns, 

Goldstone & Thibaut, 1998) and explicit verbal description of algorithmically salient parts 

(Norman, Le Blanc & Brooks, 1997) may need to be included in instructional strategies aimed 

at improving the use of strategic 3DSM-CAD knowledge.   Other relevant mental imagery 

abilities are addressed in the following sections. 

 

Mental rotation 

Mental rotation is the process of manipulating images mentally to take up new orientations.  

Discussion regarding the process of rotating objects mentally in the mind has been ongoing.  

Initial work by Cooper (1975), Cooper and Shepard (1973) and Shepard and Metzler (1971) 

found that mental rotation time was a function of the angle of rotation required, and reopened 

the debate following the behaviourist orientation of psychology in the preceding years.  These 

findings were subsequently supported by Bauer and Jolicoeur (1996), Jolicoeur (1985, 1990), 

Pani, Zhou, and Friend (1997) and Tarr and Pinker (1989).  Kosslyn (1980) developed an 

alternative theory proposing that rotation could be achieved based on a number of propositional 

representations at various coordinates rather than the actual mental rotation of the object.  The 

research of Cooper, who had found that apparently heavy objects were rotated at a slower rate 
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than light ones suggesting instead that mental rotation times are dependent upon experiential 

factors such as the actual manipulation of heavy objects, was also challenged by Pylyshyn 

(1979) who also argued that mental images are propositional.  More recently Guisberti, Iachini, 

and Pavani (1998) and Zacks, Mires, Tversky and Hazeltine (2000) have suggested an 

alternative model of mental rotation whereby the viewer imagines rotating around the object 

instead of imagining the rotation of the object thus providing proprioceptive cues with a 

consequent reduction in the cognitive effort required.  Of interest to this research, however, is 

the conclusion that although there is discussion regarding the nature of the process of mental 

rotation, and in particular the relationship between time and rotation angle, there is a general 

acceptance of the capacity of humans to perform the rotation task.   

 

Most of the mental rotation research has concentrated upon the ability of subjects to rotate an 

object to a different viewpoint in order to recognise similarity with an existing object.  In this 

respect high levels of accuracy were established.  Within the CAD environment the capacity to 

rotate objects mentally is of particular importance, as three different types of mental rotation are 

hypothesised to be commonly used.  The first is mental rotation for the purpose of recognizing 

the best viewpoint for object or part generation or checking the accuracy of the model 

generation process.  This would involve a process similar to the one undertaken in the majority 

of the mental rotation research.  The existence of this process to mentally rotate an object is 

supported by the work of Cooper (1975), Cooper and Sheppard (1973), Jolicoeur (1988), Pani, 

Zhou, and Friend (1997), Sheppard and Metzler (1971), Tarr and Pinker (1989) and Zavotka 

(1987). 

 

It is proposed that a second type of mental rotation is used in 3DSM-CAD involving the process 

of visualizing potential objects that may be generated through rotation of a cross-sectional shape 

around a central axis, commonly referred to as  ‘revolving’ or ‘sweeping’.  Figure 17 is an 

example of this generative process whereby the red cross-section is revolved around a vertical 

axis.  This generates shapes such as bottles and bowls, or less obviously a torus or spring.  The 

process is both disaggregative and generative in that the shape to be modelled has to be 

disaggregated into both a cross sectional shape and an axis location and orientation in order that 

generative modelling process can occur.  This is a mental rotation process that is applied 

specifically to 3DSM-CAD modelling and has not previously been the subject of mental 

imagery research. 
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Bottle Bottle cross-section rotated around axis 

 
Torus 

 
Torus cross-section rotated around axis 

 
Cross-section rotated around axis and up to 

form a spiral 

 
Cross-section rotated around axis and up 

and tapered to form a spiral 

Figure 17.  Algorithmic rotation 

 

A third type of object rotation has been identified in the context of object recognition but not 

CAD (Pani, 1994; Pani, Zhou & Friend, 1997).  However it does highlight a number of what are 

referred to as symmetry characteristics that are similar to those utilized in 3DSM-CAD.  This 

type of rotation is illustrated in Figure 18 where an object consists of a single element rotated 

around a centre point to generate a multi-part object.  
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Figure 18.  Rotation – copy 
 
While there has been considerable research into object rotation the second and third of these 

mental rotation techniques, while critical to 3D model generation, have gained little recognition 

in the research literature with the exception of the work of Pani (1994), also cited in Gaughran 

(2002).   

 

Rotation of individual surfaces  

The possibility of rotation of individual surfaces (nets) for the purposes of folding a flat shape 

into a three-dimensional model has been tested by a number of researchers (Lohman, 1979; 

Shepard & Feng, 1972).  These experiments sought to discover whether or not it was possible 

mentally to fold flat shapes to form three-dimensional ones.  While the research findings 

relating to the explanation for the time taken for the process to occur have been challenged 

(Pylyshyn, 2003), the assertion that this is possible has not.  Within some CAD software, the 

process of folding a net to produce an object is undertaken, however, in terms of the majority of 

3DSM-CAD tasks, the process of surface rotation is more often used when ‘drafting’ or 

‘transforming’ individual faces of a solid to produce a variety of tapers on a single entity as 

shown in Figure 19 (Cells 1-3).  A similar, yet slightly different process occurs in the 3DSM-

CAD environment when all sides of a part have identical angles.  In this case an ‘extrusion with 

taper’ process (Cell 4) is undertaken in some software rather than an extrusion followed by 

tapering all the sides.  The processes, through mental imagery, of forecasting the results of 

either of these types of generative process, has not yet featured in the visual mental imagery 

research.   
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Extrude 

 

 
Extrude then rotate 

one surface 

 

 
Extrude then rotate 

two surfaces 

 
Extrude with 

taper 

Cell 1 Cell 2 Cell 3 Cell 4 

Figure 19.  Surface rotation 
 
In addition to the visual mental imagery processes involved in mental rotation, there are other 

mental imagery processes that relate to 3DSM-CAD.  These are outlined in the next section. 
 

Mental construction, combination and restructuring 

Verstijnen, van Leeuwen, Goldschmidt, Hamel, and Hennessey (1998) make a case for two 

further separate imagery processes, combining and restructuring.  Combining is the use of 

known components or shapes in combination to form a new or novel entity, whereas 

“restructuring involves the decomposition of the components into incidental parts, not 

previously known to exist in the configuration” (Verstijnen et al., p. 3).  The mental process of 

combination of shapes in order to make new shapes, also referred to as mental construction, is 

also supported in the work of Cooper (1990), Finke and Slayton (1988), Helstrup and Anderson 

(1991) and Thompson and Klatsky (1978) and applied to understanding the processes of 

designing.  There is also support for a visual mental imagery process whereby an image is 

sequentially assembled, piece by piece (Kosslyn, Reiser, Farah & Fliegel, 1983; Neisser 1967, 

Pylyshyn, 1973).  Restructuring, according to Verstijnen et al. (1998) involves new shapes 

emerging out of the decomposition of initial shapes, the recognition of a new shape as a result 

of the juxtaposition of parts of a number of existing shapes, or shapes emerging as a result of the 

spaces between existing shapes.  These authors point out that these processes may involve 

addition, subtraction, resizing, or embedding in order to arrive at a new shape, and it is in this 

respect that the processes differ from the more straightforward processes involved in 

combining/construction.  Combining was found to be relatively easily achieved through visual 

mental imagery alone whereas restructuring often needs the use of a sketch, in the case of expert 

sketchers only, but is unaffected by sketching in the case of non-expert sketchers (Verstijnen et 

al., 1998).  Visual mental imagery, according to Verstijnen et al. (1998), was said to be more 

naturally suited to the combining task, as existing whole images can be recalled from memory 

and then combined.  The activation of existing structures required in restructuring necessarily 

involves more complex image manipulation, together with the possible recognition of emerging 
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new shapes, and is therefore aided by the production of sketches which provide a perceptual 

image as the basis for the restructuring.  It is inferred by Verstijnen et al. (1998) that expert 

sketchers produce more accurate and simpler sketches that more readily enable restructuring.  

However, other research by Verstijnen, et al. (1998) suggests that the provision of additional 

sketching time for novices helps to overcome the shortcoming of lack of expertise, and provides 

similar outcomes to those found for experts.  In a similar respect, it is hypothesised that the 

generation of a 3DSM-CAD model using computer software may provide a perceptual image 

for enabling restructuring to occur. 

 

Both combining and restructuring can be undertaken during the 3DSM-CAD modelling process.  

Although most models are generated through a process of the combination and subtraction of 

individual shapes into a new whole, it is argued here that the restructuring process of 

decomposition or disaggregation is first necessary in order to identify the shapes required.  

“Restructuring involves the decomposition of the components into incidental parts, not 

previously known to exist in the configuration.  Hence they cannot be inferred from any holistic 

representation of the figure, be it a symbolic representation or a segmented visual image” 

(Verstijnen et al., 1998, p. 178).  Further model development can then be undertaken whereby 

resizing (scaling) or other restructuring occurs in order to complete the model.  An example of 

this process is illustrated at the beginning of this thesis (Figs 4-7) whereby the CAD operator 

disaggregates the model into a number of algorithmically salient parts, further disaggregates 

each part in order to identify the geometry necessary for its generation then adds, subtracts, 

restructures and resizes individual objects in the process of completing the model.   

 

The processes involved in resizing or scaling objects were researched by Bundesen and Larsen 

(1975) who investigated the ability to recognize shape similarity through a process of scaling.  

They proposed that individuals are able to check whether shapes are identical by a process of 

transforming images.  They found that a mental image of one of the objects is encoded and 

through a process of transformation, the scale of that image is altered in order to match that of 

the perceptual image.  Once a match is achieved, shape comparison can then be undertaken.  

The recognition of shape invariance, irrespective of scale, is posited to be an important aspect of 

the development of 3DSM-CAD models, as it would enable the operator to use the scaling 

features of the software to generate alternatively-sized, but same-shaped, parts quickly without 

having to undertake the process of complete part generation. 

 

Although the research by Verstijnen, et al. (1998) suggests that sketching is necessary in order 

to facilitate restructuring, this technique is largely ignored in 3DSM-CAD learning.  Instruction, 

texts and tutorials used in CAD and 3DSM-CAD rarely involve or suggest that a sketch be used 

in the process of the initial decomposition, or any other restructuring stage, of 3D modelling.  
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The assumption of CAD software developers, vendors and writers appears to be that the process 

of restructuring occurs through the use of visual mental imagery alone without the need for any 

sketched or perceptual image.  However, as suggested above, once the software has been 

applied to the process of model development, it may be that the model itself facilitates the 

restructuring function, rather than the sketch suggested by Verstijnen, et al. (1998), by providing 

a visual representation of the shapes on the screen thus allowing for restructuring to be mentally 

imaged.   

 

Previous research relating to restructuring identifies a number of different restructuring 

processes.  These include addition, subtraction, resizing and embedding, all of which are 

illustrated in the model generation process described in Figures 4-7 of Chapter 1.  There is also 

the possibility of recognition of shapes that may emerge as a result of the juxtaposition of 

existing parts or shapes, or shapes emerging as a result of the spaces between existing shapes.  

An example of a shape resulting from the juxtaposition of two shapes is shown in Figure 20.  

The resultant shape on the right is produced by identification of the common element of the 

adjacent parts of the two shapes on the left.   

  

Figure 20 Juxtaposition of shapes 
 
The notion of emergent shape recognition, Liu (1995), is one that arose in the context of 

designing where ideas for the future development of the design may arise as a result of the 

designer ‘seeing’ new shapes within the existing design sketch.  However, Figure 20 illustrates 

that, in the 3DSM-CAD context, the process of one shape emerging as a result of the 

juxtaposition of existing shapes may need to be specifically recognised, through visual mental 

imagery, in order to produce a desired shape. 

 

In addition to the restructuring processes described in the literature and reviewed above, there 

are restructuring processes that appear to be used in 3DSM-CAD, but do not appear to have yet 

been identified in the literature.  These include the development of solids through the processes 

of extruding, projecting, sweeping or lofting of a planar shape or shapes into a 3D object and 

stretching or deforming an existing shape to form a new one. These processes are explained in 

the following sections.  Each of these processes requires the 3DSM-CAD operator mentally to 
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disaggregate the object into the relevant geometric shapes, and in some instances the shape 

orientation necessary for its generation.  These are instances of restructuring processes needing 

to be accomplished through visual mental imagery processes.   

 

Projection 

The process of projection differs slightly from extrusion although both are disaggregative and 

generative processes.  They are disaggregative because the object needs to be first disaggregated 

into its planar derivative that may then be used generatively to extrude or project the object.  

Figure 21 illustrates the difference between the processes of extrusion and projection.  In both 

cases a planar circle is used as the basis for the production of a cylindrical shape that intersects 

with a vertical ‘wall’.  In the extrusion at left, the planar surface translates parallel to its initial 

position and therefore penetrates the ‘wall’.  In the projection at right, the planar surface is 

translated until it meets an existing surface, or surfaces, which may not necessarily be 

perpendicular to the initial surface, thus avoiding the cylinder penetrating the ‘wall’.  In some 

3DSM-CAD software extrusion and projection are different processes, in others an option 

within the same process.  In achieving different strategies, 3DSM-CAD operators need to be 

able to differentiate between the uses of these two techniques.  The ability to differentiate is 

dependent upon the use of visual mental imagery to predict the outcome of the two techniques. 

 

 
Extrude – planar surface parallel to original 

 
Project – planar surface stops when it 

contacts another surface. 

Figure 21.  Projection 
 

Sweep a profile along a path 

A process used in 3DSM-CAD, and sometimes referred to in that environment as a form of 

rotation, is a generative process that occurs when a cross-sectional shape is rotated or swept 

along a path or axis to produce tubular shaped objects.  This process is illustrated in Figure 22 

where the red cross-section is used and swept or moved along a defining path.  The sweep 
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function is once again an example of a restructuring process in that the shape to be modelled has 

first to be disaggregated into both a cross sectional shape and a path or axis shape in order that 

generative modelling can then occur. 

  

Figure 22.  Sweep along path 
 

Lofting 

Lofting, or blending, enables the generation of a solid through a number of planar shapes.  The 

shapes may be either parallel or at an angle to one another and may be quite dissimilar in cross 

section (Figure 23).  (This process is sometimes referred to as blending.)  This process varies 

from those identified in previous research in that not only must the initial 2D sub-shape be 

identified through a disaggregation process but also its planar angle must be recognised.  

Making this visualisation process even more complex in the 3DSM-CAD context is that the 

cross-section shapes may be quite difficult to identify as they may be embedded in the original 

object as is evident in the models in Figure 23. 
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Loft through parallel cross sections 

Planar shapes 

 

 
Loft through non-parallel cross sections 

 

Planar shapes 

Figure 23.  Lofting 
 

Stretching/deforming 

3DSM-CAD also offers the potential to restructure parts through a process of stretching or 

deforming.  This involves a non-uniform scaling process whereby, instead of the whole part 

being made larger or smaller, individual axes are scaled or changed so that, for example, the 

part may remain the same height and width but become longer.  Stretching may be considered a 

particular deformation process, other instances of which may be available within the 3DSM-

CAD software, enabling a range of alternative shapes to be developed.  Deformation involves 

taking a particular point or points on a surface and moving them to a new location.  The surface 

then reacts like a membrane and stretches to encompass the new point location.  Examples of 

stretching and deformation are shown in Figure 24. 
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Original Part 

Stretch 

 
Part stretched on one axis 

 
 

 

 

 

Original part 

Point moved to new
location 

 
Top surface deformed using single point 

relocation. 

Figure 24.  Stretching and deforming 
 
 

Object disaggregation 

Each of the mental imagery processes discussed in this chapter has been related to the 

generation of objects through the application of 3DSM-CAD algorithms.  Some of the mental 

imagery processes are unique to 3DSM-CAD tasks while others are applications of recognized 

imagery techniques.  However, in order for algorithms to be applied, the 3DSM-CAD operator 

must not only recognize algorithmic salience but also identify the geometry that needs to be 

generated in order to apply the algorithm.  In many instances this process may appear to be 

straightforward, however, it is often possible to generate a single shape from a number of 

different pieces of geometry.  While the completed model may look the same, it may be that 

some solutions are easier to produce than other solutions.   This aspect of 3DSM-CAD 

expertise, identified by Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995), is related to 

the identification and use of efficient model generation techniques.  Bhavnani and John (1997) 
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further make the point that it is crucial for the task to be decomposed in order to exploit efficient 

strategies.  Despite the important strategic role that the disaggregative process of visualizing 

part-geometry from within a shape has, in the application of efficient 3DSM-CAD strategies, it 

has not previously been researched.   

 

Mental Imagery Summary 

Analysis of previous visual mental imagery research highlights two findings relevant to the 

3DSM-CAD research problem.  These are that humans possess the capacity to form visual 

mental images and manipulate them in a number of ways and, that a number of visual mental 

imagery techniques that are used in the 3DSM-CAD context have not previously been identified 

in the mental imagery research.  The construction of a 3DSM-CAD model, as illustrated at the 

beginning of this thesis (Figs 4-7), involves a number of mental imagery techniques already 

identified in previous research.  The object needs first to be parsed into separate parts.  The 

processes by which parsing occurs may include edge detection (Baylis & Driver, 1995a, 1995b) 

and concavities, including ‘‘deep concavities’’ (Marr & Nishihara, 1978), ‘‘sharp concavities’’ 

(Biederman, 1987) and the ‘‘minima rule’’ (Hoffman & Richards, 1984; Hoffman & Singh, 

1997).   It is apparent that while parsing is primarily a visual mental imagery process, two 

techniques may be employed to assist in learning the parsing process.  The first of these, 

proposed by Braunstein (1989) and Schyns and Murphy (1991), is that physical outlining of the 

parts through sketching assists in the parsing process.  The second method also found to assist in 

the parsing process involves, according to Brooks (1998), the instructor verbally describing the 

feature while it is visible to the learner.  The learner is then better able to ‘see’ the shape within 

the object.  As outlined earlier, these processes may need to be included in the design of 

instructional strategies that will improve the use of strategic 3DSM-CAD knowledge.  Having 

undertaken the parsing process, the 3DSM-CAD operator must then identify those shapes that 

have algorithmic salience. 

 

The human visual mental imagery ability to recognise specific shapes within an object, as part 

of the process of object recognition, is well researched (Biederman, 1987; Biederman & 

Gerhardstein, 1995; Edleman & Bulthoff, 1992; Liter, 1995).  Also supported is the human 

ability to recognise sub-shapes from a primary shape (Lui, 1995; Soufi & Edmonds, 1996). 

From the perspective of the 3DSM-CAD process it is necessary not only to recognize shapes 

within an object but also to identify those shapes that are algorithmically salient.  Schyns, 

Goldstone and Thibaut (1998) suggest that parsing into discrete features for the purpose of 

category recognition can be learned.  This ability has been demonstrated in other contexts such 

as bird recognition and it is therefore theorised that it is possible both to learn how to parse an 
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object and to learn how to recognise a new shape category (algorithmically salient shapes) in the 

3DSM-CAD context. 

 

Previous research on visual mental imagery abilities has identified that humans possess a range 

of abilities most of which are applied in the 3DSM-CAD setting.  The ability to rotate objects 

mentally is one of the most commonly researched mental imagery abilities.  3DSM-CAD 

operators use mental rotation to re-position the model to gain the best viewpoint for object or 

part generation and for the generation of additional peripheral or non-core parts.  Mental 

rotation may also be employed for checking the accuracy of the model generation process.  The 

application of these mental rotation techniques is similar to the techniques identified in the 

research findings of Bauer and Jolicoer (1996), Cooper (1975), Cooper and Shepard (1973), 

Jolicoeur (1985, 1990), Shepard and Metzler (1971), and Tarr and Pinker (1989).  The imagery 

process of recognising rotation-copy is referred to by Pani, Zhou and Friend (1997) but is 

otherwise not featured in the imagery research literature.  However, it is a process that could be 

used in the application of the 3DSM-CAD process.  Surface rotation for the purpose of folding 

up nets (Lohman, 1979; Shepard & Feng, 1972) is a technique common to some CAD software, 

however, the rotation process of drafting (Fig. 18) is not referred to in the visual mental imagery 

literature.  The application of some 3DSM-CAD algorithms also uses additional mental rotation 

techniques that are not referred to in the research literature.  These include the various revolve 

functions illustrated in Figure 17 and the sweeping a profile along a path techniques illustrated 

in Figure 22.  It is apparent therefore, that solutions to 3DSM-CAD research problem may need 

to address new mental rotation techniques through specific instructional strategies. 

 

Other mental imagery techniques featured in the imagery literature also have application in 

3DSM-CAD.  Baylis and Driver (1995b) confirmed the ability to identify both symmetry and 

repetition which relates directly to the ability to use 3DSM-CAD strategically through copy, 

mirror and duplicate functions.  This research (Baylis & Driver, 1995b) found that the 

identification of symmetry occurred irrespective of whether the two instances appeared in one 

or two separate objects.  Verstijnen, van Leeuwen, Goldschmidt, Hamel, and Hennessey (1998) 

propose two groupings of mental imagery abilities, combination and restructuring, which have 

direct relevance to the 3DSM-CAD process.  The imaging process of combination refers to the 

addition of individual parts to make a new whole, and therefore would be useful in the most 

common processes in the development of a 3DSM-CAD model.  Restructuring, according 

Verstijnen et al. (1998) involves new shapes emerging out of the decomposition of initial 

shapes, the recognition of a new shape as a result of the juxtaposition of parts of a number of 

existing shapes or shapes emerging as a result of the spaces between existing shapes.  These 

authors point out that these processes may involve addition, subtraction, resizing, or embedding 

in order to arrive at a new shape and it is in this respect that the processes differ from the more 
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straightforward processes involved in combining/construction.  It is also argued here, that while 

the restructuring processes identified by Verstijnen et al. (1998) are common, and indeed 

central, to the 3DSM-CAD task, these need to be augmented by a number of unique 3DSM-

CAD restructuring processes including projection, lofting, stretching and deformation to create 

a comprehensive set of imagery processes in 3DSM-CAD.  Of particular relevance to this thesis 

is the finding that, while combining is able to be undertaken through mental imagery, 

restructuring can be facilitated through the sketching process.   

 

Identification of the well researched and additional visual mental imagery techniques which are 

needed for 3DSM-CAD is important, in that it also needs to be understood how these can be 

developed and taught.  Associated with the analysis of the role of visual mental imagery in this 

chapter has been the identification of the dual processes of disaggregative and generative 

functions within the part generation process.  Both of these are necessary in operating 

strategically – e.g. in planning, predicting and evaluating alternative approaches to modelling.  

It is argued that operators need first to disaggregate the object into its algorithmically salient 

parts and then to visualise which generative algorithm will best form the part.  Following this 

process it is then necessary for the operator to undertake a further disaggregative process in 

order to identify the part geometry, and the efficient manner for its generation, necessary to 

apply the chosen algorithm.  Both the disaggregative and generative functions rely on the ability 

to recognise objects or shapes within objects, and to project the results of transformative 

operations.  The processes involved in 3DSM-CAD are therefore conceptualised to be highly 

reliant on the use of a range of visual mental imagery processes.  In Chapter 1 it is argued that 

there is a positive relationship between an individual’s spatial ability and the ability to use 

3DSM-CAD (Ault, 2003; Gaughran, 2002; Sorby, 1999; Yue & Chen, 2001).  Also highlighted 

is research (Ault, 2003; Sorby, 1999; Yue & Chen, 2001) which found “merely working with 3-

D software does not improve the spatial abilities of students by a significant amount” (Sorby, 

1999, p. 1).  It is therefore argued that the research problem, the development of 3DSM-CAD 

expertise through the learning and teaching processes, may be reliant on improving a range of 

mental imagery abilities.  The research relating to improving mental imagery ability is discussed 

in the following chapter. 

 

Conclusion 

As argued in Chapter 1 the 3DSM-CAD research problem involves the acquisition of two types 

of knowledge, specific procedural command knowledge and strategic knowledge.  It is argued 

that previous research suggests that while current instructional practice effectively delivers 

specific procedural command knowledge, it focuses less on strategic knowledge.  Strategic 
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CAD knowledge relies upon the ability of the student to ‘see’ alternative strategies for the 

development of a 3DSM-CAD model and it is argued in this chapter that this ability necessarily 

involves the use of visual mental imagery.  Chapter 3 has outlined the cognitive theoretical 

aspects of visual mental imagery: shape/object recognition, parsing, image manipulation, and 

the manner in which each relates to 3DSM-CAD.  The ability of humans to form and 

manipulate visual mental images has been established in previous research, and individual 

processes such as mental rotation, rotation of individual surfaces, mental construction, 

combination and restructuring have been described.  In this chapter, these processes are 

analysed in terms of their relationship to 3DSM-CAD, and visual mental imagery techniques 

utilised in 3DSM-CAD but not yet mentioned or researched in the cognition literature are also 

identified and described.   

 

The importance of the parsing process to the success of 3DSM-CAD is outlined, prior to an 

analysis of the parsing process itself, with the purpose of understanding how this process occurs 

and whether or not this understanding could inform any subsequent instructional strategy.  This 

discussion draws attention to a number of parsing methods, outlined findings that parsing 

techniques can be learned and highlighted the differences between the parsing methods used for 

object or class recognition and 3DSM-CAD tasks.   

 

It is argued in Chapters 2 that expert performance in 3DSM-CAD involves the development of a 

metacognitive approach.  In Chapter 3 it is argued that the perceptual nature of the 3DSM-CAD 

process involves a range of mental imagery abilities some of which are unique to 3DSM-CAD.  

In order to address the research problem it is necessary to operationalise an intervention that 

may improve the use of strategic 3DSM-CAD knowledge.  The following chapter synthesises 

current research on the design of learning strategies that may assist in the development of both 

metacognition and spatial ability.   
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Chapter 4: Designing Learning Strategies 
 

The research problem, the development of 3DSM-CAD strategic knowledge through the 

teaching and learning process, is addressed in Chapters 2 and 3 through an analysis of current 

research on both the nature of expertise and mental imagery.  Having identified in Chapter 2 the 

metacognitive nature of expert performance, and proposed a reconceptualisation of 3DSM-CAD 

knowledge into declarative command knowledge, specific procedural command knowledge and 

strategic knowledge, this chapter commences with a discussion of the design of learning 

strategies.  Learning strategies that assist in developing metacognitive skill are identified in 

order to inform the design of an intervention strategy that will address the research problem.  

The learning strategies argued to be effective in the development of metacognitive skill are: 

expert modelling, scaffolding, group problem solving and self-explanation.   

 

Chapter 4 then addresses current research in the development of spatial ability.  It is argued in 

Chapter 3 that mental imagery is central to cognitive and metacognitive processes in 3DSM-

CAD modelling, and further, that the development of 3DSM-CAD strategic knowledge will be 

assisted by improving spatial ability.  A number of techniques identified in current research are 

discussed.  These techniques include: sketching, pre-exposure to perceptual differentiation and 

experience with manipulative tasks.  It is concluded that an effective learning strategy in 

developing expert 3DSM-CAD knowledge would be one which includes both the development 

of spatial ability and the development of a metacognitive approach to 3DSM-CAD problem 

solving. 

 

Developing a metacognitive approach 

In Chapter 2 the conceptualisation of 3DSM-CAD expertise as being characterised by the 

application of metacognitive strategies is proposed.   The manner in which a metacognitive 

approach to 3DSM-CAD tasks may be developed through the application of appropriate 

instructional strategies is discussed in this section.  It is argued that strategic knowledge training 

may be effectively embedded into command training.  In this manner the necessary declarative 

command knowledge and specific procedural command knowledge components of strategic 

knowledge would be developed concurrently with strategic 3DSM-CAD knowledge.  This 

section also addresses the division of intellectual skills into performance components and 

metacomponents identifying the processes involved in metacognition: for example, planning, 

predicting, monitoring, testing, revising and evaluating.  Learning strategies found to be 

effective in the development of metacognitive skill are then discussed.  These strategies include: 
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expert modelling, scaffolding, group problem solving and cooperative learning and self 

explanation.  

 

Chapter 1 established that the dominant 3DSM-CAD instructional paradigm has remained 

behaviourist.  Schoenfeld (1987) defines the behaviorist approach of Skinner (1958) as one 

“that learning performance could be defined solely in terms of observable behaviors 
(“behavioral objectives”) and that learning was best thought of as the result of an 
individual’s interactions with the environment.  Thus, behaviorist learning theory focuses 
on arranging the environment so that optimal interactions take place” (Schoenfeld, 1987, p. 
5).   

That approach is characterized by small individual steps and careful sequencing and “was based 

on the hypothesis that the right sequence of experiences, repeated with adequate frequency, 

should generate the right learning” (Schoenfeld, 1987, p. 5).  It is assumed in behaviourist 

theory that the individual pieces of knowledge, once mastered, would later combine to generate 

more complex units of competency.   This assumption is disputed in cognitive theory (e.g. 

Resnick, 1989; Schoenfeld, 1987).  Schoenfeld describes this model of instruction in the 

mathematical context:  

“students could be taught solution methods for the individual types of equations and given 
practice until they have demonstrable competence.  Hypothetically, as students build up 
competence in each domain, the sum total of those domain-specific competencies would 
result in a general mastery of equation-solving procedures” (Schoenfeld, 1987, p. 14).    

The assumption that teaching each part individually leads to mastery is criticised by Schoenfeld 

(1987) and is similar to the prevailing CAD approach to instruction whereby each of the 

algorithms is taught with the assumption that general CAD competency follows.  Resnick 

(1989) points out that the flaw in this approach to learning is the reality that knowledge 

retention does not occur when individual facts are learned in isolation; rather, there is a need for 

learning to occur within a context or organizational structure. 

 

There is evidence to suggest that the embedment of higher order procedural or strategic 

knowledge training into command training may not only be possible but also preferable (Gott, 

1989; Resnick, 1989; Sternberg, 1990; Sternberg & Grigorenko, 2003).    According to 

Sternberg (1990):  

“One conclusion has emerged with striking regularity in many studies by many different 
investigators: to attain both durability and generalizability of training, it seems to be 
necessary to train both at the level of metacomponents (or executive processes) and at the 
level of performance components (or lower order processes used to carry out the orders of 
executive processes)” (p. 125). 

Embedding strategic knowledge into command training has also been found to be effective in 

the computing and CAD domains (Bahavnani, 2000; Bhavnani & John, 1997, 1996; Bhavnani, 

John & Flemming, 1999; Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995; Bhavnani, 

Garrett & Shaw, 1993; Bhavnani, Reif & John, 2001; Lang, Eberts, Gabel, & Barash, 1991; 

Rodriguez, Ridge, Dickinson, & Whitwam, 1998; Yue, 1999).  It is clear therefore that both 
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specific procedural command knowledge and higher order strategic knowledge need to be 

taught, and as Veenman (1997) argues “there is ample evidence that an effective working 

method or its constituent metacognitive skills can be trained within the context of a certain 

domain” (p. 205). 

 

The division of knowledge into distinct categories has been undertaken by a number of 

researchers (Briggs & Wagner, 1988; Gagne´, Briggs & Wager, 1992; Glaser, 1989; Gott, 1989; 

Reigeluth, 1983; Sternberg, 1990; Veenman, 1997).  Gott (1989) describes these categories:  

“Whether operating a word processor or diagnosing a faulty engine, the human performer is 
required to select and execute procedures to interact with an object to achieve a set of goals.  
The knowledge and processes that constitute that performance are (a) procedural (or how-
to-do-it) knowledge [cf. command knowledge]; (b) declarative (domain) knowledge of the 
object (often called system or device knowledge); and (c) strategic (or how-to-decide what-
to-do-and when) knowledge.  With this decomposition, it is assumed that procedural and 
device knowledge are organized and deployed by mechanisms such as the goals, plans, and 
decision rules that comprise strategic knowledge” (p. 100). 

Sternberg (1990) proposes two distinct categories “metacomponents (or executive processes – 

higher order processes that serve to organize, plan and monitor performance) and performance 

components” (p. 118).   Metacomponents have been further divided into five cognitive 

processes: planning, monitoring, testing, revising and evaluating of the processes (Sternberg, 

1990, p. 121).  Veenman (1997) refers to metacognition in terms of self-regulation also 

identifying five categories, “an orienting or analysis phase, a planning phase, an executional 

phase and an evaluation phase” (Veenman, 1997, p. 187).  Sternberg and Grigorenko (2003) 

argue “once we conceive of expert performance as mediated by complex integrated systems of 

representations for the execution, monitoring, planning and analyses of performance, it becomes 

clear that its acquisition requires an orderly and deliberate approach” (p. 116).  Following is a 

discussion of those aspects of instructional design that may influence the acquisition of different 

kinds of knowledge. 

 

It has been argued here that the 3DSM-CAD research problem of developing expert 

performance in the production of 3D CAD models requires different kinds of knowledge, in the 

initial parsing of the object, predicting likely future design changes, selecting the appropriate 

algorithm that will allow both ease of initial production and later modification, applying 

efficient methods of performing the algorithmic skills, monitoring performance and evaluating 

the efficacy of the chosen method.  The division of knowledge provided by Gagné, Briggs and 

Wagner (1992) provide a useful basis for an analysis of the types of instructional events that 

should assist in such knowledge development.  The authors propose a hierarchy consisting of 

discriminations, concrete concepts, rules and defined concepts and higher order rules.   

 

In terms of the Gagné, Briggs and Wagner’s (1992) hierarchy, as illustrated in Chapter 1, 

discrimination would involve the parsing of the object into algorithmically salient parts.  Such a 
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mental imagery process has been an assumed part of the problem solving process for 

mathematics (Anderson, 1996; Schoenfeld, 1987) and the human ability to undertake the 

process is well supported (Biederman, 1987; Biederman & Gerhardstein, 1995; Edleman & 

Bulthoff, 1992; Liter 1995; Liu, 1995; Palmer, 1977; Schyns, Goldstone & Thibaut, 1998; 

Tversky & Hemenway, 1984; Vecera, Behrmann & Filapek, 2001). However, the process of 

parsing, as outlined in Chapter 3, can result in visually salient parts that may not necessarily 

achieve algorithmic salience, such as in the case of some rotation, sweeping and lofting 3DSM-

CAD functions.  Hence specific instruction in parsing for algorithmic salience may therefore be 

helpful in improving the learning of 3DSM-CAD.  Gagné et al. (1992), supported by Schyns, 

Goldstone and Thibaut (1998) and Wallis and Bulthoff (1999), suggest that learning will occur 

when instances of a particular discrimination are identified by learners followed by 

reinforcement of success and repetition over a period of time.  Teaching parsing may be 

achieved, according to Braunstein, Hoffman and Saidpour (1989) and Schyns and Murphy 

(1991) by having students physically outline the parts which were found to conform to parsing 

with the minima rule.  Norman, Le Blanc and Brooks (2000) propose an alternative strategy 

whereby specific critical features are highlighted, through verbal description, by the expert as an 

aid to their identification by novices.  There is therefore evidence suggesting that instruction 

relating to discrimination, namely parsing into algorithmically salient parts, could be improved 

through the processes of: verbally describing the parts; outlining the parts; and, repeating and 

reinforcing the parsing process. 

 

The next level in the hierarchy proposed by Gagné et al. (1992) is concrete concepts.  In 3DSM-

CAD this involves knowing that different solid producing algorithms exist and being able to 

identify from a group which shapes may be produced using a particular algorithm.  This may be 

tested by giving students a range of example objects and asking them to identify which may and 

which may not be produced using a particular algorithm.  Evidence from CAD research (see, for 

example, Bhavnani & John, 1997, 1996; Lang et al. 1991; Yue, 1999) suggests that the current 

behaviourist approach to CAD instruction is effective for the learning of this type of declarative 

knowledge. 

 

Rules or a defined concept, the third level in the hierarchy, involves not only knowing that 

various shapes may be produced by a particular algorithm but also identifying the particular 

characteristics that differentiate the judicious use of one algorithm rather than another.  For 

example, differentiating the use of ‘project’ rather than ‘extrude’ due to the fact that the end of 

the projection may not be parallel to the defining geometry or identifying when ‘mirror’ or 

‘copy’ functions may be utilized.  Gagné et al. (1992) point out that rule learning is usually 

achieved through verbal communication.  The visual nature of the 3DSM-CAD research 

problem suggests that this will need to be supported by perceptual input in order to explain the 
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rules involved.  Once again there is evidence from CAD research (see, for example, Bhavnani & 

John, 1997, 1996; Lang et al. 1991; Yue, 1999) suggesting that this type of specific declarative 

knowledge and the procedures needed for their execution are effectively learned through the 

current behaviourist approach to CAD instruction. 

 

Higher order rules or complex rules, according to Gagné et al. (1992) involve the combination 

of all elements of the hierarchy in the solution of novel problems.  This equates to the 

development of strategic 3DSM-CAD knowledge, which in the conceptualisation proposed here 

includes not only the process of choosing between alternative algorithms and geometry 

development possibilities but also the metacognitive processes of planning, predicting, 

analysing and reviewing.  It is proposed that the development of these metacognitive skills will 

require the use of specific instructional strategies which are discussed in the following section.  

 

Expert modelling 

Drawing upon the work of Collins, Brown and Newman (1989), Resnick (1989) proposes that 

the concept of a cognitive apprenticeship which employs “expert teacher modelling of problem-

solving heuristics in which normally covered reasoning processes are spoken aloud” (Resnick 

1989, p. 22) is helpful in developing metacognition in students.  This view is based in the work 

of Schoenfeld (1985) and Palincsar and Brown (1986) and is supported by Anderson (1996), 

Collins, Brown and Newman (1989), Evans (1991), Gagne´, Briggs and Wagner (1992), and 

Goldman and Petrosino (1999).  The advantage of this process, according to Collins, Brown and 

Newman (1989) is that;  

"students do not usually have access to the cognitive problem-solving processes of 
instructors as a basis for learning through observation and mimicry ........  Cognitive 
apprenticeship teaching methods are designed to bring these tacit processes into the open, 
where students can observe, and enact, and practice them with help from the teacher and 
from other students." (p. 458). 

In terms of instruction in 3DSM-CAD modelling, this approach would rely on talking through 

all of the reasoning and decision-making processes that were being used in the production of the 

skill during specific procedural command teaching.  In that way “strategies may be acquired by 

being directly described to learners and subsequently practiced” (Gagne´, Briggs & Wagner, 

1992, p. 133).  In the metacognitive literature, the knowledge developed by externally 

modelling expert thinking would involve both declarative components (knowledge of the 

metacognitive processes) and procedural components (knowledge of how to execute the 

procedures).  Anderson (1996) supports this view of instruction pointing out, however, that the 

critical aspect of learning by imitation is that all of the parts need to be mimicked, which, in the 

instance of 3DSM-CAD means that the thinking, decision making and problem solving need to 

be made explicit and not just the commands. 
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Scaffolding 

Scaffolding, according to Goldman and Petrosino (1999), is important to the development of 

metacognition as it provides a “support structure for thinking” (Goldman & Petrosino, 1999, p. 

607).  Collins, Brown and Newman (1989) elaborate on the process of scaffolding of learning 

pointing out that it involves repeated learner observation of the particular process being 

attempted in order to be able to mimic that process.  While this is occurring, guidance from the 

teacher is also being provided.  This guidance may include both direct help and coaching which 

is gradually withdrawn as knowledge of the target process is gained, much as advocated by 

Vygostsky (1978) in his Zone of Proximal Development which relates to the difference between 

a learner’s existing problem solving abilities and what the learner is capable of achieving with 

the guidance of an adult or a more capable peer. Collins et al. (1989) maintain that observation 

plays a key role in that it develops a conceptual model of the process.  This provides the learner 

with three advantages: “an advanced organiser for unusual skill trial; a structure for making 

sense of feedback and coaching; and a guide for independent practice” (Collins et al., 1989, p. 

458).  

 

Scaffolding may also be enhanced by the provision of “multiple opportunities to revisit 

concepts” (Goldman & Petrosino, 1999, p. 613) and opportunities to practice reflection.  A 

number of authors (e.g. Aleven & Koedinger, 2002; Anderson, 1993; Veenman, Elshout & 

Busato, 1994) have also found that, in the computer domain, scaffolding may be provided 

through interaction with the software in the form of cognitive tutors in order to prompt students 

to utilize metacognitive strategies. Thus it is possible that support for developing learner 

metacognitive processes in 3DSM-CAD processes may be achieved by direct teacher 

intervention or software substitutes. 

 

Group problem solving/cooperative learning 

Collins, Brown and Newman (1989) propose the use of cooperative learning or group problem 

solving activities as a means of developing metacognitive strategy learning.  These instructional 

techniques provide an opportunity whereby teacher intervention can occur in a public 

environment where all students can observe the process, unlike individual exercises.  It also 

facilitates group decision-making and the need to choose among alternative solutions, which in 

itself provides discussion regarding the utilisation of various control processes.  Seeing other 

students struggle with the problem-solving process also has the advantage that it may help to 

overcome some individual student insecurity.  Resnick (1989) supports the use of group 

problem solving activities, drawing on the work of Schoenfeld, stating that through this process 

students “build self-consciousness and self-confidence in problem-solving” (Resnick, 1989, p. 

22). 
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Employing cooperative learning techniques as a means of fostering self-regulatory, or 

metacognitive, activity is also proposed by Goldman and Petrosino (1999) and Klahr and 

Kotovsky (1989).  These authors argue that cooperative learning provides a situation through 

which the thinking of other learners is made explicit and thus provides opportunities for the 

critique of problem solving strategies, evaluation of alternative procedures, monitoring progress 

towards the achievement of goals or sub-goals and the generation of questions leading to 

explanations of strategy choice.  Further, if the cooperative learning process is undertaken under 

the direction of the teacher, opportunity exists for input in the form of both expert feedback and 

scaffolding of learning.  

 

Self-explanation 

One of the suggested benefits of cooperative learning is the opportunity afforded to learners to 

explain their thinking or cognitive approach to a particular situation.  According to Aleven and 

Foedinger (2002) the process of self-explanation is an effective metacognitive strategy.  Studies 

reported by Aleven and Foedinger (2002, p. 147) suggest possible learning advantages for three 

types of self-explanation: when students explain materials to themselves (Bielaczyc, Pirolli & 

Brown, 1995; Chi, Bassok, Lewis, Reimann, & Glaser, 1989; Ferguson-Hessler & De Jong 

1990), when students explain their problem solving strategies to others (Ahlum-Heath & 

DiVesta, 1986; Berardi-Coletta, Buyer, Dominowsky & Rellinger, 1995; Berry, 1983; Gagne & 

Smith, 1962) and when giving rather than receiving explanations (Brown & Kane, 1988; Webb, 

1989). 

 

Previous research pertaining to the development of metacognitive skills therefore suggests there 

is a number of instructional strategies that may be effective.  These strategies include: the 

process of using experts to model their thinking processes explicitly; provision of scaffolding 

either directly via the teacher or through other means such as cognitive tutors; providing 

opportunities for students to engage in group problem solving; and the use of self-explanation 

techniques.  The inclusion of these strategies are therefore considered useful in addressing the 

research question: What instructional strategies will improve the use of strategic 3DSM-CAD 

knowledge? 

 

Improving Spatial Ability 

In Chapter 1 anecdotal evidence from teachers with experience in the use of 3DSM-CAD in 

secondary schools throughout Australia and in several Asian countries is noted which  suggests 
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that many students find it a challenge to understand the basic concepts involved in 3DSM-CAD, 

let alone become efficient or expert users.  Teachers report that many students cannot recognize 

the way individual parts can be modelled, thereby encountering difficulty with basic command 

knowledge; nor are they able to ‘see’ alternative modelling methods that may enable them to be 

more strategic and thereby more efficient in their 3DSM-CAD use.  Because of the posited role 

of visual mental imagery in the 3DSM-CAD process, both of these problems may be related to 

an inability by the student to undertake the necessary disaggregative and generative processes 

and to visualize possible alternative approaches to the modelling process.  The anecdotal 

experience of teachers together with the conclusions that may be drawn from previous CAD 

research suggests that there could be a relationship between an individual’s spatial ability and 

their ability to use 3DSM-CAD (Alias, Black, & Gray, 2002; Yue & Chen, 2001).  Sorby (1999) 

concludes that “a person’s spatial skills as measured by the MCT (Mental Cutting Test) are a 

significant factor in their ability to interact with a computer in a 3-D modelling environment” 

(p. 5).  Gaughran (2002) also supports this finding arguing that “the creative use of CAD 

software depends greatly on the users’ cognitive ability to visualize the design intent and to 

interact with the developing model of the product” (Gaughran, 2002, p. 1).  Ault (2003) points 

out that it is “assumed by many that the use of solid modelling will enhance students’ 

visualization skills” (p. 1).  However the research of Ault (2003), Sorby (1999) and Yue and 

Chen (2001) concludes that “merely working with 3-D software does not improve the spatial 

abilities of students by a significant amount” (Sorby, 1999, p. 1).  It is proposed here that an 

intervention strategy aimed at improving the use of strategic knowledge by CAD users may 

therefore be enhanced by employing techniques found to improve individual spatial skills. 

 

The concepts of spatial skills, spatial ability, mental imagery and visualization skills are all 

related.  Lord (1985) provides an overall description of these abilities under the term visuo-

spatial understanding. 

“visuo-spatial understanding is the ability to juxtapose, manipulate and orient an object 
mentally and to create structures in the mind from written and verbal directions.  This 
phenomenon has further been subdivided into two separate factors – one having to do with 
the awareness or appreciation of spatial relations and image consistency (spatial orientation) 
and the other with the mental manipulations into other visual patterns (spatial 
visualization)” (Lord, 1985, p. 36). 

The possibility that this ability may be improved through practice or training has been explored 

experimentally by a number of researchers (Alias, Black, & Gray, 2002; Ben-Cham, Lappan & 

Houang, 1988; Duesbury & O’Neil, 1996; Liu, 1995; Lord, 1985; Mathewson, 1999; Sorby &  

Baartmans, 1996;  Zavotka, 1987).  Of particular interest to the design of any instructional 

strategy is the variety of time frames for the researched interventions.  These varied from as 

high as 2-4 hours per week for ten weeks (Sorby, & Baartmans, 1996), to 30 minutes per week 

(Lord, 1985) to just a few hours (Alias, Black, & Gray, 2002).  However, in each case, the 

researchers concluded that significant improvement in spatial skills could be achieved through 
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training.  Mathewson (1999, p. 36) claims “performance on spatial tasks improves substantially 

with training and practice”, a position supported by Ben-Cham, Lappan and Houang (1988) in 

the secondary school context who found “the most important result of this investigation was that 

after the instruction intervention, middle school students, regardless of sex, gained significantly 

from the training program in spatial visualization tasks” (Ben-Cham et al., 1988, p. 66).  The 

results with secondary school students were persistent over time (4 weeks and one year) 

suggesting “spatial visualization is a trait that, once acquired, can be further developed.  In 

addition, the massive increases in spatial visualization ability may lead, as a result of the 

treatment and the persistence of training, to a hypothesis that such abilities are highly responsive 

to education” (Ben-Cham et al., 1988, p. 67).  The improvement of individual spatial skills has 

been achieved using a number of strategies including pre-exposure to perceptual differentiation, 

experience with manipulative tasks and the use of sketching. 

 

As argued earlier, the ability of CAD operators to perceive algorithmically salient parts within 

an object is central to the 3DSM-CAD research problem.  Perceptual abilities such as the ability 

to differentiate between objects or classes of objects are, according to Wallis and Bulthoff 

(1999), affected by learning, to the point that “sufficient exposure to a particular stimulus type 

causes the representation of these stimuli to be altered or enhanced” (Wallis & Bulthoff, 1999, 

p. 22). Schyns, Goldstone and Thibaut (1998) support this position maintaining that pre-

exposure facilitates differentiation by ensuring that the salience of the stimuli that separate cases 

is made explicit.  One method by which this is achieved in the medical field (Schyns, Goldstone 

& Thibaut, 1998) is through expert description of the specific feature.  It is proposed here that it 

should therefore follow that repeated exposure to a CAD decomposition task together with 

expert description of the specific algorithmically salient features might help later recognition of 

the algorithmically salient parts.   

 

Also found to improve spatial ability has been the use of manipulative tasks (Alias, Black, & 

Gray, 2002; Ben-Cham, Lappan & Houang, 1988; Duesbury & O’Neil, 1996; Harman, 

Humphrey & Goodale, 1999; Sorby, & Baartmans, 1996).  Tactile manipulative tasks using 

cubes to construct buildings and other objects were found effective by Alias, Black, and Gray 

(2002) and Ben-Cham, Lappan and Houang (1988).  Other researchers (Duesbury & O’Neil, 

1996; Harman, Humphrey & Goodale, 1999; Sorby, & Baartmans, 1996) conclude that 

experiencing the opportunity to manipulate an object image actively on a computer screen is 

sufficient to improve spatial ability.  The learning of 3DSM-CAD presents the opportunity for 

students to gain considerable exposure to the manipulation of objects on a computer screen 

throughout the process of learning, providing this is explicitly incorporated into the instructional 

design. 
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In addition to the use of manipulative tasks, another intervention strategy found to affect spatial 

ability positively is sketching.  Sorby (1999) found that the sketching activities involved in 

traditional graphics courses (orthographic projection, isometric drawing) led to improvements in 

spatial ability, a position supported by Lord (1985) and Sorby and Baartmans (1996).  Alias, 

Black, and Gray (2002) and Ben-Cham, Lappan and Houang (1988) combined both tactile 

manipulation and sketching, finding that the provision of a diverse range of spatial activities 

improved spatial visualisation.  Sorby (1999) was also able to differentiate between CAD 

courses and those graphics courses involving sketching, finding “in each case the gain scores in 

the courses that emphasized sketching and hand drawing were higher than those obtained in 

either of the CAD courses” (Sorby, 1999, p. 1).  Schyns and Murphy (1991) and Braunstein 

(1989) argue that a specific style of sketching, outlining of parts, was also effective in the 

process of parsing an object.  It is proposed here that exposure to a variety of sketching 

techniques may thus be an effective instructional strategy to incorporate into an intervention 

designed to improve expertise in 3DSM-CAD. 

 

Having established in Chapters 2 and 3 the possibility of addressing the 3DSM-CAD research 

problem through a cognitive psychological approach, particularly through metal imagery, this 

section has then addressed the possibility of improving mental imagery, or more specifically, 

spatial ability, through instruction.  A number of techniques posited for the improvement of 

spatial ability include: repeated exposure to perceptual differences, expert description, 

manipulative tasks and sketching.  These have then been discussed with a view to identifying 

those appropriate for possible inclusion in an intervention strategy. 

 

Additional learning strategy design considerations 
 
It is noted here that two other factors will also need to be addressed in the design of the 

intervention.  These are the time period for the intervention and the necessity to embed the 

strategic leaning into the declarative command learning and the specific procedural command 

learning.  Anderson (1996) and Gagne´, Briggs and Wagner (1992) point out that the learning of 

cognitive strategies should not be viewed as either a simple or a short-term process; “learning 

cognitive strategies involves initial direct instruction followed by opportunity for the practice of 

the strategy over an extended period of time in a variety of situations and with the use of 

specific cues to remind the learner of the strategy” (Gagne´et al., 1992, p. 70).  The intervention 

will therefore need to be of sufficient duration to ensure the development of strategic 

knowledge. 

 

Earlier in this Chapter it is discussed how a number of researchers (Gott, 1989; Resnick, 1989; 

Sternberg, 1990; Sternberg & Grigorenko, 2003) advocate the embedding of metacognitive 
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learning into command learning.   Resnick (1989) asserts “when the strategies are learned and 

practiced in isolation, however, they are not very likely to be used spontaneously by students 

……..  when strategy training is embedded in the study of a particular subject matter, the 

strategies are much more likely to be used” (p. 9).   This position is also supported in the CAD 

domain (see for example (Bhavnani, Garrett & Shaw, 1993; Bhavnani & John, 1997, 1996; 

Lang, Eberts, Gabel, & Barash, 1991; Yue, 1999).  It is therefore proposed that the instructional 

strategies employed to develop strategic 3DSM-CAD (metacognitive) knowledge be embedded 

in declarative command and specific procedural command instruction and that the strategic 

knowledge training be undertaken over an extended period of time. 

 

Conclusion 
This thesis addresses the research problem, the development of 3DSM-CAD strategic 

knowledge through the teaching and learning process.  The review of literature has identified 

two research questions to be addressed through the empirical studies.  These are: what 

constitutes strategic 3DSM-CAD knowledge; and what instructional strategies will improve the 

use of strategic 3DSM-CAD knowledge?  In this chapter it is argued that an instructional 

strategy designed to develop strategic 3DSM-CAD knowledge may need to include a range of 

approaches for the development of metacognition (e.g. expert modelling, scaffolding, group 

problem solving, self explanation) and a range of approaches for the development of spatial 

ability (e.g. sketching, parsing, explicit description of perceptual differences, pre-exposure to 

perceptual differentiation).  It is argued that interactions exist between elements such as parsing 

metacognition and mental imagery as, for example, parsing requires mental imagery and mental 

imagery is used in 3DSM-CAD to control metacognition.  The interrelated nature of these 

elements means that it is difficult to tease them out individually without affecting the potential 

efficacy of an overall intervention strategy.  

 

The following chapter describes the methodology for the first of the empirical studies and the 

data analysis of Study 1 using 3DSM-CAD experts.  Study 1 is designed to test the hypothesis 

that the strategic knowledge of 3DSM-CAD experts incorporates a range of metacognitive 

strategies typical of experts in other domains.  These metacognitive strategies include 

predicting, analysing, strategy selection, monitoring, evaluation and review.  Chapter 5 also 

discusses the identification and selection of experts and the range of available knowledge 

elicitation techniques that may be appropriate for knowledge elicitation in complex computer 

applications prior to describing the methodology and findings of Study 1. 

 

Chapter 6 describes Study 2 which tests the instructional intervention formulated on the basis of 

the current research in designing learning strategies discussed in this chapter.  Study 2 addresses 

the research problem, the development of expertise in 3DSM-CAD through the teaching and 
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learning process.  Chapter 6 uses the findings from the review of cognitive science literature on 

mental imagery, expertise and instructional design in Chapters 2-4 to operationalise the 

intervention aimed at improving the use of strategic 3DSM-CAD knowledge.   The findings of 

Study 2 are presented in Chapter 7. 
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Chapter 5: Study 1 – Delineating 3DSM-CAD Strategic 
Knowledge: Methodology, Analysis and Findings. 

This thesis addresses the research problem, the development of expertise in 3DSM-CAD 

through the learning and teaching process.  Chapter 2 has argued that expertise in other domains 

is characterized by employment of a range of metacognitive processes and this has been used to 

reconceptualise ‘strategic’ knowledge in the 3DSM-CAD domain.  This reconceptualisation is 

broader than previous narrower conceptualizations including an expanded range of 

metacognitive strategies.  This Chapter reports on Study 1 which is designed to test this 

reconceptualisation of the strategic knowledge of 3DSM-CAD experts. The identification and 

selection of 3DSM-CAD experts is initially discussed followed by the range of potential 

knowledge elicitation methods that may assist in identifying the cognitive processes undertaken 

by those experts in the solutions to 3DSM-CAD problems.  The validity of the selected 

knowledge elicitation methods is then addressed.  The nature of the 3DSM-CAD problems 

designed for use in the study is described, and justified, and the design of Study 1 is described. 

 

The Chapter then describes the processes used to code and analyse the data from the experts.  

The manner in which the data were segmented is explained and justified, prior to the 

presentation of the findings of Study 1.  The findings present details of both the CAD processes 

and underlying cognitive processes of the experts identified through the knowledge elicitation 

process.  This data are then analysed and discussed in terms of the reconceptualisation of 

3DSM-CAD strategic knowledge.  

 

A number of researchers suggest a range of methods to improve CAD instruction by analysing 

CAD tasks in order to identify efficient or expert strategies (Bhavnani, Flemming, Forsythe, 

Garrett & Shaw, 1995; Bhavnani & John, 1996, 1997; Bhavnani & Shaw, 1993; Lang, Eberts, 

Gabel & Barash, 1991; Luczak, Beitz, Springer & Langner, 1991).  This study concentrates on 

the generation of 3DSM-CAD models and is thus concerned with the manner in which 

individuals interact with complex computer software.  It is therefore proposed to ground this 

study in the cognitive psychology literature on both expertise and knowledge elicitation in order 

to gain a detailed understanding of expert performance.  It is expected that this detailed 

understanding will enable the gaps in the literature identified in earlier chapters to be addressed.  

Previous research on the identification of experts is addressed in the next section.  Knowledge 

elicitation is addressed in a later section. 
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Identification of 3DSM-CAD experts 

According to Gott (1989) “cognitive theoretical models have produced detailed representations 

of expert task performance to use as the targets of instruction.  In these models, the goal to 

which procedural knowledge applies and the strategic processes that are responsible for the 

organization, coherence, and general execution of the performance are clearly established” (p. 

98). Taylor (1991) argues that the first stages of any research into the novice-expert shift should 

entail:  

"Identification of the cognitive skill performance that is the ultimate objective of 
instruction; 
Analysis of expert performance of this skill in terms of the content, structure and 
organisation of the underlying declarative knowledge base; 
Design of instrumentation to measure salient aspects of this declarative knowledge base and 
associated actual cognitive skill performance" (Taylor, 1991, pp. 170-171). 

The ability to be able to identify experts in the 3DSM-CAD domain is necessary, therefore, in 

order that the data collected reflect expert use of the software and be therefore valid.  It is also 

necessary to provide a sufficiently rich and reliable data source for effective analysis in order to 

evaluate the reconceptualisation of 3DSM-CAD strategic knowledge and to inform the effective 

teaching of the cognitive skills involved.  In order to gain insight into the research problem it is 

necessary not only to understand the characteristics that differentiate the expert from the novice, 

as outlined in Chapter 2, but also to identify 3DSM-CAD experts in order to enable detailed 

analysis of expert 3DSM-CAD performance. 

 

The first stage of this process involves the selection of individuals for inclusion in the research 

in order to ensure valid data are collected.  In Chapter 2 it is argued that experts, unlike novices 

or advanced novices, possess high levels of domain knowledge, well developed cognitive 

structures in the form of schemas, the ability to recognize large numbers of domain specific 

patterns, a propensity to represent problems at a deeper more structured level and prominent use 

of executive control or metacognition during problem solving.  It is hypothesised that expertise 

in 3DSM-CAD exhibits similar characteristics.    

 

There are potential difficulties associated with the identification of expertise, and 3DSM-CAD 

expertise in particular as argued in Chapter 3.  Mieg (2001) supported by Charness and 

Schultetus (1999) define expertise as “consistently superior performance on a specified set of 

representative tasks for the domain that can be administered to any subject” (Mieg, 2001, p. 76).  

The criteria suggested for expert selection include distributions on tests (Charness & Schultetus, 

1999), peer nomination (Mieg, 2001), or experience (Charness & Schultetus, 1999).  For 

3DSM-CAD, as with all CAD, these methods present difficulties due to the absence of tests 

across the various software applications and the lack of data available for peer nomination 

through CAD related professional associations.  Charness and Schultetus (1999) also point out 
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that experience does not always equate with expertise, a position supported by the CAD 

research of Bhavnini and John (1997) who found that experienced CAD users often persisted in 

the use of sub-optimal strategies.   Hoffman, Shadbolt, Burton and Klein (1995) and Schraagen, 

Chipman and Shalin (1999) observe that there is a scarcity of true experts, but make the 

observation that “articulate experts with recent experience in both performing and teaching the 

skill are particularly useful” (Chipman & Shalin, 1999, p. 6).   

 

A reduced set of criteria that may be effective in the identification of experts therefore are: 

superior performance on tests, peer nomination, experience and recent teaching experience 

(Charness & Schultetus, 1999; Mieg, 2001).  However, test performance has been found to be 

impractical in the CAD domain.  On this basis, and taking cognizance of the expertise literature, 

criteria for the identification of potential research subjects for 3DSM-CAD research were 

developed as follows: 

• They have a number of years experience in the domain. 

• They currently use 3DSM-CAD on a regular basis. 

• Others regard them as possessing domain expertise. 

• They have experience in teaching/training others. 

Subject Selection 

The selection of subjects was undertaken using the criteria established above.  The initial 

process of subject identification was undertaken via an advertisement in a specialized CAD 

magazine with nation-wide distribution.  The magazine editor was supportive of the research 

and provided free space for the research description and a call for volunteer participants who 

would meet the selection criteria.   Four subjects were identified through this process, however, 

data collected from three of the subjects identified in the initial process proved unusable as they 

were unable to complete the modelling process, indicating that they were not as expert as hoped.  

Individual CAD vendors known to the researcher were then contacted in an effort to identify 

further subjects who would meet the selection criteria.  Three additional subjects were identified 

through this process.  Each of the four subjects involved in Study 1 met the selection criteria.  

Descriptions of each subject follow. 

 

The subject identified through the initial advertising process, Subject One, is employed by a 

major engineering company in Perth, Western Australia.  This subject manages the CAD facility 

for the company and has a number of years experience with the Micro-Station software.  Subject 

One is responsible for CAD software training within the organization and provides professional 

Micro-Station training at a local tertiary institution.  Subject Two is an experienced CAD 

teacher from Brisbane, Queensland.  This subject has established industry recognition having 

being employed by the software vendor to develop CAD curriculum materials.  The 3D Tri-Cad 
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software used by this subject, while not 3DSM-CAD, was capable of modelling the task set for 

this stage of the research.  Subject Three is a secondary school teacher in Melbourne, Victoria, 

with many years of CAD teaching experience.  This subject had achieved trainer status with 

ProDesktop software and has undertaken a number of training courses for teachers in his own 

state and, following national recognition, has been employed to run training courses in two 

other Australian states.   The final subject, Subject Four, was identified by a major multi-

national CAD software company in Hong Kong where he is employed in the role of 

“Application Specialist” with responsibility both for training and as manager of the ‘Help Desk’ 

for the whole of the Asia-Pacific region.  The four subjects for the pilot study were therefore 

considered to meet the selection criteria for expertise in CAD.  The processes of eliciting expert 

3DSM-CAD knowledge from these subjects in order to undertake detailed analysis of the nature 

of 3DSM-CAD expertise are discussed below. 
 

Knowledge Elicitation 

The processes and validity of data collection, or knowledge elicitation, are critical in the type of 

research under discussion.  Cooke (2000), for example, points out that 

“unlike performance-critical applications such as expert systems, applications like training 
that go beyond knowledge use to the transfer of knowledge, require more attention to the 
validity of elicited knowledge (p. 481). 

Cooke (2000) provides an overview of knowledge elicitation methods outlining four alternative 

methods: verbal reports, observations, interviews and process tracing, noting that each method 

has inherent advantages and shortcomings.  Each of these processes is addressed in the 

following section.   

 

Verbal reports 

Verbal reports involve the subject documenting their cognitive processes either orally or in 

written form.  Ericsson and Simon (1993) propose verbal reports as a suitable method “to study 

superior performance on specific tasks under controlled conditions and to assess the cognitive 

processes, knowledge and acquired mechanisms that mediate the superior performance of 

experts” (Ericsson & Simon, 1993, p. XXXVIII).  Verbal reports may take a number of forms: 

concurrent oral reporting during the process of performance, often referred to as think-aloud 

protocols, retrospective reports in the form of either recorded verbal or written reports following 

performance, or a structured or unstructured interview whereby the researcher seeks to gain 

insight into cognitive processes via specific questioning of performance (Cooke, 2000).   Each 

of these types of verbal reports is now discussed. 
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Think-aloud protocols 

In the think-aloud process the subject undertakes a specific task (in the case of this research the 

production of a 3DSM-CAD model) while at the same time talking out aloud saying everything 

that they would otherwise say to themselves.  Think-aloud verbal protocols thus enable the 

researcher to gain information from the expert while they are in the process of performing the 

task.  While this may be advantageous, there is some concern (Cooke, 2000, Gordon, 1992; 

Hoffman, Shadbolt, Burton & Klein, 1995; Rowe, in Evans, 1991) that the process of 

verbalising may affect task performance and that the information gathered may not provide the 

necessary insight as many of the expert's cognitive processes may be automated.  It is suggested 

(Cooke, 2000) that concurrent verbalizing can only report current consciousness and not 

explanations or interpretations.  To attempt to do anything else may interfere or in fact change 

the thought processes of the individual.  Thus, automated processes or information regarding 

perception or retrieval may not be collected accurately in this manner but would need to be 

inferred from the information collected.  Rowe (1985) points out “the analysis of ‘thinking 

aloud’ protocols does not provide a complete description of the problem solving process.  It is, 

however, a method which permits the externalization of certain covert processes, and thereby 

provides the investigator with an initial tool” (p. 106).  

  

Ericsson and Simon (1993) outline three levels of verbalisation.  Type 1 involves “vocalization 

of covert articulatory and oral encodings” (p. 79); Type 2 “involves description, or rather 

explication of thought content” (p. 79); and Type 3 “requires the subject to explain his thought 

processes or thoughts” (Ericsson & Simon, 1993, p. 79).  These authors provide an analysis of 

the efficacy of verbal reports as data claiming that verbalizing of Type 1 and Type 2 thoughts is 

found to have little effect on task solving performance. Where some effects are evident, they 

pertain to speed and accuracy, neither of which are considerations in the current research.  

However, Type 3 verbalization, due to the fact that the reasoning processes are articulated, has 

been found to affect the problem solving process.  Ericsson and Simon (1993) therefore claim 

that it is imperative that very specific instructions are given to participants in order to ensure 

that only Type 1 and Type 2 verbalizing is undertaken by the subject.  The suggested wording 

of instructions includes; 

“I will ask you to talk aloud as you work on the problems.  What I mean by talk aloud is 
that I want you to say out loud everything that you say to yourself silently.  Just act as if 
you are alone in the room speaking to yourself” (Ericsson & Simon, 1993, p. 376). 
“Talk aloud constantly from the time you see the problem until you have generated the 
solution.  I don’t want you to plan what you say or try to explain what you are doing.” 
(Ericsson & Simon, 1993, p. 376). 

The nature of the instructions given to participants is therefore important in order to ensure that 

the problem solving process remains valid.  The issue of overall validity of data gathered via 

verbal protocols is discussed below. 
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Validity of verbal protocols 
Ericsson and Crutcher (1991) point out, in relation to the validity of data collected through 

think-aloud protocols, that it is  

“difficult to seriously argue that the verbal reports are not a valid model for generating the 
correct answers to the problems.  Such a critical claim must assume that the subject used 
one model to generate the verbal report and a different model to generate the problems 
solution, when, in fact, the model used to generate the report is sufficient to generate the 
problem solution as well” (Ericsson & Crutcher, 1991, p. 67). 

Based upon their extensive review of the literature on verbal protocols as data, Ericsson and 

Simon (1993) propose six assumptions upon which verbal protocols are based.  These are: 

1. “The verbalized cognitions can be described as states that correspond to the 
contents of STM (short term memory)”  

2. “The information vocalized is a verbal encoding of the information in short-term 
memory”  

3. “The verbalization processes are initiated as thought is heeded”  
4. “The verbalization is a direct encoding of the heeded thought and reflects its 

structure”  
5. “Units of articulation will correspond to integrated cognitive structures”  
6. “Pauses and hesitations will be good predictors of shifts in processing of cognitive 

structures” (Ericsson & Simon, 1993, pp. 221- 225). 
Ericsson and Simon (1993) conclude “the information that is heeded during performance of a 

task, is the information that is reportable; and the information that is reported is information that 

is heeded” (p. 167) thus supporting the validity of the collected data.   

 

In the previous section on think-aloud protocols it is pointed out that the instructions given to 

the subject need to be specific in order to avoid Type 3 verbalization, involving the subject in 

analysing or attempting to explain their thinking.  In addition Ericsson and Simon (1993) 

provide a number of means by which the validity of the data may be confirmed when 

undertaking analysis of the data.  The relevant questions are: 

Were the processes in the verbal protocol necessary for the solution of the problem – if so the 

data is reflecting the cognitive processes involved and not being generated as an independent 

process?  The data could therefore be considered a valid representation of the cognitive 

processes involved, under the following conditions: 

• Are the verbalizations relevant to the task? 

• Are the verbalizations relating to the preceding ones? 

• Are the verbalizations consistent with information previously mentioned – if so 

they are accessing the same memory? 

• Are the verbalizations consistent with perceptual information – not using cues 

such as eye movement as in prior research but recoding screen capture of image 

and mouse movement? 
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If these conditions are met, Ericsson and Simon (1993) argue that validity of the data is 

established. 

 

Retrospective reports 

A retrospective report is one where “the subject focuses on the task until its completion and then 

recalls, as accurately as possible, the sequence of thoughts that occurred while doing the task” 

(Ericsson & Crutcher, 1991, p. XVI).   In relation to the process of knowledge elicitation of 

expert 3DSM-CAD processes there are a number of potential problems with collecting 

retrospective reports.  Ericsson and Simon (1993) point out that for tasks longer than 0.5-10 

seconds duration, the sequence of thought will lack completeness and accuracy.  As the 

completion of a 3DSM-CAD model is often a quite long process, well in excess of the duration 

suggested by Ericsson and Simon (1993), this presents a potential problem for the validity of the 

collected data.  Cooke (2000) and Rowe (1985) also highlight a number of potential difficulties 

with retrospective reports that may also affect the validity of data collection in the current 

research.  These are: there may be a difference between the described method and the actual 

method; the process of recording the description orally may be unfamiliar or rushed, resulting in 

essential information being omitted; and the process of recording the description in written form 

may be extremely time consuming, imposing a further impost on the experts that they may be 

unwilling to undertake or may again rush, resulting in incomplete data.  Retrospective reports 

are thus considered problematic as a valid knowledge elicitation method for 3DSM-CAD. 

 
 

Interviews 

The use of interviews as a method of knowledge elicitation is, according to Cooke (2000) a 

“direct way to find out what someone knows” (p. 487).   Cooke (2000), Gordon (1992) and 

Hoffman, Shadbolt, Burton and Klein (1995) outline two methods by which interviews may be 

undertaken, unstructured interviews and structured interviews.  Gordon (1992) argues that these 

methods, in the main, elicit declarative and not procedural knowledge, a position supported in 

part by Cooke (2000) who explains that considerable skill and training may be necessary in 

order for interviewers to use unstructured interviews or the highly specific interview methods 

necessary in order to gain insight into an expert's procedural or strategic knowledge. 

 

Hoffman et al. (1995) describe an unstructured interview as “an open dialogue in which the 

interviewer asks open-ended questions about an expert’s knowledge and reasoning” (p. 134).  

This technique, according to Cooke (2000) and Hoffman et al. (1995), may enable the 

researcher to elicit a wide variety of data regarding declarative, procedural and metacognitive 

knowledge through the inclusion of open-ended (what, why, how) questions.  However, the 
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disadvantages of the unstructured technique include the need for interviewer training, the 

possibility of the interview getting ‘off the track’, the possibility that the expert may assume that 

the interviewer has a knowledge of the domain and the exhaustive nature of the data collected 

that will need transcription and analysis (Hoffman et al., 1995). 

 

Structured interviews, on the other hand, are designed and planned in advance in order to 

provide a greater focus on domain specific information.  They rely on the interviewer having 

knowledge of the domain but, according to Hoffman et al. (1995), have the advantages that the 

interview time is reduced and specific declarative and procedural domain knowledge may be 

elicited.  Cooke (2000) and Hoffman et al. (1995) describe a number of forms of structured 

interview.  In a scenario simulation interview, the expert is presented with a problem and the 

interviewer walks the expert through the problem solving process.  The use of questions such as 

“Why would you do that?”, “How would you do that?”, “What alternative strategies could you 

use? will, according to Hoffman et al. (1995), help to elicit domain procedures and reasoning 

rules.  An alternative structured interview strategy is to use event recall whereby the expert is 

asked to explain a particular past event or events.  These events may be either typical or 

particularly salient or difficult cases.  Hoffman et al. (1995) argue “probed recall of past tough 

or salient cases can be very effective in revealing experts’ knowledge, especially their tacit 

knowledge and reasoning strategies” (p. 136). 

 

Cooke (2000) posits a number of advantages for the use of verbal descriptive reports for 

knowledge elicitation.  In relation to the elicitation of expert 3DSM-CAD knowledge the 

interview method has two advantages.  It saves time on the part of experienced users and 

therefore potentially gains more cooperation, and it provides the opportunity to request 

experienced users to use an alternative strategy from their initial preference.  Analysis of these 

data enables the researcher to discover whether the strategy chosen initially is linked to the 

functions available within the package being used or is independent of them.   

 

However the use of interviews may have a number of disadvantages.   Firstly, there may be a 

difference between the described method and the actual method of software use that could affect 

the validity of the study.  Secondly, the method of operation described may not actually work 

within the software environment therefore also affecting the validity of the study.  Nevertheless 

each of these validity issues may be reduced if the interviewer has well developed domain 

knowledge.  Finally, the description provided may concentrate too much on the surface 

processes without providing sufficient insight into the automatic processes employed.  

Schraagen, Chipman and Shalin (1999) support this notion in that experts may often not have 

“direct conscious access to their relevant knowledge and skills” (Schraagen et al., 1999, p. 8).  

Thus, interviews, as a means of knowledge elicitation, are shown to have a number of 
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advantages provided that the interviewer is cognisant of the potential shortcomings of the 

process and are therefore considered a valid and useful method for this research. 

 

A number of alternative knowledge elicitation methods utilising verbal reports are described 

above, and their merits and shortcomings in relation to expert 3DSM-CAD knowledge 

discussed.  These methods include; think-aloud protocols, written and verbal retrospective 

reports, and, structured and unstructured interviews. Cooke (2000) and Ericsson and Simon 

(1993) argue that, provided specific conditions are met, each of these techniques is capable of 

providing valid data.  For this research it is decided to use think-aloud protocols and structured 

scenario simulation interviews as complimentary techniques as well as process tracing (see 

below).  Think-aloud protocols would enable the capture of data during the process of 

completing a 3DSM-CAD task, avoiding the potential problems associated with retrospective 

reports.  Scenario simulation interviews would enable the collection of data that includes 

explanation of the cognitive processes undertaken by the 3DSM-CAD expert. 

 

An additional method, process tracing, may also be applicable in the 3DSM-CAD environment.  

This process is discussed in the following section. 

 

Process tracing 

Schraagen et al. (1999) describe the 'process tracing' method as an observational method of data 

elicitation.  Further Cooke (2000) defines process tracing as “the collection of sequential 

behavioural events and the analysis of the resulting event protocols so that inferences can be 

made about the underlying cognitive processes” (p. 490).  The strength of process tracing, 

according to Cooke (2000), is that the data are collected, providing the researcher is 

unobtrusive, in a natural setting, thus enabling the actual expert behaviour to be viewed.  Data 

collection may be undertaken via direct observation and recording by the researcher or more 

commonly through an alternative method such as video recording.  This data collection method 

may, according to Cooke 2000 and Schumacher and Czerwinski (in Hoffman, Ed. 1992) have 

the advantages, in the case of 3DSM-CAD expertise, that: 

• the actual process of software use is recorded thereby providing a more 

authentic understanding of the procedures employed, 

• the relationship between the software strategy being employed and the 

particular stage of the process would also be available to the researcher. 

It may have the disadvantages that: 

• subjects may not have the available technology necessary for the recording 

process, 
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• the time and inconvenience involved in establishing the recording process may 

mitigate against subjects volunteering to be involved in the study, 

• subjects may feel constrained due to the recording process, 

• the process can be costly,   

• rich data associated with lengthy data collection sessions mean that data 

analysis may be unwieldy, time consuming and interpretation difficult  

 

In order that process tracing may be employed as a knowledge elicitation method for this study 

the disadvantages outlined above would need to be addressed.  In addition, the recommendation 

of Schraagen et al.(1999) to include the “collection of verbal think-aloud protocols while the 

SMEs [subject matter experts] perform a representative set of task problems” (pp. 8-9) needs 

consideration.  Adopting both methods would combine the benefits of the think-aloud process 

outlined above with process tracing.  This combination would provide a very rich data source 

and facilitate the linking of verbal and visual data thus enabling each data source to validate the 

other.  The validity of the verbal protocols would be able to be appraised in accordance with the 

criteria established by Ericsson and Simon (1993), noted earlier: applicability to the solution of 

the task, relevancy to the task and consistency with perceptual information.  

 

In their summary of data collection methods Schraagen et al. (1999) point out that in the choice 

of a suitable knowledge elicitation technique it is important that the process needs to be “easy 

and natural for the subjects” (Schraagen et al., 1999, p. 469).  In choosing a process tracing 

method this would require a recording method that took into account the needs of the subjects 

and the potential logistic difficulties presented to the researcher by having subjects in widely 

disparate locations.  For this and economic reasons, video recording was rejected.  Following 

the recommendation of Cooke (1999) that “unlike traditional knowledge elicitation and task 

analytic methods, methods that focus on computer-recorded events can amass data in the 

background, posing little threat of interference to task performance” (p. 501) a number of 

computer software options was identified that allowed for the process of recording to be 

achieved.   These included the Lotus product ‘ScreenCam’, Microsoft ‘Camcorder’ and the 

TechSmith product ‘Camtasia’ that are commonly used for the production of computer-based 

instruction or product promotion material.  In each case the software enables the capture of all 

computer operations as they occur in real time on the screen and records them in a video format.  

They all have the additional feature of being able to record sound at the same time in the form 

of voice-over.   

 

These products were evaluated therefore as having the potential for process tracing.  For each, 

the software could be readily installed on the subject’s computer, and a microphone supplied, so 

that the subject could record think-aloud protocols as they undertake the production of a 3DSM-
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CAD model.  Once the recording process is commenced the software recedes into the 

background and remains unobtrusive while the 3DSM-CAD task is undertaken.  All computer 

actions and think-aloud protocols are recorded without further subject intervention.  Once the 

3DSM-CAD task is complete the subsequent video is then saved to a CD-ROM and returned to 

the researcher for analysis.   

 

Tests of each of the software packages were undertaken to ascertain their effectiveness.  While 

each was capable of performing the necessary function ‘Camtasia’ was chosen as the preferred 

option for a number of reasons.  Firstly, it is the only package useable over a range of computer 

operating systems.  This is an important factor, as subjects working in industry, in particular, 

often run their CAD software on alternative systems, such as Windows NT, in order to obtain 

network stability.  Secondly, it is also available in a time restricted trial version via the Web, 

thus overcoming the potential problems associated with software licensing.  The trial version 

could be downloaded to CD and supplied to subjects with instructions for installation.  Thirdly, 

the resultant video file was also in a form readable on almost any computer thus enabling ease 

of analysis.   Process tracing using ‘Camtasia’ software, with the addition of think-aloud 

protocols, was therefore considered an appropriate combination of knowledge elicitation 

methods for this study. 

 

Knowledge elicitation summary 

Cooke (2000), Gordon (2000) and Rowe (1991) support the employment of multiple data 

gathering techniques in order to capture declarative, procedural and metacognitive knowledge.  

Cooke (2000) argues that throughout the 1980s and 1990s “it became increasingly clear that due 

to the complexity of knowledge and even greater complexity of cognitive skill, that multiple 

knowledge elicitation methods were probably required for any single application” (Cooke, 

2000, p. 499).  Gordon (1992) and Rowe (1991) support this notion stating that "at least two 

different methods should be employed" (Gordon 1992, p. 115) if the goal is to capture both 

declarative and procedural knowledge.  Since the objective of Study 1 is to verify the 

reconceptualisation of expertise in 3DSM-CAD it was considered necessary to elicit knowledge 

of the use of command knowledge, specific procedural command knowledge and strategic 

(metacognitive) knowledge.  It was therefore considered necessary to employ a number of 

knowledge elicitation methods.  

 

A method of process tracing of subjects’ use of 3DSM-CAD software together with think-aloud 

protocols was chosen using the video capture software ‘Camtasia’.  This technique facilitates 

the simultaneous collection of both visual and verbal protocols enabling the validity of the data 

to be checked via the five criteria established by Ericsson and Simon (1993) and noted earlier:  
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• Were the processes in the verbal protocol necessary for the solution of the 

problem?  

• Are the verbalizations relevant to the task? 

• Are the verbalizations relating to the preceding ones?  

• Are the verbalizations consistent with information previously mentioned? 

• Are the verbalizations consistent with perceptual information?   

 

It was expected that this process would elicit command and specific procedural command 

knowledge and, through both direct and inferential techniques, the use of strategic 

(metacognitive) knowledge.  The technique would not, however, elicit the reasoning behind the 

use of particular strategies.  Therefore, other knowledge elicitation techniques would also need 

to be employed, and interview techniques were chosen for this purpose, as argued below.    

 

Interview techniques are found to be capable of eliciting procedural knowledge (Cooke, 2000; 

Hoffman et al., 1995).  Specifically, structured or focussed interviews enable the use of a 

scenario simulation in order to walk an expert through a specific task so that strategic 

knowledge and the reasoning behind the choice of strategy may be elicited.  It was decided to 

employ two different scenario simulations with different experts.  The first scenario employed 

the same problem used for the initial data gathering via process tracing, the second employed a 

range of scenarios.  The use of a range of scenarios was chosen to enable additional probe 

questions to be directed to the expert such as “Why would you do that?”; “How would you do 

that?”; “What alternative strategies could you use?”; which were expected, according to 

Hoffman et al. (1995), to help to elicit domain procedures and reasoning rules.  It was planned 

that knowledge of these procedures and rules be utilised in the development of the intervention 

for Study 2.   

 

The methodology for Study 1 is described in the next section. 

Study 1 Methodology 

In the section on knowledge elicitation above it is argued that multiple methods of knowledge 

elicitation are necessary so that an understanding of complex cognitive skill may be established 

(Cooke, 2000).  Gordon (1992) and Rowe (1991) argue that, in particular, more than one 

method is required if the goal is to capture both declarative and procedural knowledge.  As 

described above, Study 1 therefore utilised three different knowledge elicitation methods.   

Process tracing with concurrent think-aloud verbal protocols was used with Subjects 1 and 2 

while they completed a set modelling task (this task is described below). This method is 

considered appropriate for collecting declarative command knowledge and specific procedural 
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command knowledge.  It also enables the identification, through both direct and inferential 

techniques, of strategic knowledge but not the reasoning processes underlying the procedural 

knowledge.   Data collection for Subject 3 involved an interview using a physical model of the 

set modelling task as the focus.  This subject was asked to describe the modelling process while 

referring to the physical model thus again providing the opportunity to capture a data set similar 

to that provided by the process undertaken with Subjects 1 and 2.  The use of these two 

knowledge elicitation techniques to capture similar data also enabled a comparison of their 

efficacy for data collection involving complex computer applications to be undertaken.  Data 

collection for Subject 4 involved use of the alternative set of tasks described below.  This 

focussed interview, using a variety of individual tasks, enabled the elicitation of the underlying 

reasoning for the decisions being proposed by the subject and was therefore able to capture 

directly the strategic knowledge of the expert.  The design of the tasks used in Study 1 is 

addressed in the following section. 

 

The task for the process tracing data collection was specifically designed to meet a number of 

criteria.  The task was sufficiently complex to challenge the expert while, at the same time, the 

modelling process would not be taking too long to complete.  In this manner the expert would 

be engaged in, but would not feel compelled to devote excessive amounts of time to the process.  

The task incorporated a number of parts, both main and peripheral, so that parsing needed to 

occur and decisions regarding the category of part (main, peripheral) and the order of part 

generation could be made.  The individual parts were capable of being modelled using a number 

of different algorithms so that choices of strategy would be made and opportunities existed for 

efficiencies of production to occur through a strategic approach.   The designed model is the one 

used in the 3DSM-CAD modelling discussion in Chapter 1 of this thesis and illustrated in 

Figure 25 below.  (Full model details, as communicated to Subjects 1 and 2, are included in 

Appendix 1.  A physical model was used during the knowledge elicitation process with Subject 

3.) 

 

Figure 25.  Pilot Study CAD Task 
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The task designed for the focussed interview with Subject 4 addresses different criteria.  

Outlined above is that the data collection process employed with Subjects 1-3 was able to elicit 

declarative command and specific procedural command knowledge and, through inference, the 

procedural knowledge of 3DSM-CAD experts.  However, it is acknowledged that these 

processes are not able to elicit the reasoning underlying the use of strategic knowledge.  In order 

to provide a comprehensive understanding of 3DSM-CAD expertise it was considered necessary 

to elicit this reasoning.  The task designed for subject 4 was designed for this purpose.  This task 

includes a number of specific objects that could be modelled using alternative algorithms.  

During the focussed interview with Subject 4 explanations were elicited regarding the 

alternative algorithms that could be used to complete the model, which algorithm was preferred 

and the basis for the choice.  The objects were chosen on the basis that they were objects 

modelled by novice learners when undertaking initial training with a well known 3DSM-CAD 

program within Australia.  These objects were then randomised so that the order of presentation 

did not reflect a logical progression of objects using similar or related algorithms.  That is, the 

explanation for one task did not necessarily suggest possible strategy choice for the subsequent 

object.   An example of the objects is included below as Figure 26.  (The complete object list is 

included as Appendix 2).  The actual process of data capture is described in the following 

section. 
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Randomised Visualisation shapes for expert interviews 

Filename 

 
Visual 21 

 
Visual 9 

 
Visual 20 

 
Visual 4 

 
Visual 8 

 

Figure 26.  Pilot Study Subject 4 Focussed Interview Task Examples. 
 

Procedures 

Data collection for Subjects 1 and 2 was undertaken in their individual workplaces without the 

presence of the researcher.  This procedure was chosen due to the disparate locations of the 

subjects and in order to overcome the possibility that the presence of a researcher may have 

inhibited the verbalisation of the subject.  Subjects were provided with a package of materials 

including: instructions for the installation of the Camtasia software, drawings of the object to be 

modelled, CD ROM containing the software and onto which the data was to be saved and 

returned for analysis, a headset microphone for use when undertaking the process tracing and 

think-aloud protocols and a stamped addressed envelope for the return of the CD ROM.  It was 

recommended in the instructions to subjects that the process of data collection be undertaken 
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alone so that interruption would be less likely and so that the subject would be less inhibited in 

the verbalisation process.  This was recommended so that the subject would be as comfortable 

as possible with the process. 

 

During the construction of the model, data capture using video capture, with associated verbal 

protocols, was undertaken with Subjects One and Two.  Consistent with the findings of Ericsson 

and Simon (1993) specific instructions were given to the subjects to avoid the possibility that 

they would try to explain their reasoning.  Subjects were instructed to “talk aloud constantly 

from the time you see the problem until you have generated the solution.  I don’t want you to 

plan what you say or try to explain what you are doing” (Ericsson & Simon, 1993, p. 376).  

Further, subjects were instructed to trial the use of the video capture software with their CAD 

system prior to actual data capture so that they would gain experience in the process of 

verbalising their thoughts while they undertook a CAD task.  This procedure was incorporated 

into the instructions so that subjects become more comfortable with both the data capture and 

concurrent verbalisation processes. (Full details of the model and instructions are included as 

Appendix 1). 

 

An alternative knowledge elicitation technique was employed with Subject 3.  In this case the 

same model was employed; however data capture occurred via an interview.  This technique 

was used to gain data through a range of techniques and to ensure that any negative effects of 

the process of data capture using the video capture software was avoided.  The interview with 

Subject 3 occurred in a quiet environment in the subject’s workplace.  The subject was given the 

physical model and asked to describe the processes by which it could be modelled.  In this way 

the process was similar to the think-aloud protocols captured with Subjects 1 and 2 but without 

the need to construct the model with the 3DSM-CAD software.  The think-aloud protocol was 

tape recorded for future transcription and analysis.  During the recording process notations were 

made by the researcher so that the subject’s current view of the model was able to be linked to 

the specific stage of the description. 

 

The data capture process for Subject 4 involved a focused interview.  The interview took place 

in a quiet, isolated location of the workplace of the subject.  In this case each different model 

was displayed dynamically on a computer screen.  The model rotated through 360 degrees on 

the vertical axis and then 360 degrees on the horizontal axis.  The subject had the option to view 

the display as many times as desired prior to being asked to explain the modelling process they 

would use to construct the model.  The interviewer was able to seek clarification of the process 

or algorithm, where needed, and after this to request that the subject provide the rationale for the 

particular choice and whether other algorithmic options might have been available.  The 

computer model and the interview were captured using video capture software.  In this manner 
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the verbal protocols could be linked directly to the individual model under discussion and any 

computer mouse movements used by the subject in highlighting the modelling process were also 

available for analysis.  The knowledge elicitation process was therefore able to capture the 

declarative command knowledge and the strategic knowledge of the expert.   

 

Analysis of the expert data gathered through the various knowledge elicitation techniques was 

designed to provide insight into the cognitive processes undertaken by CAD experts involved in 

the process of constructing 3DSM-CAD models.  The process of data segmentation prior to 

analysis is described in the following section. 

 

Data segmentation 

The source data for Study 1 consisted of verbal protocols and images in the form of both video 

capture and, in the case of Subjects 3 and 4, separate viewpoint images of the physical model or 

individual tasks used during the interview.  Verbal protocols and interview data were fully 

transcribed and individual images representing the sequential development of the computer 

model, and the individual viewpoints of the physical model for each of the tasks used for the 

focused interview were generated.  These data were placed into a table with the image placed in 

the cell adjacent to the verbal protocols.  In this manner the verbal protocols relating to the 

particular image were identified.  Data segmentation for the purposes of analysis of the data 

from Study 1 was thus undertaken on the basis of changes in the perceptual or screen image.  

When a noteworthy change in the screen image was generated by the subject a new row was 

inserted into the table and the particular image inserted into cell three of the row.  The full 

verbal protocol was inserted in cell two of the row.  Individual thoughts are represented as 

sentences, or clauses; pauses are represented as a series of periods.  The analysis of the CAD 

and cognitive processes is included in cell 6 of the row and the coding for CAD and cognitive 

operations are inserted into cells four and five respectively.  (An example of the data 

segmentation and coding for Subject 2 is illustrated below in Table 3).    The individual coding 

is described in the following section. 
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Table 3.  Example data segmentation and coding - Subject 2. 
 

Code 1  Verbal protocol CAD Image 

CAD Cognitive

Analysis 

22.  and let's trim it off.  
Now we need to trim 
off and select these 
as a smart line and it 
is continuous now.    
 
 
We need to delete 
the last little bit if we 
can no!! no!! no!! 
UNDO!! 

 MS 
CM 

Mental 
subtraction is used 
to ascertain which 
sections of the 
line/circle need to 
be removed to get 
the correct profile.   
 
Following the 
deletion process the 
result is checked 
for accuracy. 

23.  That I said drop … I 
didn't say drop a line 
string!   
 
Delete that last little 
bit.   
 
 
 
 
Okay we've done 
that now let's revolve 
that.    
 
 
 
Oh bugger!!! I didn't 
join them up while I 
had the chance.   
 
Take that point and 
that one …. finished. 

RS CM 
MS 
E 

Following 
checking the 
operation is undone 
and reconstructed 
correctly.  Imaging 
of correct mental 
subtraction 
enables this process 
to be corrected. 
 
Rotation sweep 
enables the 
completed shape to 
be imaged prior to 
competing 
construction.   
 
Subject evaluates 
the process used. 
 
 

24.  Let's revolve this 
little sucker  
yep axis of 
revolution  
 
 
 
 
 
 
 
yep  
yep  
yep  
yep done. 

RS CM Subject uses 
rotation sweep in 
order to generate 
the desired solid 
from the produced 
profile, the 
direction and extent 
(number of 90˚ 
sectors) of the 
operation is imaged 
and constructed.   
 
Resultant 
construction is then 
checked. 

For explanations of codes, see below. 
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Coding the protocols for CAD and cognitive processes 

Coding of the data for Subjects 1 and 2 was completed by undertaking an analysis of both the 

verbal protocol and the video images.  It is important to note that the images in the table are 

representative only of a dynamic on-screen process.  The video capture file was utilised 

throughout the data coding process and retained as a data source to verify and clarify the coding.  

Coding of the data for Subjects 3 and 4 followed a similar pattern but used a specific model 

viewpoint image, in the case of Subject 3, and a specific task image, in the case of Subject 4, for 

segmentation purposes.  The text in the analysis cell for each row provides a summary of the 

processes being undertaken during the time-frame when the particular perceptual image was 

displayed.   Specific CAD processes and cognitive processes were highlighted.  A summary 

table for each subject was generated, identifying a number of different categories of CAD 

processes and cognitive processes.  These categories are described in the following section. 

 

CAD process categories. 

A number of separate CAD processes were used in 3DSM-CAD modelling and were therefore 

able to be identified within the data from experts engaged in Study 1.  Many of these processes 

involved mental imagery as discussed in Chapter 3.  These CAD processes were identified 

through the algorithmic processes chosen by the subjects and through the on-screen image 

manipulations evident in the video. 

 

Multiple View [MV] – the process of creating multiple views of an object on the screen so that 

alternative orientations can be viewed simultaneously. 

 

Rotation Object [RO] – the process of rotating the CAD model to a new orientation on the 

computer screen in order to provide a better viewpoint for visualisation or model generation. 

 

Rotation Sweep [RS] – the algorithmic process of creating a solid object by rotation of a cross-

sectional shape around a central axis. 

 

Rotation on Path [RP] – the algorithmic process of creating a solid object that occurs when a 

cross-sectional shape is rotated or swept along a path or axis to produce, for example, tubular 

shaped objects. 
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Rotation of Individual Surface [RIS] - the algorithmic process that enables individual sections 

of flat patterns to be rotated into ‘box’ structures of individual surfaces of a solid to be rotated to 

a new angle. 

 

Construction Extrude [CE] – the algorithmic process of creating a solid object that occurs when 

a cross-sectional shape is translated to a new position parallel to its original location. 

 

Object Resizing [OS] – the algorithmic process of using an existing solid object to create an 

additional solid object of identical proportions but different size.  

 

Construction Lofting [CL] – the algorithmic process of using a number of planar shapes to 

generate a solid object.  The shapes may be either parallel or at an angle to one another and may 

be quite dissimilar in cross section.  This process is sometimes referred to as blending. 

 

Mirror Imaging [MI] – the algorithmic process of using an existing solid object to create an 

additional object, of identical size and proportions, that is a mirror image of the original object.  

Mirror imaging may also be used to create the other side of symmetrical objects. 

 

Geometry Identification [GID] – the disaggregative mental imagery process of identifying the 

geometry necessary to produce a give solid. 

 

Geometry Construction [GC] – the process of constructing specific geometry.  

 

Cognitive process categories. 

In Chapters 2 and 3 it is hypothesised that the strategic knowledge of 3DSM-CAD experts is 

characterised by the use of a range of mental imagery and metacognitive processes.  For the 

purpose of analysis, individual cognitive processes were grouped into cognitive processes 

involving mental imagery and metacognitive processes.  The following cognitive processes 

involving mental imagery were identified in Study 1 data: 

 

Mental Deconstruction (including parsing) [MD] – includes the cognitive processes of parsing 

an object into algorithmically salient parts, the mental deconstruction of a part into its derivative 

geometry or the further deconstruction of geometry into the elements necessary for geometrical 

shape production.  Mental deconstruction was inferred from statements such as “I can create the 

wedge shape” or “now let’s draw the vertical pin” or through perceptual cues available in the 

video when individual part modelling commenced.  Parsing was inferred from the modelling 

strategy whereby individual parts were modelled in sequence. 
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Core Part Selection [CP] – a core part is identified (Hoffman & Singh, 1997) as one that joins 

more than one other part; however in terms of 3DSM-CAD, a core part is one that will form the 

basis of the modelling process onto which other parts will be attached, or from which parts will 

be subtracted.  The selection of the core part was inferred on the basis of the part chosen for the 

start of the modelling process. 

 

Mental Construction [MC] – mental construction or combination involves the use of known 

components or shapes in combination to form a new or novel entity (Cooper, 1990; Finke & 

Slayton, 1988; Kosslyn, Reiser, Farah & Fliegel, 1983; Neisser, 1967, Pylyshyn, 1973 and 

others).  Mental construction was evidenced by the use of a number of parts, either solid or 

geometric, to create a new object or piece of geometry. 

 

Mental Subtraction [MS] – Verstijnen, van Leeuwen, Goldschmidt, Hamel, and Hennessey 

(1998) provide support for the cognitive process whereby new shapes are imaged as an outcome 

of the subtraction of one shape from another.  This is a process commonly used in 3DSM-CAD 

to produce holes or cut-outs in a model. 

 

Spatial Positioning [SP] – involves the ability to manipulate and orient an object mentally 

(Cooper & Shepard, 1978; Lord, 1985; Shepard, 1974; and others).  In 3DSM-CAD it is a 

cognitive process that enables the operator to manipulate the orientation of an object so that the 

problem solving process may be more efficiently undertaken.  Spatial positioning is evidenced 

by the manipulation of the on-screen image and through statements such as “all I have to do is 

to slide it into a position that is suitable”. 

 

The following metacognitive processes were identified in Study 1 data: 

 

Planning [PL] – planning or goal setting (Anderson, 1993) is expressed in terms of deciding on 

the order of part generation or establishing conditions in advance of when they are required.  It 

may be expressed in terms such as “the next thing I want to do” or “this time I want to make”. 

 

Strategy Selection [SS] – previous research in CAD (Bhavnani 2000; Bhavnani & John, 1996; 

and others) posits that the selection of which strategy or algorithm to use in a particular situation 

is one measure of expertise.  This is supported by research on expertise in other domains (Card, 

Moran & Newell; 1983; Gott, 1989; Newell & Simon, 1972; Stevenson, 1984; and others).  Gott 

(1989) describes this as a process of deciding “how-to-decide what-to-do-and when” (p. 100).  

For example “I’m going to need a copy of this”. 
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Predicting Consequences [PC] – Klahr and Kotovsky (1989), Matlin (2005), Sternberg and 

Grigorenko (2003) and Baker and Brown (1982, 1984a, 1984b) argue that predicting 

consequences is an attribute of expertise.   This cognitive process becomes critical in 3DSM-

CAD (Gaughran, 2000; Rodriguez, Ridge, Dickinson & Whitwam, 1998; Ryne, Gaughran & 

McNamara, 2003) as it is possible to create a model that can reach a “critical stage where 

parametric manipulation is no longer possible” (Rodriguez , et al. 1998, p. 1) thus preventing 

future design changes.  An example was: “It depends on how many things you do after the 

shape because sometimes you want to change the shape so you think about different methods to 

create the shape”. 

 

Checking / Monitoring [CM] – is the process of monitoring one’s progress towards the 

achievement of sub-goals and the overall goal when engaged in problem solving (Klahr & 

Kotovsky, 1989; Matlin, 2005; Sternberg & Grigorenko, 2003).  Evidence of monitoring 

included statements such as “That doesn’t look right”, “no wrong way ….. that’s better”. 

 

Evaluation [E] – involves reflection (Veenman & Verheij, 2003) as well as evaluation (Resnick, 

1976; Sternberg, 1990) of the efficacy of the problem solving process as it is undertaken so that 

alternative methods may be employed.  For example “What have I done? Trying to extrude 

something when all I have to do is create a cone”. 

 

Findings of Study 1 

This section presents an analysis of the expert data with the purpose of providing support for the 

proposed reconceptualisation of 3DSM-CAD expertise and to provide insight into those aspects 

of 3DSM-CAD expertise that need to be addressed in the development of the intervention for 

Study 2. 
 

Subject 1 

The data for Subject 1 were collected via process tracing with the addition of verbal protocols.  

The generation of the CAD model was undertaken on the subject’s own computer using the 

CAD program of their choice.  The design process, along with the verbal protocols, were 

captured using video capture software.  Subject 1 successfully completed all aspects of the 

modelling task in a time of 30 minutes 0 seconds.  Detailed analysis of the verbal and visual 

protocols is included in Appendix 3.  Table 4 presents a summary of the CAD processes, 

cognitive processes involving mental imagery and metacognitive processes used by Subject 1.  
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Table 4 Subject One – CAD and Cognitive Process totals 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No. 
MV Multiple View 16 MD Mental Deconstruction - 

Parsing 
5 

RO Rotation of Object 11 CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 2 MC Mental Construction 23 
RP Rotation on Path  MS Mental Subtraction 10 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 14 

CE Construction Extrude 1  Metacognitive Processes  
OS Object Resizing 2 Code  No. 
CL Construction Lofting 2 PL Planning 11 
MI Mirror Imaging 1 SS Strategy Selection 6 
GID Geometry Identification 1 PC Predicting Consequences 2 
GC Geometry Construction 2 E Evaluation  
   CM Checking/Monitoring  30 
 

Analysis shows that Subject 1 engaged in a range of CAD processes during the construction of 

the model.  These processes utilised those aspects of both declarative command knowledge and 

specific procedural command knowledge needed to undertake the specific task.  In addition, two 

categories of cognitive processes are evident: mental imagery processes specifically related to 

the selection and execution of appropriate CAD algorithms and a range of cognitive 

metacognitive processes associated with the planning and monitoring of the process of 3D 

modelling.  These processes involved visualisation as discussed below. 

 

Subject 1 exhibited high instances of processes involving mental imagery, specifically mental 

construction, spatial positioning and mental subtraction with mental deconstruction also being 

used on a number of occasions.   These mental imagery processes were undertaken in order to 

visualise methods by which the model or the geometry could be constructed and to visualise the 

relationships between various parts of the model.  That is, they were associated with controlling 

cognition.  Also evident were relatively high numbers of various metacognitive processes.  

These involved planning, strategy selection and predicting.  Subject 1 also frequently utilised 

the metacognitive processes of checking and monitoring. Many of these processes were 

associated with the CAD processes of multiple views and object rotation.  These CAD 

techniques were used to enhance the process of checking and monitoring progress through 

either gaining views of one object from a range of view-points or re-orientation of the partially 

completed model in order to view it from a specific viewpoint. 
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Subject 2 

The data for Subject 2 were also collected via process tracing with the addition of verbal 

protocols.  The generation of the CAD model was undertaken on the subject’s own computer 

using the CAD program of their choice.  This design process, along with the verbal protocols, 

were captured using video capture software.  Subject 2 successfully completed most aspects of 

the modelling task in a time of 32 minutes 59 seconds.  The ‘horn’ shape was unable to be 

modelled by this subject due to a combination of an inability to find an alternative algorithm in 

the software and unwillingness to spend the time necessary to calculate the size change for the 

transition that would have enabled the construction of the part using the algorithm with which 

the subject was familiar.  Detailed analysis of the verbal and visual protocols is included in 

Appendix 4.  Table 5 presents a summary of the CAD processes, cognitive processes involving 

mental imagery and metacognitive processes used by Subject 2.  

Table 5 Subject Two – CAD and Cognitive Process Totals 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No. 
MV Multiple View  MD Mental Deconstruction - 

Parsing 
9 

RO Rotation of Object 9 CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 5 MC Mental Construction 9 
RP Rotation on Path  MS Mental Subtraction 11 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 14 

CE Construction Extrude 3  Metacognitive Processes  
OS Object Resizing 1 Code  No. 
CL Construction Lofting 1 PL Planning 2 
MI Mirror Imaging 1 SS Strategy Selection 1 
GID Geometry Identification  PC Predicting Consequences  
GC Geometry Construction  E Evaluation 4 
   CM Checking/Monitoring  24 
 

Analysis shows that Subject 2 engaged in a range of CAD processes during the construction of 

the model.  These processes utilised those aspects of both declarative command knowledge and 

specific procedural command knowledge needed to undertake the specific task.  In addition, the 

two expected categories of cognitive processes were evident.  Subject 2 utilised a range of 

mental imagery supported processes specifically related to the controlled selection and 

execution of appropriate CAD algorithms.   These processes included high instances of spatial 

positioning, mental subtraction, mental construction and mental deconstruction.  These mental 

imagery processes were undertaken in order to visualise methods by which the model or the 

geometry could be constructed and to visualise the relationships between various parts of the 

model.    
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Subject 2 utilised frequent checking and monitoring strategies, a number of which were 

associated with the CAD process of object rotation.  This technique was used to enhance the 

process of checking and monitoring progress through re-orientation of the partially completed 

model in order to view it from a specific viewpoint.  The frequency of metacognitive processes 

(planning, strategy selection, parsing and predicting) was lower than Subject 1, however this 

subject undertook more metacognitive evaluative strategies, identifying when alternative 

modelling strategies would have been more efficient.   

 

Subject 3 

The subject in this case was given a physical model of the object and asked to describe the 

process by which modelling would be undertaken.  This complementary data gathering process 

was used, rather than the process tracing method, in order to incorporate alternate knowledge 

elicitation techniques in the overall methodology as suggested by Cooke (2000), Gordon (1992) 

and Rowe (1991).  An audiotape recording was made of the subject’s description and 

transcribed.  Detailed analysis of the verbal and visual protocols is included in Appendix 5.  To 

illustrate the stages of imaging described by the subject, the researcher has constructed the 

images included in the table in Appendix 5.  The orientation of the images is depicted in 

accordance with the actual orientation of the physical model used by Subject 3 during the 

interview process.  Table 6 presents a summary of the CAD processes, cognitive processes 

involving mental imagery and metacognitive processes used by Subject 3. 

Table 6. Subject Three – CAD and Cognitive Process Totals 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No. 
MV Multiple View  MD Mental Deconstruction - 

Parsing 
7 

RO Rotation of Object  CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 3 MC Mental Construction 1 
RP Rotation on Path  MS Mental Subtraction 4 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 7 

CE Construction Extrude 1  Metacognitive Processes  
OS Object Resizing  Code  No. 
CL Construction Lofting 1 PL Planning  
MI Mirror Imaging  SS Strategy Selection  
GID Geometry Identification  PC Predicting Consequences  
GC Geometry Construction  E Evaluation  
   CM Checking/Monitoring  1 
 

Subject 3 was not required to undertake the actual modelling process and this may be the reason 

why the numbers of CAD and cognitive processes were considerably smaller compared with 

those of previous subjects.  From the table Subject 3 utilised a small range of CAD processes 
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during the construction of the model.  These processes involved mainly those aspects of 

declarative command knowledge needed to undertake the specific task. 

 

The relatively high proportion of cognitive processes involving the specific mental imagery 

processes of deconstruction, spatial positioning and subtraction was consistent with previous 

subjects.  Subject 3 was unable to identify two key features of the model, the taper on the hole 

and the flat sides on the ‘horn’.  This meant that the 3DSM-CAD algorithms described by the 

subject for the generation of these parts would not have actually produced a true representation 

of the model.  It is of interest that this subject chose strategies that minimised the use of 

geometry in model construction through the use of available 3DSM-CAD processes such as 

round/fillet.  The subject did not elaborate upon the reason for this choice.  The low incidence of 

metacognitive processes reflects the nature of the knowledge elicitation process whereby a 

verbal protocol describing the proposed modelling technique was recorded but the actual 

construction of the model was not required.  It is also possible that Subject 3 did not verbalise 

the planning processes involved in solving the problem because these metacognitive processes 

may have become somewhat automated through extensive experience in teaching. 

 

Subject 4 

Subject 4 was shown video files of twenty separate objects on a computer screen in a scenario 

simulation interview.  As argued above, this complementary knowledge elicitation technique 

was chosen so that the underlying reasoning for the strategy choices made by Subject 4 could be 

identified, enabling the identification of domain procedures and reasoning rules.  The objects 

included in the scenario simulation interview were chosen by the researcher to encompass a 

range of 3DSM-CAD algorithms.  Thirteen of the objects included the possibility of being 

modelled by using more than one strategy.  Each video file rotated the object around a vertical 

axis and then around a horizontal axis.  The subject was free to view the video as many times as 

necessary in order to gain a complete understanding of the shape of the object involved.  The 

subject was then requested to explain the process by which the object would be modelled.  

Verbal protocols were recorded via video capture software while the object was on the computer 

screen.  This process enabled the subject to use the computer mouse to point to specific features 

of the object during the explanation and to have these movements recorded.  The verbal 

protocols were then transcribed for analysis.  Detailed analysis of the verbal and visual 

protocols is included in Appendix 6.  Table 7 presents a summary of the CAD processes, 

cognitive processes involving mental imagery and metacognitive processes used by Subject 4. 
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Table 7. Subject Four - CAD and Cognitive Process Totals 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No. 
MV Multiple View  MD Mental Deconstruction - 

Parsing 
21 

RO Rotation of Object  CP Core Part Selection  
RS Rotation Sweep (Revolve) 5 MC Mental Construction 2 
RP Rotation on Path 4 MS Mental Subtraction 5 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 2 

CE Construction Extrude 10  Metacognitive Processes  
OS Object Resizing 1 Code  No. 
CL Construction Lofting 3 PL Planning 1 
MI Mirror Imaging 1 SS Strategy Selection 11 
GID Geometry Identification 20 PC Predicting Consequences 6 
GC Geometry Construction 3 E Evaluation  
   CM Checking/Monitoring   
 

From Table 7, Subject 4 proposed the use of a range of CAD processes.  Due to the use of a 

range of modelling tasks in the knowledge elicitation process, little direct comparison is 

possible with the other subjects.  However, it is apparent that this subject engaged in more 

geometry identification that other subjects, particularly when it is considered that in response to 

three models the subject recognised similarity with previous shapes and thus concentrated on 

more advanced strategy selection such as copy, scale and mirror. 

 

Subject 4 engaged in a range of mental imagery processes specifically related to the selection of 

appropriate CAD algorithms and a range of metacognitive processes associated with the 

planning of the process of 3D modelling.  Subject 4 exhibited high instances of processes 

involving mental imagery, specifically mental deconstruction, in order to visualise possible 

algorithmic approaches by which the model could be generated and methods by which the 

geometry could be constructed.  The incidence of both strategy selection and predicting was 

high indicating that Subject 4 considered possible future changes to the model in the initial 

stages of modelling. 

 

Subject 4 provided valid modelling techniques for all but one of the objects.  A number of 

distinctive contributions to the understanding of the 3DSM-CAD process were made.  The 

subject did not notice a specific feature of one object that would have prevented it being 

modelled by the suggested method.  However, when this was pointed out, a valid alternative 

method was suggested.  Twelve of the remaining models were structured so that the possibility 

of multiple strategies could be employed.  Subject 4’s responses to these models included six 

instances where more than one strategy was suggested spontaneously.  In each case a preferred 

strategy was declared and the reason for the choice elaborated upon.  There were also five 
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occasions where this subject identified the possibility of using either an existing part of the 

object or existing geometry in a subsequent part of the modelling process.  In addition, Subject 

4 made seven separate references to the choice of strategy being directly related to the ease by 

which a model could subsequently be changed or modified.   

 

In Summary, analyses of expert 3DSM-CAD performance generated a number of key findings.  

These findings indicate that 3DSM-CAD experts made use of a range of mental imagery 

abilities and employed a range of metacognitive processes not previously conceptualised as 

being included in strategic CAD knowledge (e.g. Bhavnani, 2000).  The data provide support 

for the reconceptualisation of 3DSM-CAD knowledge to include declarative command 

knowledge, specific procedural command knowledge and strategic knowledge.  In addition the 

data also provide support for the design and testing of an intervention aimed to test whether the 

development of 3DSM-CAD strategic knowledge may be developed through targeted teaching 

and learning processes.  The findings are discussed in the following section.  

 

Discussion 

All experts displayed very strong spatial abilities.  This is evidenced by the number of cognitive 

processes involving mental imagery used by subjects and their ability to identify specific CAD 

processes for use throughout the 3DSM-CAD problem solving processes.  These abilities were 

critical in solving the 3DSM-CAD problem or problems and are therefore important to be 

identified during learning.  The mental imagery techniques included those general abilities 

identified in the literature, for example, mental deconstruction, parsing, core part selection, 

mental construction, mental subtraction and rotation.  In addition, it was also found that the 

subjects were able to identify those mental imagery processes specific to 3DSM-CAD, but not 

yet identified in the literature, for example: disaggregation of a part into its derivative geometry, 

rotation of a cross-section around an axis, projection, sweep along a path and lofting.  These 

findings are consistent with and extend previous research.  For instance, Ault (2003) argues that 

it is “assumed by many that the use of solid modelling will enhance students’ visualization 

skills” (p. 1) while Gaughran (2002) argues “the creative use of CAD software depends greatly 

on the users’ cognitive ability to visualize the design intent and to interact with the developing 

model of the product” (p. 1).   In addition, the research of Sorby (1999) concludes that “a 

person’s spatial skills as measured by the MCT are a significant factor in their ability to interact 

with a computer in a 3-D modelling environment” (p. 5).  However, the research of Ault (2003), 

Sorby (1999) and Yue and Chen (2001) concludes that “merely working with 3-D software does 

not improve the spatial abilities of students by a significant amount” (Sorby, 1999, p. 1).  The 

finding reported here about how 3DSM-CAD experts employ their spatial abilities suggests the 
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importance of including, within an intervention strategy, the development of spatial ability 

which may lead to improved use of strategic knowledge by CAD users. 

 

The nature of the parsing process and the designer’s identification of the core part in the 3DSM-

CAD process have been outlined in Chapter 1, as it is through these processes that 

algorithmically salient parts are identified and the core part established as a basis for generating 

a design.  It is the core part that forms the basis of the modelling process onto which other parts 

are either attached or from which parts are subtracted.  Yet, in the initial stages of the modelling 

process none of the experts mentioned the process of mentally decomposing or parsing the 

object into its algorithmically salient parts or the identification of the core part for the purposes 

of commencing modelling.  One possible explanation is that this process occurred before any 

verbalisation commenced, because each subject began the set model with the same core part and 

each created the model on the basis of the same sub-parts.  It would appear therefore that the 

processes of parsing and core part identification may have become automatic.  This assumption 

accords with the views of Hoffman and Singh (1997) and Anderson (1996) who stated, in 

relation to problem solving, that “it is assumed that the perceptual system has parsed the visual 

array into objects” (Anderson, 1996, p. 359).   Nevertheless, it is concluded that the processes of 

parsing and core part identification that may have become automatic in expert 3DSM-CAD 

performance would still need to be made explicit during the instruction of novices if expert 

performance is to be achieved. 

 

In addition to the verbal protocols, the process tracing and focussed interview methods of the 

pilot study also highlighted the use of metacognitive processes by 3DSM-CAD experts. The 

metacognitive processes identified through the three methods may be grouped in terms of those 

engaged in prior to the modelling process (e.g. involving planning, strategy selection, and 

predicting) and those undertaken during and after the modelling process (such as checking, 

monitoring and evaluating).  The instances of planning and strategy selection processes were 

particularly high, matching this particular characteristic of expertise previously identified by 

Chi, Glaser and Farr (1988), Sternberg (1990) and Sternberg and Frensch (1991).  The instances 

of checking, monitoring and evaluating were also high, especially in the verbal protocols of 

Subjects 1 and 2.  This finding supports the hypothesis that the development of 3DSM-CAD 

expertise needs to concentrate not only on the acquisition of high levels of command knowledge 

but also on the development of planning and monitoring procedures.   

 

The final key issue identified through Study 1 is related to the modelling strategies employed by 

the individual subjects.  Subjects 1 and 2 utilised strategies that were heavily reliant on the 

development of full geometry as a basis for the model.  For example, the core part of the model 

was based upon the detailed construction of a complete profile that was then extruded to form 
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the solid.  Subjects 3 and 4 took a somewhat different approach to the modelling task by 

reducing the amount of geometry needing to be developed, instead relying on the use of 3DSM-

CAD processes that are more easily changed .  In this way for example: 

• corners were rounded with fillets once the solid was produced rather than at the 

geometry stage, 

• single lines were extruded and then the solid produced by giving the model a 

thickness, 

• particular profiles were produced by subtracting a solid rather than constructing 

complex geometry, 

• both parts and geometry were duplicated and scaled rather than being redrawn.   

 

Subject 4 in particular, consistently justified the choice of modelling strategy or algorithm 

choice on the basis that “we always say it is easy to change.”  It is concluded from this analysis 

that the subjects involved in Study 1 approached problems on the basis of different professional 

preferences.  One explanation may be that they had ‘encapsulated’ 3DSM-CAD concepts in 

different ways because of differences in their prior experiences (Boshuizen, Schmidt, Custers & 

Van de Weil, 1995).   

 

Subjects displayed a range of expertise.  Subject 1 was identified through industry contacts and 

was therefore heavily involved not only with particular software but also with a particular type 

of industry.  Expertise on this task may have been very specific to the domain of that industry 

(heavy engineering), thus accounting for the difficulty this subject had in constructing one 

particular part of the model.  Subjects 2 and 3 both came from an education background but had 

achieved a level of industry recognition for their expertise.  Subject 3, however, had been more 

heavily involved in 3DSM-CAD training across a wide range of locations and with teachers 

involved with the use of 3DSM-CAD for a range of purposes.  This subject would therefore 

have been exposed to the need to solve a wider range of 3DSM-CAD problems, and this 

experience may have led to the development of greater expertise in problem analysis, prediction 

and strategy selection techniques.  Subject 4 had a strongly developed ‘always make it easy to 

change’ approach to the modelling task pointing perhaps to ‘encapsulation’ of knowledge and 

the existence of ‘scripts’ indicating a high level of ability to predict the consequences of strategy 

selection.  This subject also identified multiple strategies for tasks suggesting very well 

developed levels of problem analysis.   Each of these characteristics is consistent with the 

literature on expertise reviewed in Chapter 2 (Boshuizen, Schmidt, Custers & Van de Weil, 

1995; Chi, Glaser & Farr, 1988; Sternberg; 1990; Sternberg & Frensch, 1990), suggesting the 

possibility that this subject had developed a higher level of expertise (that was encapsulated in a 

different way) than other subjects involved in the study.  Moreover, Subject 4, by virtue of 

being employed by a major multi-national CAD software company in Hong Kong in both a 
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training capacity and as manager of the ‘Help Desk’ for the whole of the Asia-Pacific region, 

was constantly required to analyse problems for clients in a very broad range of 3DSM-CAD 

contexts.  Hence, the nature of his experience and his performance on this task both suggest that 

the expertise of Subject 4 was very highly developed.   

 

It is concluded that software-related expertise may need to be defined not only in terms of a 

number of years of experience, being recognised by others as possessing expertise and having 

experience in teaching/training others but also in terms of experiencing problem solving across 

the full range of contexts in which the software is employed.  Sternberg and Grigorenko (2003) 

support the importance of the flexible nature of expert knowledge arguing ‘true’ experts are 

expected to be able to adapt their knowledge bases to novel demands” (Sternberg & Grigorenko, 

2003, p. 162).  Thus Subjects 3 and 4 had a broad range of problem solving experience with 

3DSM-CAD while the experience of Subjects 1 and 2 was more specific to the domain in which 

they operated.  It may be argued that Subjects 3 and 4 may thus be considered ‘true’ experts in 

terms of the conceptualisation of Sternberg and Grigorenko (2003).  In relation to this research 

it may be considered that Subjects 3 and 4 had developed a higher level of expertise that 

Subjects 1 and 2.  The broad range of problem solving experiences of Subjects 3 and 4 may 

have enabled them to develop ‘scripts’ in the manner argued by Boshuizen, Schmidt, Custers 

and Van de Weil (1995) in Chapter 2.  The strategy justification statement of Subject 4 “we 

always say it is easy to change” may indicate the existence of a script (easy to change).  It is 

noteworthy therefore that the 3DSM-CAD problem solving approach of these subjects placed 

greater emphasis on the selection of strategies that emphasize the use of procedural commands 

rather than geometry as the basis for part generation.   The ‘script’ used by 3DSM-CAD experts 

therefore involves ‘expert parsing’ of the object at a deeper more structural level so that 

alternative algorithmic saliencies are identified and considered when choosing modelling 

strategies. 

  

The findings of Study 1 confirm the need for a range of knowledge elicitation techniques in 

order to gain insight into the cognitive processes employed in the use of complex computer 

software.  In particular, the process tracing methodology using video capture software was 

found to be particularly effective in gaining fine grained data.  These data were able to identify 

both declarative command knowledge and specific procedural command knowledge.  In 

addition, this methodology enabled the identification, both directly and through inference, of the 

use of a range of metacognitive processes.  Study 1 confirmed that the 3DSM-CAD experts 

used a range of cognitive processes involving mental imagery.  These included the automatic 

parsing of objects into algorithmically salient parts and a range of visualisation techniques used 

to identify the process by which the object might be modelled (e.g. mental construction and 

mental subtraction) and checked for accuracy (e.g. mental rotation).  The findings also 
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demonstrate that the 3DSM-CAD experts, in a similar fashion to experts in other domains, made 

frequent use of a range of the metacognitive processes of planning, strategy selection, 

predicting, checking and monitoring.  The remaining key issue identified through Study 1 was 

the expert 3DSM-CAD strategy of selecting strategies that used procedural commands for 

model generation, in preference to geometry, in order to maintain model integrity and make the 

model easier to modify at a later time in the design process.   

 

The analyses of Study 1 data provide support for the reconceptualisation of 3DSM-CAD 

knowledge into three categories: declarative command knowledge, specific procedural 

command knowledge and strategic knowledge.  Further, it supports the contention that strategic 

CAD knowledge is currently too narrowly defined and should include a range of metacognitive 

processes including: planning, predicting, evaluation and monitoring.  Study 1 also provides a 

basis for operationalising the reconceptualisation of 3DSM-CAD knowledge into an 

intervention strategy aimed at the development of strategic knowledge through the teaching and 

learning process.   

 

In summary, Study 1 findings, supported by the review of literature, suggest that, in addition to 

the development of declarative command and specific procedural command knowledge, 

emphasis in the teaching and learning process for 3DSM-CAD needs to include: the 

improvement of specific spatial abilities, specific instruction on parsing, core part and 

algorithmic part recognition and the development of a metacognitive approach to 3DSM-CAD.  

Chapter 6 describes and justifies the intervention design for Study 2. 
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Chapter 6: Study 2 – Developing 3DSM-CAD strategic 
knowledge: Methodology. 

This thesis addresses the research problem; the development of 3DSM-CAD strategic 

knowledge through the teaching and learning process.  In Chapter 3 two research questions are 

proposed: 

• What constitutes strategic 3DSM-CAD knowledge? 

• What instructional strategies will improve the use of strategic 3DSM-CAD 

knowledge?   

Study 1, outlined in Chapter 5, addresses the first of these research questions.  Study 1 found 

that expertise in 3DSM-CAD was characterised by the use of a number of cognitive processes 

involving mental imagery and the use of a range of metacognitive processes including planning, 

predicting, strategy selection and monitoring.  These findings support the hypothesis that the 

development of 3DSM-CAD strategic knowledge may be possible through the teaching and 

learning process provided appropriate instructional strategies are employed and that emphasis is 

placed on learning the metacognitive processes identified in the Pilot Study.  This hypothesis 

needs to be tested empirically by developing an intervention and employing a robust 

experimental design.  This chapter outlines the theoretical underpinning for the intervention and 

provides a detailed description of the intervention.  The chapter also addresses: selection of 

subjects, techniques employed for the operationalisation and delivery of the intervention, data 

collection and the strengths and limitations of the experimental design.   

 

The literature review (Chap. 2, 3 & 4) and Study 1 (Chap. 5) identified a number of specific 

cognitive processes undertaken during expert performance in 3DSM-CAD modelling tasks.  It is 

also identified in Chapter 2 that the majority of existing CAD teaching and instruction is 

didactic and grounded in a behaviourist approach (Bhavnani, 2000; Bhavnani, Flemming, 

Forsythe, Garrett & Shaw, 1995 and others).  These authors and others (Bhavnani, Reif & John, 

2001; Lang, Eberts, Gabel & Barash, 1991; Rodriguez, Ridge, Dickinson & Whitwam, 1998) 

have also found that a behaviourist approach to the teaching and learning of CAD is 

unsuccessful in the development of a strategic approach to CAD.  A suitable alternative 

instructional strategy therefore needs to be selected that is capable of developing metacognitive 

and mental imagery skill; and, within this framework, the teaching of each of the aspects of 

expertise identified through the literature and Study 1 needs to be directly addressed.   

Development of the Intervention.  

Study 2 seeks to answer the research question; what instructional strategies will improve the use 

of strategic 3DSM-CAD knowledge.  It is argued in Chapter 1 that 3DSM-CAD expertise 
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involves the use of higher order procedural knowledge.  In particular, the purpose of the 

intervention is to increase the strategic knowledge of novice 3DSM-CAD users so that they are 

able to apply expert strategies in their modelling tasks.  Chapter 3 outlines the current state of 

CAD instruction, highlighting the predominance of specific procedural command instruction, 

despite the evidence that this style of instruction is not effective in the development of 

procedural knowledge (Bhavnani, Flemming, Forsythe, Garrett & Shaw, 1995; Bhavnani, 

Garrett, & Shaw, 1993; Bhavnani & John, 1997; Bhavnani, John & Flemming, 1999; Lang, 

Eberts, Gabel, & Barash, 1991; Rodriguez, Ridge, Dickinson, & Whitwam, 1998).  Lang, et al. 

(1991) concluded their analysis with the plea “if procedural knowledge is more important that 

declarative knowledge then why is procedural knowledge not taught through CAD manuals or 

through coursework?” (p. 258).  

 

The instructional approach proposed here is to embed the teaching of higher order strategic 

knowledge (as found in Chapters 3 and 5 to be utilized by 3DSM-CAD experts) into declarative 

command and specific procedural command knowledge training, as this embedding has been 

found in other domains to be not only possible but also preferable (Gott, 1989; Resnick, 1989; 

Sternberg, 1990; Sternberg & Grigorenko , 2003).  Sternberg (1990) points out that; 

“One conclusion has emerged with striking regularity in many studies by many different 
investigators: to attain both durability and generalizability of training, it seems to be 
necessary to train both at the level of metacomponents (or executive processes) and at the 
level of performance components (or lower order processes used to carry out the orders of 
executive processes)” (p. 125). 

Support has also been found for this approach in CAD instruction (Bhavnani et al.; 1993, 1995, 

1999, 2000, 2001; Lang, Eberts, Gabel, & Barash, 1991; Rodriguez, Ridge, Dickinson, & 

Whitwam, 1998; Yue, 1999).  However, as discussed in Chapter 2, these authors propose a 

narrower conceptualisation of strategic knowledge than the one proposed here. 

 

The development of the intervention utilised in this study takes into consideration the findings 

of Study 1 and those elements of cognitive research which, it is hypothesised, would be directly 

related to expert performance in 3DSM-CAD.  The findings of Study 1 confirmed that 3DSM-

CAD experts undertook the process of algorithmic parsing automatically, were using a wide 

range of mental imagery techniques in the process of developing and checking their 3DSM-

CAD models and made frequent use of a range of metacognitive processes including planning, 

strategy selection, predicting, checking and monitoring.  Further, subjects with high levels of 

expertise (Subjects 3 and 4) brought, to the 3DSM-CAD task, a strategy selection approach 

based on maximising the ability to change the model easily at a later time.  This involved 

minimising geometry construction in favour of the use of algorithms for model development.  

For example, rounded corners were generated through modification of the edges of a solid, 

rather than filleting the original geometry.  The intervention outlined below therefore took to 

accommodate each of these mental imagery and metacognitive factors and, based on the 
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synthesis of the expertise and mental imagery literature in Chapters 2 and 3, and the design of 

learning strategies (Chapter 4), proposes instructional strategies aimed at improving their 

development.  The resultant instructional design, addressing each of the factors, parsing, mental 

imagery and metacognition in the 3DSM-CAD environment is, addressed in the following 

section. 

 

Parsing considerations 

Previous research suggests that the ability to recognize shapes, and objects within shapes, is a 

common human process (Biederman, 1987; Biederman & Gerhardstein, 1995; Edleman & 

Bulthoff, 1992; Liter, 1995; Lui, 1995; Soufi & Edmonds, 1996).  The process by which the 

division of shapes into sub-shapes, that is parsing, occurs has also been extensively studied 

(Baylis & Driver, 1995; Hoffman & Singh, 1997; Marr & Nishihara, 1978; Siddiqi & Kimia, 

1995).  As outlined in Chapter 3, Baylis and Driver (1995) suggest that the process occurs 

through the detection of edges while others propose methods based on part boundaries.  

According to Hoffman and Singh (1997) these include alternative rules by which part 

boundaries may be defined.  These include ‘deep concavities’ (Marr & Nishihara, 1978), ‘sharp 

concavities’ (Biederman, 1987), ‘concave regions’ (Biederman, 1987), ‘limbs and necks’ 

(Siddiqi & Kimia, 1995) and the ‘minima rule’ (Hoffman & Richards, 1984; Hoffman & Singh, 

1997) (See Chap. 3).  Each of these methods uses concave sections or profiles between separate 

parts as its parsing method.   

 

While each of these methods has support for the recognition of visually salient parts, it is argued 

in Chapter 3 that algorithmic salience may differ from visual salience.  The parsing process for 

visual salience appears to be automatic (Anderson, 1996), and the findings of Study 1 suggest 

that, for CAD experts, the process of parsing the object into algorithmically salient parts had 

also become automatic.  However, the development of CAD expertise requires not only that 

algorithmic salience can be recognized but also that alternative algorithms can be identified 

within a particular shape so that procedural decisions can be made.  This implies the need for 

explicit teaching of the parsing process to novice 3DSM-CAD users.   Two techniques by which 

the process of parsing may be taught are suggested by the literature, as discussed below. 

 

Schyns, Goldstone and Thibaut (1998) suggest that parsing into discrete features for the purpose 

of category recognition can be learned.  While that research was based on findings in the 

context of real objects such as birds in order to identify different species through beak shape, 

head shape, tail shape and so forth, it is hypothesized that it may also be possible to apply the 

research to categories of CAD algorithms.  For example consider the question: what are the 

discriminating elements of a shape (subshape) that lead to its recognition in terms of the CAD 
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algorithms for ‘revolve’ or ‘extrude’?  The technique suggested by Braunstein (1989) and 

Schyns and Murphy (1991) is that outlining parts with either a pen or a computer mouse is 

effective in identifying relevant parts following categorization instruction.  Hence, this is one 

possible starting point for a teaching direction. 

 

The second parsing instructional method is suggested by Norman, Le Blanc, and Brooks (2000) 

who cite evidence in the medical field that; 

“noticing these supposedly obvious features is difficult and is strongly influenced by 
contextual factors.  Both experts and students gained 20% in diagnostic accuracy by having 
the key, clearly visible features verbally described for them.  Both experts and students 
reported seeing from 15% to 30% more of these features when diagnosis was suggested to 
them. ……….  The informal report by experts and students alike was that they had simply 
not noticed features that seemed clear when they were pointed out” (p. 112).   

It was decided therefore that the intervention should adopt both of these suggested approaches.  

That is, instruction in the process of parsing for algorithmic salience should involve pre-

exposure to perceptual differentiation, teaching the specific features that identify instances of a 

shape that can be modelled by an algorithm, verbally describing these features during the 

process of parsing and then giving student the opportunity to practise the process of parsing 

through outlining of parts.  It was decided that a number of examples will be used over the 

instruction period for this purpose.  This process is supported  by a number of authors including 

Gagné, Briggs and Wagner (1992), Schyns, Goldstone and Thibaut (1998) and Wallis and 

Bulthoff (1999) who suggest that learning will occur when instances of a particular 

discrimination are identified by learners followed by reinforcement of success and repetition 

over a period of time.  It also accords with Anderson’s (1981) theory of the process of cognitive 

skill acquisition. 

 

Mental imagery considerations 

As outlined in Chapter 3, mental imagery is a broad term which includes the related concepts of 

spatial skill, spatial ability, mental imagery and visualization skill, and it is hypothesized that 

each is utilized in the 3DSM-CAD task.  Lord (1985) differentiates between these abilities 

under the term visuo-spatial understanding. 

“Visuo-spatial understanding is the ability to juxtapose, manipulate and orient an object 
mentally and to create structures in the mind from written and verbal directions.  This 
phenomena has further been subdivided into two separate factors – one having to do with 
the awareness or appreciation of spatial relations and image consistency (spatial orientation) 
and the other with the mental manipulations into other visual patterns (spatial 
visualization)” (Lord, 1985, p. 36). 

The relationship between mental imagery ability and CAD is a complex one.  Alias, Black, and 

Gray (2002), Sorby (1999) and Yue and Chen (2001) argue that a positive relationship exists 

between an individual’s spatial ability and their ability to use 3DSM-CAD.  There is also an 

assumption (Ault, 2003) that visualisation skill will be improved through the use of solid 
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modelling.  However the research of Ault (2003), Gaughran (2002), Sorby (1999) and Yue and 

Chen (2001) conclude that working with CAD does not necessarily improve spatial ability.  It 

was decided therefore to include specific instructional strategies aimed at improving mental 

imagery ability in the intervention. 

 

The possibility that imagery ability may be improved through practice or training has been 

explored experimentally by a number of researchers (Alias, Black, & Gray, 2002; Ben-Cham, 

Lappan & Houang, 1988; Duesbury & O’Neil, 1996; Liu, 1995; Lord, 1985; Mathewson, 1999;  

Sorby &  Baartmans, 1996; Zavotka, 1987).  Mathewson (1999, p. 36) claims “performance on 

spatial tasks improves substantially with training and practice” a position supported by Ben-

Cham et al. (1988) in the secondary school context who found “the most important result of this 

investigation was that after the instruction intervention, middle school students, regardless of 

sex, gained significantly from the training program in spatial visualization tasks” (Ben-Cham et 

al., 1988, p. 66).   The results with secondary school students were persistent over time (4 weeks 

and one year) suggesting “spatial visualization is a trait that, once acquired, can be further 

developed.  In addition, the massive increases in spatial visualization ability may lead, as a 

result of the treatment and the persistence of training, to a hypothesis that such abilities are 

highly responsive to education” (Ben-Cham et al., 1988, p. 67). 

 

There is research support that improvement in mental imagery ability has been achieved through 

intervention over a variety of time frames.  These have varied from as high as 2-4 hours per 

week for ten weeks (Sorby, & Baartmans, 1996), to 30 minutes per week (Lord, 1985) to just a 

few hours (Alias, Black, & Gray, 2002).  However in each case the research concluded that 

significant improvement in spatial skills could be achieved through training.   It was planned 

that the intervention take place over a period of 3 hours per week for 6 weeks.  The proposed 

time frame for the intervention would therefore appear sufficient to bring about changes in the 

mental imagery ability of subjects.   

 

Improvement of individual spatial skills has been previously achieved through the use of a 

number of strategies including pre-exposure to perceptual differentiation (Norman et al., 2000), 

the use of sketching (Sorby, 1999) and experience with manipulative tasks (Duesbury & O’Neil, 

1996; Harman, Humphrey & Goodale, 1999; Sorby & Baartmans, 1996).  Pre-exposure to 

perceptual differentiation has already been proposed above as a strategy for improving parsing 

ability and should thus also have a positive effect on the development of mental imagery ability.   

 

The use of sketching as a technique for the improvement of mental imagery (spatial) ability has 

been the subject of research by Alias, Black and Gray (2002), Lord (1985), Sorby (1999) and 

Sorby and Baartmans (1996).  Sorby (1999) found that the sketching activities involved in 
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traditional graphics courses (orthographic projection, isometric drawing) led to improvements in 

spatial ability.   The research was also able to differentiate between CAD courses and those 

graphics courses involving sketching, finding “in each case the gain scores in the courses that 

emphasized sketching and hand drawing were higher than those obtained in either of the CAD 

courses” (Sorby, 1999, p. 1).  It was decided that the inclusion of a variety of sketching 

techniques, including those aimed at developing parsing ability, might thus be an effective 

approach in improving mental imagery ability and through it helping to develop expertise in 

3DSM-CAD.   

 

The use of manipulative tasks to improve spatial ability has been proposed by Duesbury and 

O’Neil (1996), Harman et al. (1999) and Sorby and Baartmans (1996) who conclude that 

experiencing the opportunity to manipulate an object image actively on a computer screen is 

sufficient to improve spatial ability.  The learning of 3DSM-CAD presents the opportunity for 

students to gain considerable exposure to the manipulation of objects on a computer screen 

throughout the process of learning therefore this was explicitly incorporated into the 

instructional design.   

 

Metacognition considerations 

Expertise has been conceptualised by a number of authors in terms of a metacognitive approach 

to problem solving in which experts demonstrate planning, monitoring, testing, revising and 

evaluating skills when undertaking tasks in their domain of expertise (Card, Moran & Newell, 

1983; Chi, Glaser & Farr, 1988; Gott, 1989; Newell & Simon, 1972; Sternberg, 1990; 

Stevenson, 2004).  This was supported by the results of Study 1 which found that 3DSM-CAD 

experts engaged in frequent metacognitive behaviour as argued in Chapter 5.  Sternberg (1990), 

Stevenson (2004) and others propose that procedural knowledge can be further divided to 

include an additional level recognized by virtue of its control over cognition, a strategic, control, 

or executive control level, whereby decisions are made regarding the selection and order of 

individual procedures utilized in the process of problem solving.  Bhavnani (2000) alludes to 

this in the CAD domain by referring to strategic knowledge as “knowledge of these alternate 

methods and how to choose between them” (Bhavnani, 2000, p. 339).    

 

This process of executive control is in contrast to the concept of mental set (Langer 1989; 

Luchins, 1942; Matlin, 2005) which has been found to inhibit effective problem solving and 

may either prevent a solution being found at all or, due to a persistent attempt to use a 

previously learned strategy, prevent the identification of an alternative more effective strategy.  

The possibility that mental set may also affect efficiency in the CAD environment is supported 

by the research findings of Bhavnani, Flemming, Forsythe, Garrett and Shaw (1995).  Sternberg 
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and Grigorenko (2003) argue “once we conceive of expert performance as mediated by complex 

integrated systems of representations for the execution, monitoring, planning and analyses of 

performance, it becomes clear that its acquisition requires an orderly and deliberate approach” 

(p. 116).  In terms of the present research it was decided necessary not only to develop a 

metacognitive approach to the 3DSM-CAD task but also to help to overcome the likelihood of 

mental set.   

 

As discussed in Chapter 4, a number of researchers and theorists have addressed the acquisition 

of metacognitive skill through instruction, suggesting instructional strategies that may be 

effective.  These include techniques such as cognitive apprenticeship and collaborative problem 

solving.  Collins Brown and Newman (1987) use the concept of cognitive apprenticeship by 

drawing on the work of a number of authors including Schoenfeld (1985) to argue the 

importance of combining both expert teacher modelling of problem-solving heuristics and 

extensive student practice in collaborative problem solving.  They argue that teacher modelling 

should make explicit the reasoning processes, and for them to be spoken aloud during problem 

solving.  The strategy of having the teacher solve difficult problems suggested by the students is 

also thought to be effective as it may give rise to the occasion when the teacher will “flounder in 

the face of real difficulties.  During these sessions, he [sic] models not only the use of heuristics 

and control strategies, but the fact that one's strategies sometimes fail" (Resnick, 1989, p. 473).  

In the cognitive apprenticeship approach proposed by Collins Brown and Newman (1985) it is 

proposed that: 

"students do not usually have access to the cognitive problem-solving processes of 
instructors as a basis for learning through observation and mimicry ........  Cognitive 
apprenticeship teaching methods are designed to bring these tacit processes into the open, 
where students can observe, and enact, and practice them with help from the teacher and 
from other students" (p. 458).   

It was decided therefore that explicit teacher modelling be included in the intervention.  

However student suggestion of difficult problems was not included as some of the advanced 

algorithms necessary for solutions to these difficult problems may have been outside the 

experience of novice 3DSM-CAD learners. 

 

The use of cooperative learning as an element of a cognitive apprenticeship is advocated in the 

original work of Schoenfeld (1985) using small groups for problem solving.  This "gives the 

teacher a chance to coach students who are engaged in semi-independent problem-solving" 

(Collins, Brown & Newman, 1989, p. 473).  The strategy has the advantage that teacher 

intervention in the form of scaffolding (Collins, Brown & Newman, 1989; Goldman & 

Petrosino, 1999) can occur in a public environment where all students can observe the process.  

It also facilitates group decision-making and the need to choose among alternative solutions, 

thus providing the basis for discussion regarding the exercise of various control processes.  

Seeing other students struggle with the problem-solving process also has the advantage that it 
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may help to overcome some individual student insecurity.  Klahr and Kotovsky (1989) also 

support cooperative learning: “ as a way of fostering self-regulatory activities, cooperative 

learning is emphasized where students, among themselves and with teachers as models, 

alternate carrying out a procedure, generating questions and solutions, critiquing courses of 

action, and monitoring progress” (p. 278).   

 

The cognitive apprenticeship approach with specific emphasis on teacher modelling, scaffolding 

and cooperative learning has therefore been adopted in Study 2 to form the basis of the 

intervention strategy.  In terms of the 3DSM-CAD research problem it was planned to involve 

teacher modelling of metacognitive strategies identified in Study 1 (Chap. 5).  These were 

planned to include decisions such as: which algorithm to use and how to generate the geometry 

(planning, strategy selecting), rethinking which algorithm to use on the basis that the initial one 

does not work or that the model may need to be changed in the future (evaluating, predicting) 

and the checking of the progress of modelling strategies (monitoring).  It was also planned to 

include the use of explained or modelled examples and regular opportunity for the use of 

collective problem-solving strategies. 

 

Study 1 also found that the high-level experts had a strategy selection approach based on 

maximising the ability to change the model easily at a later time through minimising geometry 

construction in favour of the use of algorithms for model development.  While this process 

involved planning, testing, revising and evaluating and may be considered part of the 

metacognitive process it was considered sufficiently critical in the context of the 3DSM-CAD 

research problem to warrant specific attention throughout the intervention.  During the 

processes of expert modelling and cooperative learning, it was decided that specific emphasis be 

placed on the identification of strategies designed to improve the ability of the learner to choose 

model creation methods that would simplify later design changes.  

 

Conclusion 

The cognitive apprenticeship approach to instruction was adopted as an appropriate instructional 

framework through which to develop the strategic thinking abilities of learners of 3DSM-CAD.  

It allowed the processes of algorithmic parsing, the planning, monitoring, testing and revising 

processes and the use of executive control to be made explicit throughout the 3DSM-CAD 

modelling task.  It provided the framework for techniques involving both teacher modelling and 

specific opportunities for cooperative learning.  The development of mental imagery (spatial) 

abilities, including algorithmic parsing, was planned, within a cognitive apprenticeship 

framework, through pre-exposure to perceptual differentiation, the opportunity to engage in 

sketching activities directly related to both parsing and 3DSM-CAD algorithm processes and 
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through opportunities for the manipulation of objects on a computer screen.  It would have been 

interesting to attempt to separate out these aspects of the intervention (use of imagery, 

metacognitive learning with algorithmic parsing) however it was concluded that this was not 

possible.  This is because metacognitive activity in 3DSM-CAD relies on the use of mental 

imagery to facilitate parsing and both are required for metacognitive control and monitoring.  

Hence the treatment was synthesized as a set of synergistic factors which could not be 

separated.  It is suggested that future research is needed to examine the interactions between 

these factors, once the efficacy of the treatment as a whole has been confirmed.  A possible 

starting point would be to try to repeat the treatment with all current metacognitive training; and 

without imagery training – necessitating four different treatment groups, which was beyond the 

scope of the present research.  However, it is recognized that conclusions from the present study 

can be related only to the treatment as a whole.   The week-by-week program for the 

intervention illustrates the use of these specific approaches and is described in a later section.   
 

Subjects 

A total of 29 students were involved in the study.  These students were undergraduate Bachelor 

of Technology Education students at a major city university studying to become teachers of 

technology education in secondary schools.  The group consisted of the entire 34-member 

cohort of the first year of the program.  There were 4 female and 25 male students reflecting a 

common gender mix for this program.  39% of the group had left school within the previous two 

years, while the remaining 61% would be classified as mature entry students seeking a career 

change.  The mature aged students had averaged 9.6 years of work since leaving secondary 

education.  Students were undertaking an introductory semester-long course in Computer Aided 

Design as a compulsory component of the program.  Due to the number of students involved 

and the facilities available, two separate teaching groups were necessary as is the normal 

practice for this course.  Student self-allocation to groups was undertaken via the university’s 

on-line enrolment procedure whereby students were able to select their preferred timetable.  

Allocation of which group would receive the intervention treatment and which would be the 

control group was done on a random basis.  Because student self allocation may conceivably 

have not been random in terms of previous experience, checks for differences in prior 

experience were undertaken as described in the next section. 

Research Design 

A questionnaire was administered by the researcher in the first session to ascertain prior 

computer and CAD experience.  A copy of the questionnaire is included as Appendix 8.  CAD 
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experience was differentiated in terms of prior 2D CAD use, prior 2D CAD instruction, prior 

3D CAD use and prior 3D CAD instruction.  This information allowed for discrimination 

between users on the basis of both the amount of use and the amount of instruction each subject 

had experienced prior to the commencement of the semester.  In addition to the self-selection of 

the subjects to groups, this information enabled testing for group randomization.   

 

The two groups were designated the ‘control’ and ‘treatment’ groups for study, however this 

information was not divulged to the subjects.  Both groups had the same contact time for each 

session and were taught by the same teacher.  The initial stage of the study consisted of six 

lecture/tutorial sessions of three-hour duration taught once per week.  During this time group 

instruction was undertaken according to the intervention program detailed in the following 

section.   

Weekly intervention program 

The six week intervention described below was employed in Study 2.  The ‘control’ group 

undertook all aspects of the intervention with the exception of those processes that were 

included specifically to develop parsing, spatial ability or a metacognitive approach.  That is, 

both groups received similar teacher exposition and demonstration of specific procedural 

command knowledge and both groups undertook the student CAD exercises.  The additional 

time available to the ‘control’ group, due to not undertaking the specific processes for the 

development of parsing, spatial ability or a metacognitive approach, was devoted to additional 

specific procedural command practice.  The processes undertaken by the ‘treatment’ group only 

are identified in italics in the tables.  

 
 

Week 1 Intervention 

Week 1 involved teacher exposition and demonstration of a number of software operations.  

Students were allocated a computer, system network login was checked and rectified where 

necessary, and students undertook a basic model generation process.  Following model 

generation, spatial ability development for the ‘treatment’ group was commenced by instructing 

students how to manipulate the model on the screen through rotation, zooming and panning.  

Throughout this process, teacher modelling was undertaken to explain that the image was being 

manipulated so that appropriate viewpoints were being generated for future modelling and for 

monitoring of progress.  Students were then able to practice model manipulation.  Following 

student practice, the use of the 3DSM-CAD model to produce a prototype artifact using a 

milling machine was demonstrated to both groups.  Details of the week 1 intervention are 

outlined in Table 8. 
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Table 8. Intervention Week 1  
 
Topic Instructional 

Strategy 
Cognitive Processes Student CAD 

Exercise 
History of CAD 
CAD in schools 
Sources of  help   

• Manuals 
• Internet 

Resources  
Network login 

Teacher exposition 
 
Teacher 
demonstration of 
access and use 
 

 
 
 

 

Basic ProDesktop 
operation 

• Mouse  - 
select 
entities 

• Free Rotate, 
zoom and 
pan  

• Menus 

Teacher 
demonstration of 
software use. 
 
 
Teacher modelling 
of metacognitive 
processes. 
 
 
 

Teacher modelling of 
on-screen image 
manipulation 
 
 
Teacher modelling of 
on-screen image 
manipulation as an 
element of 3DSM-
CAD problem solving 
for: 

• Future model 
construction 

• Progress 
monitoring 

 

 

ProDesktop 
Demonstration 

• Generate 
solid 

• Manipulate 
solid 

• Assemblies 
• Drawings 
• Albums 
• Animation 

Teacher 
demonstration of 
software use. 
 
 
 
Teacher 
demonstration of 
software use. 
 

Spatial ability 
development through 
on screen image 
manipulation. 

Students create 
rectangular-base 
prism and 
manipulate screen 
model via rotation, 
zoom and pan. 

CAD/CAM  
Demonstration of 
3D-Mill 

Teacher 
demonstration of 
software and 
hardware use. 

  

 

Week 2 Intervention 

Week 2 of the intervention concentrated on instruction in the use of the extrusion algorithm.  

Teacher demonstration commenced with the generation of basic geometry and use of the 

3DSM-CAD software for the generation of simple extrusions from the base and front work-

planes.  Students undertook a number of individual exercises from each cell in the right hand 

column of the table below (Table 9).  The other models illustrated in each cell were used as a 

focal point for teacher modelling of the metacognitive strategies involved in the planning and 

selection of modelling strategies for the ‘treatment’ group and for additional specific procedural 
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command practice for the ‘control’ group.  As outlined in Chapter 4, expert teacher modelling is 

hypothesized to be effective in the development of metacognition.  The use of the ‘extrude’ 

function to generate objects with holes right through them was similarly demonstrated by the 

teacher and practised by the students.  Image manipulation such as rotation was undertaken by 

the teacher in order to demonstrate explicitly the metacognitive process of monitoring progress, 

in this instance to check that the hole penetrated completely through the object.   

 

The 3DSM-CAD process of constructing a single object by the addition of a number of separate 

parts, using the ‘extrude’ algorithm, formed the next section of the instruction in week two for 

both groups.  Also introduced was the concept of subtracting a part from the core part with the 

purpose of creating a new part.  For the ‘treatment’ group, producing a part through multiple 

extrusions enabled introduction of the concepts of parsing, core part identification and the 

disaggregation of objects into derivative geometry prior to the application of the 3DSM-CAD 

algorithm.  Specific instruction in each of these cognitive processes involving mental imagery is 

posited to assist in the development of spatial ability (see Chap. 3).  The next group of exercises 

in the series for both groups demonstrated the use of symmetry in part production.  For the 

‘treatment’ group the identification of symmetry made it possible to highlight a strategic 

approach to these modelling tasks by creating the geometry for all extrusions on the one work-

plane and extruding in both directions to achieve model symmetry.   

 

Following the symmetry exercises, a new algorithmic approach, adding thickness to an 

extrusion, was undertaken by both groups.  In this instance the identification of constant wall 

thickness enabled a strategic approach to be modelled to the ‘treatment’ group by the teacher.  

This involved disaggregating the object into geometry consisting of a single chain of lines.  This 

simple geometry was extruded to give the desired height and then given a specific thickness.  A 

final extrusion process was then undertaken involving the identification of constant taper angles 

on all extruded faces.  This specific procedural command knowledge was demonstrated to both 

groups.  For the ‘treatment’ group perceptual differentiation of this characteristic of the model 

was undertaken allowing a single algorithm, ‘extrude and taper’ or ‘extrude’, ‘thin’ and ‘taper’, 

to enable the completion of the part in a strategic manner.  The final algorithm included in the 

instruction for week two involved the generation of offset geometry (lines parallel to existing 

lines).  Following the completion of previous exercises incorporating constant wall thickness, 

the process of generating similar shapes by creating all the necessary geometry, using the 

‘offset’ command, was demonstrated and practised by both groups.  The teacher then discussed 

the strategic use and the two processes, ‘thin’ and ‘offset’, with the ‘treatment’ group. 

 

The concluding part of week two instruction, for the ‘treatment’ group only, was devoted to the 

introduction of the concept of strategic 3DSM-CAD knowledge (the ‘control’ group undertook 
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further specific procedural command practice).  The teacher discussed the nature of strategic 

knowledge with the students and highlighted the instances where strategic knowledge had been 

utilized during the instruction.  The “CAD Workbook” (Appendix 7) was introduced and 

distributed.  Exercises 56 and 58 were then undertaken in class with students required to outline 

algorithmically salient parts and then sketch the solution to each problem.  Sketches were then 

used as a basis for group and whole class discussion.  Sketching was included in the 

instructional strategy as it is found to assist in the development of spatial ability (see Chap. 3).  

The purpose of undertaking group and whole class discussion about these two exercises was to 

commence the development in students of a metacognitive approach to 3DSM-CAD.  Students 

were then asked to review examples 1-34 from the CAD Workbook prior to the next session and 

sketch the solutions to objects which could be created using the algorithms learned during week 

2.  The sketching process was undertaken so that students would continue to develop spatial 

ability.   Details of the week 2 intervention are outlined in Table 9.  The processes undertaken 

only by the ‘treatment’ group are identified in italics in the table. 

 

Table 9.  Intervention Week 2 
 
Topic Instructional Strategy Cognitive Processes Student CAD 

Exercises 
Extrusion from 
base work-plane 
Extrusion from 
front work-plane 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Student practice 
specific procedural 
command knowledge. 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection. 

Extrusion from 
base work-plane 
with hole 

Extrusion from 
front work-plane 
with hole 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection.   

Teacher modelling of 
image manipulation to 
monitor whether the 
hole had penetrated 
right through model. 

Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 
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Topic Instructional Strategy Cognitive Processes Student CAD 
Exercises 

Multiple 
extrusions adding 
and subtracting 
material 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

 

Teacher modelling of 
the parsing process so 
that algorithmically 
salient parts are 
identified. 

Teacher modelling of 
the process of 
identifying the core 
part. 

Teacher modelling of 
the disaggregative 
process of identifying 
part geometry. 

Multiple 
extrusions adding 
and subtracting 
material using 
symmetrical 
property 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

Teacher modelling of 
the parsing process so 
that algorithmically 
salient parts are 
identified. 

Teacher description of 
perceptual 
differentiation – 
identifying symmetry. 

Teacher modelling of 
the disaggregative 
process of identifying 
part geometry. 

Extrusion of a line 
– adding thickness 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

Teacher description of 
perceptual 
differentiation – 
consistent thickness. 

Teacher modelling of 
the disaggregative 
process of identifying 
part geometry. 

Extrusion with the 
application of a 
taper angle 

Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

Teacher description of 
perceptual 
differentiation – 
constant taper angle 
on all sides. 

Teacher modelling of 
the disaggregative 
process of identifying 
part geometry. 
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Topic Instructional Strategy Cognitive Processes Student CAD 
Exercises 

Offset geometry Teacher exposition 
and demonstration of 
specific procedural 
command knowledge. 

Teacher modelling of 
metacognitive 
processes. 

Student practice 
specific procedural 
command knowledge. 

Teacher description of 
perceptual 
differentiation – 
consistent thickness. 

 

Strategic 
knowledge 

Teacher exposition of 
strategic 3DSM-CAD 
knowledge. 

Individual sketching 
exercises from 
workbook. 

Student outline of 
parsing and sketching 
of solution to 
workbook exercises 56 
and 58. 

Cooperative learning 
via group and class 
discussion of parsing 
and solutions to 
develop a 
metacognitive 
approach. 

Review examples 1-34 
from the CAD 
Workbook for next 
session.  Student 
practice sketching for 
spatial ability 
development. 

 

 
 

Week 3 Intervention 

Week 3 of the intervention concentrated on instruction in the use of the ‘shell’ and ‘draft’ 

algorithms and the ability to make design changes in the 3DSM-CAD model.  However, 

instruction began with revision and reinforcement of the work covered in week 2.  For the 

‘control’ group this took the form of teacher exposition, questioning and demonstration of the 

specific procedural command knowledge.  For the ‘treatment’ group this revision took the form 

of the display of various models from the sets used in week 2 as stimulus for student self 

explanation.  Self explanation, with teacher scaffolding, was employed as an instructional 

strategy as it was expected to assist in the development of metacognition (see Chap. 2).  Student 

explanation included both the specific procedural command knowledge and the strategic 

knowledge, in the form of explicit description of perceptual differentiation, necessary to identify 

which algorithmic process to use and how to use it.  Further development of strategic 

knowledge was then undertaken with the ‘treatment’ group through a review of the CAD 
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Workbook exercises completed by the students.  Each student was asked in turn for an example 

from the workbook which could be modelled using the extrude algorithm.  Explanations were 

elicited, and teacher scaffolding employed where necessary. 

 

Three different applications of the ‘shell’ and ‘draft’ algorithms were then addressed by 

exposition and demonstration for both groups.   The ‘shell’ options addressed are: single face, 

multiple face including right through and variable offset.  The ‘draft’ options are: single face, 

multiple face, hinge at edge, hinge at work-plane and split at work-plane.  (Examples of these 

options are included in Table 10 below.)  The other models illustrated in each cell were used by 

the ‘control’ group for additional specific procedural command practice.  For the ‘intervention’ 

group these additional models were used as a focal point for teacher modelling of the cognitive 

strategies involved in the processes of: perceptual differentiation between the various shell and 

draft options, identifying the hinge location for each draft feature and for the planning and 

selection of modelling strategies.  For the ‘treatment’ group explicit teacher modelling was also 

undertaken to explain that the image was being manipulated so that appropriate viewpoints were 

generated for both modelling and for monitoring of progress.  Students were then encouraged to 

practise model manipulation as a means of improving spatial ability. 

 

Following student practice of the shell and draft algorithms teacher-led discussion was 

undertaken with the ‘treatment’ group so that perceptual differentiation of the different shell and 

draft options and hinge location was made explicit.  The discussion also included identification 

of instances where an alternative algorithm, such as extrude, could provide the same model 

shape and strategy selection considerations for deciding between alternative algorithms.  

Generation of specific geometry was then addressed with both groups.  Instruction included 

geometric dimensioning, construction of specific angles and geometry modifications such as 

dimensional change, changing lines to arcs and changing lines to splines.   

 

The concept of design change through algorithm modification was then introduced to the 

‘treatment’ group while the ‘control’ group undertook further specific procedural command 

practice.  Following specific procedural command instruction students were required to change 

the design of previously constructed models through algorithm modification.  The outcomes of 

Study 1, discussed in Chapter 5, were used to highlight the expert strategy of generating initial 

models on the basis of algorithms rather than geometry so that design change becomes easier.  

The teacher discussed and modelled the metacognitive processes of planning and strategy 

selection when constructing the model initially and the importance of predicting possible future 

design changes when undertaking these processes. 
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Following the completion of algorithmic process exercises and discussion, specific reference 

was made to the “CAD Workbook” (Appendix 7) with the ‘treatment’ group.  Exercise 49 was 

undertaken in class with students required to outline algorithmically salient parts and then 

sketch possible solutions to the problem.  Sketching was once again included in the instructional 

strategy as it was expected to assist in the development of spatial ability (see Chap. 3).  A 

number of alternative modelling options could be identified and used for this exercise, including 

the use of the draft and shell options, and the efficacy of these alternatives was discussed in 

groups and as a whole class.  The purpose of undertaking group and whole class discussion 

about this exercise was again to continue to develop in students a metacognitive approach to 

3DSM-CAD.  Students were then asked to review examples 1-34 from the CAD Workbook 

prior to the next session and sketch the solutions to objects which could now be created using 

the algorithms learned during week 3.  The sketching process was undertaken so that students 

would continue to develop spatial ability.   Details of the week 3 intervention are outlined in 

Table 10.  The processes undertaken only by the ‘treatment’ group are identified in italics in the 

table. 

 

Table 10.  Intervention Week 3 
 
Topic Instructional 

Strategy 
Cognitive Processes Student CAD 

Exercises 
Revision of week 2 
processes 

• Extrusion 
• Multiple 

extrusion 
• Adding 
• Subtracting 
• Symmetry 
• Thickness 
• Taper 
• Offset 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

 
Student self 
explanation with 
teacher scaffolding 
of examples from 
week 2. 

Teacher modelling of 
cognitive strategies 
through the 
scaffolding process. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

 

 

Review of CAD 
Workbook 

Student description 
and explanation of 
which exercises 
could have been 
completed using the 
algorithms from 
week 2. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

Teacher scaffolding. 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Shelling Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge.  

Student practice 
specific procedural 
command 
knowledge.  

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection. 

Shell from multiple 
faces 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection with specific 
emphasis on 
identifying which 
faces are selected for 
the shell algorithm. 

Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

Shell with variable 
offset 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher description of 
perceptual 
differentiation – 
identifying instances 
where variable offset 
may be applied. 

 Teacher modelling of 
the disaggregative 
process of identifying 
part geometry. 
 
Teacher modelling of 
strategy selection – 
variable offset shell 
vs. extrude and cut. 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Draft face(s) Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher description of 
perceptual 
differentiation – single 
face, multiple face 
draft, split at edge or 
at work-plane. 

Teacher modelling of 
the disaggregative 
process of identifying 
part geometry and 
location of ‘hinge’ for 
draft. 
 
Teacher modelling of 
strategy selection – in 
which instance could 
extrude be used as an 
alternative, under 
which circumstances 
is draft the only 
alternative?  

Create geometry 
Change geometry 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
the disaggregative 
process of identifying 
parts and sequence of 
geometry 
construction. 

 

 

 

Design Changes Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Explicit teacher 
description of the 
planning processes 
involved in initial 
algorithm selection so 
that design change is 
simplified.   

The importance of 
predicting possible 
future design change 
was introduced. 

 

Make design 
changes to previous 
models by modifying 
algorithms. 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Strategic knowledge Teacher exposition 
of strategic 3DSM-
CAD knowledge: 
choosing 
alternative 
algorithms, 
changing geometry. 

Individual 
sketching exercises 
from workbook. 

Student outline of 
parsing and sketching 
of solution to 
workbook exercise 49. 

Cooperative learning 
via group and class 
discussion of parsing 
and solution 
alternatives to develop 
a metacognitive 
approach. 

Review examples 1-34 
from the CAD 
Workbook for next 
session.  Student 
practice sketching for 
spatial ability 
development. 

 

 

Week 4 Intervention 

Week 4 of the intervention involved the introduction of a number of new algorithms: ‘revolve’, 

‘round’, ‘chamfer’, ‘deform’ and ‘mirror imaging’.  For the ‘treatment’ group the strategy of 

making design changes in the 3DSM-CAD model through algorithm modification was 

continually reinforced as was the process of image manipulation so that appropriate viewpoints 

are generated for both modelling and for monitoring of progress.  Students were then 

encouraged to practice model manipulation as a means of improving spatial ability. 

 

Once again, instruction began with revision and reinforcement of the work covered in weeks 2 

and 3.  For the ‘control’ group this took the form of teacher exposition, questioning and 

demonstration of the specific procedural command knowledge.  For the ‘treatment’ group this 

revision took the form of the display of various models from the sets used in week 3 as stimulus 

for student self explanation.  Self explanation, with teacher scaffolding, was employed as an 

instructional strategy as it was expected to assist in the development of metacognition (see 

Chap. 2 and 3).  Student explanation included both the specific procedural command knowledge 

and the strategic knowledge, in the form of explicit description of perceptual differentiation, 

necessary to identify which algorithmic process to use and how to use it.   Further development 

of strategic knowledge was then undertaken with the ‘treatment’ group through a review of the 

CAD Workbook exercises completed by the students.  Each student was asked in turn for an 

example from the workbook which could be modelled using known algorithms.  Explanations 

were elicited, and teacher scaffolding employed where necessary.  Instances where a model 
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could be constructed using alternative algorithms were used as the basis for discussion of 

strategic knowledge. 

 

The ‘revolve’, or ‘sweep on axis’, algorithm was then introduced.  Specific procedural 

command instruction was undertaken with both groups and teacher modelling of the cognitive 

strategies of planning and strategy selection for various algorithmic options was employed with 

the ‘treatment’ group.  This was followed by student practice of specific procedural command 

knowledge for both groups.  The options included in this modelling included:  

• ‘revolve’ a closed section to create a solid 

• ‘revolve’ a closed section about an offset axis to create a torus or object with 

hole 

• ‘revolve’ and ‘shell’ or ‘revolve’ line and add thickness to create a hollow 

object with constant wall thickness 

• ‘revolve’ a cross-sectional profile to create a hollow object with variable wall 

thickness. 

Examples of each of these options are included in Table 11.  The planning, predicting and 

strategy selection processes undertaken by the teacher were explicitly modelled for the 

‘treatment’ group during the specific procedural command instruction for the revolve algorithm 

to highlight the perceptual differentiation necessary when making strategic 3DSM-CAD 

decisions. 

 

Next the algorithm for ‘rounding’ edges was addressed.  Specific procedural command 

instruction was undertaken for both groups and teacher modelling of the cognitive strategies of 

planning and strategy selection for various algorithmic options were employed for the 

‘treatment’ group.  This was followed by student practice of specific procedural command 

knowledge for both groups.  The options included in this modelling included:  

• single edge ‘round’ 

• multiple edge ‘round’ 

• ‘round’ all edges of a face 

• ‘round’ all edges of a model 

• variable radius ‘round’. 

Examples of each of these options are included in Table 11.  The planning, predicting and 

strategy selection processes undertaken by the teacher were explicitly modelled for the 

‘treatment’ group during the specific procedural command instruction for the round algorithm.  

In addition the strategy choices involved in single and multiple edge (or entity) selection were 

highlighted to the ‘treatment’ group. 
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The algorithm for ‘chamfer’ was addressed similarly.  Specific procedural command instruction 

was given to both groups and teacher modelling of the cognitive strategies of planning and 

strategy selection for various algorithmic options were employed with the ‘treatment’ group.  

This was followed by student practice of specific procedural command knowledge for both 

groups.  The options included in this modelling included:  

• single edge ‘chamfer’ 

• multiple edge ‘chamfer’ 

• ‘chamfer’ all edges of a face 

• ‘chamfer’ all edges of a model 

• variable offset ‘chamfer’. 

Examples of each of these options are included in Table 11.  The planning, predicting and 

strategy selection processes undertaken by the teacher were explicitly modelled during the 

specific procedural command instruction for the chamfer algorithm with the ‘treatment’ group.  

In addition the strategy choices involved in single and multiple edge (or entity) selection were 

reinforced to the ‘treatment’ group. 

 

‘Deforming’ or ‘warping’ of an existing feature formed the next portion of the instruction for 

week 4.  This process involves the selection of an existing face of an object which can then be 

changed by dragging points on the surface to a new location.  This was followed by student 

practice of specific procedural command knowledge for both groups.  For the ‘treatment’ group 

the process of perceptual differentiation necessary to identify that this process has been or needs 

to be undertaken formed the basis of the instruction.   

 

The 3DSM-CAD function of using existing parts of a model or specific geometry to form a new 

part through the creation of a ‘mirror image’ was addressed next.  Specific procedural command 

instruction in the application of this algorithm was undertaken with both groups.  Student 

practice of the ‘mirror’ procedure was then undertaken.  In addition to specific procedural 

command instruction the ‘treatment’ group were exposed to teacher modelling of perceptual 

differentiation and strategy selection.  This included specific reference to the conditions under 

which a part mirror is used in preference to a mirror of the geometry and the conditions under 

which both processes achieve similar outcomes.    

 

During the first three weeks of the intervention, teacher modelling was used to make clear to the 

‘treatment’ group the explicit metacognitive processes involved in perceptual differentiation, 

planning, predicting, strategy selection and monitoring (see Chap. 2).  As suggested by Collins, 

Brown and Newman (1989) these reasoning processes were spoken aloud during the problem 

solving process.  Further, metacognitive thinking was made explicit to students in week 4 

through the introduction of a “3DSM-CAD thinking” anagram (Figure 27). 



 148

    

 SPACER  3DCAD Thinking 

S Split (parse) the object into its parts 

P Predict the likely future changes 

A Analyse each part for all the algorithm options 

C Choose the best algorithm for ease of production and future change 

E Evaluate how you would create the geometry 

R Review the effectiveness of the strategy 

Figure 27.  3D CAD thinking anagram 
 
This anagram was displayed prominently throughout all further instruction sessions for the 

‘treatment’ group, was referred to during strategic knowledge discussions and was given to 

students for display on their computers when undertaking 3DSM-CAD tasks.  The anagram was 

designed to prompt learners to engage in the use of metacognitive processes including goal 

setting (parsing), prediction, planning, strategy selection, evaluation and review. 

 

Following the completion of algorithmic process exercises and discussion, specific reference 

was made to the “CAD Workbook” (Appendix 7) for the ‘treatment’ group while the ‘control’ 

group undertook further specific procedural command practice.  (‘Control’ group students were 

asked to review examples 1-34 from the CAD Workbook prior to the next session and sketch 

the solutions to objects which could now be created using the algorithms learned during week 

4.)  In addition specific exercises 35, 36 and 38 were undertaken by the ‘treatment’ group as 

group problem solving exercises in class.  Exercises 48, 51, 52, 54, 55 and 59 were to be 

addressed individually by the ‘treatment’ group prior to the next session by outlining the 

algorithmically salient parts and sketching possible solutions to these particular modelling 

problems.  The sketching process was again undertaken so that ‘treatment’ group students 

would continue to develop spatial ability.   Details of the week 4 intervention are outlined in 

Table 11.  The processes undertaken only by the ‘treatment’ group are identified in italics in the 

table. 
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Table 11.  Intervention Week 4  
 
Topic Instructional 

Strategy 
Cognitive Processes Student CAD 

Exercises 
Revision of weeks 2 
& 3 processes 

• Extrusion 
• Multiple 

extrusion 
• Adding 
• Subtracting 
• Symmetry 
• Thickness 
• Drafting 
• Offset 
• Shell 
• Draft 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

 
Student self 
explanation with 
teacher scaffolding 
of examples from 
weeks 2 & 3. 

Teacher modelling of 
cognitive strategies 
through the 
scaffolding process. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

 

 

Review of CAD 
Workbook 

Student description 
and explanation of 
which exercises 
could have been 
completed using the 
algorithms from 
weeks 2 & 3. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

Teacher scaffolding. 

Discussion of strategic 
knowledge. 

 

Revolve (Sweep) 
profile 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge.  

Student practice 
specific procedural 
command 
knowledge.  

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection for: revolve 
solid, revolve torus or 
object with hole, 
revolve and shell or 
revolve line and add 
thickness to hollow, 
revolve cross-section.  
 
Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

Round edges Teacher exposition 
and demonstration 
of specific 
procedural 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection with specific 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

emphasis on 
identifying which 
edges are selected for 
the round algorithm.   

Specific strategies 
involved in multiple 
edge selection were 
identified and the 
conditions necessary 
for their employment 
demonstrated.  

Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

 

 Chamfer edges Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection with specific 
emphasis on 
identifying which 
edges are selected for 
the chamfer 
algorithm.   

Specific strategies 
involved in multiple 
edge selection were 
identified and the 
conditions necessary 
for their employment 
demonstrated.  

Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

Feature deform 
(warp) 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher descriptions 
of perceptual 
differentiation – which 
shape characteristics 
indicate face 
deformation? 

 
Teacher modelling of 
strategy selection. 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Feature or object 
mirror  
 
 
 
Geometry mirror 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
the disaggregative 
process of identifying 
mirror opportunities. 

 

Teacher modelling of 
strategy selection – 
under which 
circumstances is 
object mirror used as 
an alternative to 
geometry mirror? 

 

Strategic knowledge Teacher exposition 
of strategic 3DSM-
CAD knowledge: 
choosing 
alternative 
algorithms, 
changing geometry. 

Cooperative 
problem solving. 

Individual 
sketching exercises 
from workbook. 

Introduction of 
“SPACER” diagram 
to assist with 
metacognitive 
training. 

 

Cooperative problem 
solving of exercises 
35, 36, 38 followed by 
group discussion with 
teacher scaffolding. 

Review examples 1-34 
from the CAD 
Workbook for next 
session.  Student 
practice sketching for 
spatial ability 
development. 

Students to outline 
parsing and sketching 
of solution to 
workbook exercises, 
48, 51, 52, 54, 55 and 
59 for next week. 

 

 

Week 5 Intervention 

Week 5 of the intervention involved the introduction of the ‘rotation sweep’, or ‘sweep along 

path’, algorithm and the ability to recognize and use efficient model and geometry generation 

strategies through copying, patterning and scaling.  For the ‘treatment’ group, the strategy of 

making design changes in the 3DSM-CAD model through algorithm modification was 

continually reinforced as was the necessity to employ strategic 3DSM-CAD knowledge.  

Teacher modelling of image manipulation was also undertaken explaining that the image was 

being manipulated so that appropriate viewpoints were generated for both modelling and for 
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monitoring of progress.  ‘Treatment’ group students were then further encouraged to practice 

model manipulation as a means of improving spatial ability and to use the “SPACER” anagram 

which was permanently displayed and referred to throughout week 5. 

 

Once again instruction began with revision and reinforcement of the work covered in weeks 2, 3 

and 4.  For the ‘control’ group this took the form of teacher exposition, questioning and 

demonstration of the specific procedural command knowledge.  For the ‘treatment’ group this 

revision took the form of the display of various models from the sets used in week 4 as stimulus 

for student self explanation.  Self explanation, with teacher scaffolding, was employed as an 

instructional strategy as it was expected to assist in the development of metacognition (see 

Chap. 2).  Student explanation included both the specific procedural command knowledge and 

the strategic knowledge, in the form of explicit description of perceptual differentiation, 

necessary to identify which algorithmic process to use and how to use it.    Further development 

of strategic knowledge was then undertaken with the ‘treatment’ group through a review of the 

CAD Workbook exercises completed by the students.  This was undertaken through group 

problem solving and discussion as this was expected to assist in the development of 

metacognitive processes (see Chap. 4).  Each student was asked in turn for an explanation of a 

3DSM-CAD problem solving approach for one of the set examples from the workbook.  

Students were again required to include explicit explanation of the strategic knowledge 

employed and the perceptual differentiation that lead to the strategy selection.  Following 

identification by individual students of the alternative 3DSM-CAD strategies by which an 

example could be modelled, group discussion was undertaken to identify a preferred solution.  

The “SPACER” anagram was employed as a focus for this discussion. 

 

The ‘rotation on path’, or ‘sweep along path’, algorithm was then introduced.  This mental 

imagery process is described and illustrated in Chapter 3 and identified as unique to 3DSM-

CAD.  Specific procedural command instruction was undertaken for both groups and, for the 

‘treatment’ group, teacher modelling of the cognitive strategies of planning and strategy 

selection for various algorithmic options were employed.  This was followed by student practice 

of specific procedural command knowledge for both groups.  The options included in this 

modelling included:  

• ‘sweep’ on path 

• ‘sweep’ on edge 

• ‘sweep’ and ‘shell’ or ‘sweep’ line and add thickness to hollow 

• ‘sweep’ on helical path. 

Examples of each of these options are included in the table below (Table 12). 

 



 153

The 3DSM-CAD function of using existing parts of a model or specific geometry to form a new 

part through copying and patterning (making multiple copies in a specific direction or array) 

was addressed next.  Instruction in the application of this algorithm was undertaken for both 

groups.  In addition to specific procedural command knowledge, teacher modelling of 

perceptual differentiation and strategy selection were included for the ‘treatment’ group.  This 

included specific reference to the conditions under which a ‘part copy’ and ‘pattern’ is used in 

preference to a ‘copy’ or pattern of the geometry and the condition under which both processes 

achieve similar outcomes.    Instruction in the process of ‘scaling’ formed the basis of the final 

algorithm instruction in week 5 whereby a new object is created by changing the size of an 

existing object.  The specific procedural commands for this process were explained to both 

groups.  In addition, for the ‘treatment’ group teacher descriptions of perceptual differentiation 

whereby the shape characteristics which indicate scaling were explicitly described.  Following 

instruction student practice of the ‘scaling’ procedure was undertaken for both groups. 

 

Following the completion of algorithmic process exercises and discussion, specific reference 

was made to the “CAD Workbook” (Appendix 7) for the ‘treatment’ group while the ‘control’ 

group undertook further specific procedural command practise.  Students were once again asked 

to review examples 1-34 from the CAD Workbook prior to the next session and sketch the 

solutions to objects which could now be created using the algorithms learned during week 5.  In 

addition specific exercises 39, 40 and 41 were undertaken as group problem solving exercises in 

class.  Exercises 46, 47, 50, 53, 57, and 60 were to be addressed individually prior to the next 

session by outlining the algorithmically salient parts and sketching possible solutions to these 

particular modelling problems.  The sketching process was again undertaken so that students 

would continue to develop spatial ability.   Details of the week 5 intervention are outlined in 

Table 12.  The processes undertaken only by the ‘treatment’ group are identified in italics in the 

table. 
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Table 12.  Intervention Week 5 
 
Topic Instructional 

Strategy 
Cognitive Processes Student CAD 

Exercises 
Revision of weeks 2, 
3 & 4 processes 

• Extrusion 
• Multiple 

extrusion 
• Adding 
• Subtracting 
• Symmetry 
• Thickness 
• Drafting 
• Offset 
• Shell 
• Draft 
• Revolve 
• Round 
• Chamfer 
• Mirror 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

 
Student self 
explanation with 
teacher scaffolding 
of examples from 
weeks 2, 3 & 4. 

Teacher modelling of 
cognitive strategies 
through the 
scaffolding process. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

 

 

Review of CAD 
Workbook 

Student description 
and explanation of 
which exercises 
could have been 
completed using the 
algorithms from 
weeks 2, 3 & 4. 
 
 
 
Group discussion of 
workbook exercises 
from week 4. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

Teacher scaffolding. 

Discussion of strategic 
knowledge. 

Individual explanation 
of the explicit 
strategic knowledge 
employed and the 
perceptual 
differentiation that 
lead to the strategy 
selection. 

Group discussion to 
identify a preferred 
solution.  “SPACER” 
anagram used to focus 
discussion. 

 

Rotation on path 
(Sweep on path). 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge.  

Student practice 

Teacher modelling of 
cognitive strategies of 
planning and strategy 
selection for: sweep 
on path, sweep on 
edge, sweep and shell 
or sweep line and add 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

specific procedural 
command 
knowledge.  

thickness to hollow, 
sweep on helical path. 
 
Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

Feature or object 
copy and pattern. 
 
 
 
 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
the disaggregative 
process of identifying 
copy and pattern 
opportunities. 

 

 

 

Teacher modelling of 
the disaggregative 
process of identifying 
copy and pattern 
opportunities when 
objects are subtracted 
from a solid. 

 

Geometry copy and 
pattern. 
 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
strategy selection – 
under which 
circumstances is 
object pattern used as 
an alternative to 
geometry pattern? 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Object or geometry 
scale 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
strategy selection – 
under which 
circumstances is 
object scale used as 
an alternative to 
geometry scale? 

Strategic knowledge Teacher exposition 
of strategic 3DSM-
CAD knowledge: 
choosing 
alternative 
algorithms, 
changing geometry. 

Cooperative 
problem solving. 

 

 

Individual 
sketching exercises 
from workbook. 

Reinforcement of 
“SPACER” diagram 
to assist with 
metacognitive 
training. 

 

Cooperative problem 
solving of exercises 
39, 40, 41 followed by 
group discussion with 
teacher scaffolding. 

Review examples 1-34 
from the CAD 
Workbook for next 
session.  Student 
practice sketching for 
spatial ability 
development. 

Student outline of 
parsing and sketching 
of solution to 
workbook exercises, 
46, 47, 50, 53, 57 and 
60, for next week. 

 

 

Week 6 Intervention 

Week 6 of the intervention involved the introduction of the ‘loft’, or ‘blend’, algorithm and the 

differentiation between ‘extrude’ and ‘project’.  These algorithmic and mental imagery 

processes are described and illustrated in Chapter 3 and are addressed later in this section.  

Throughout week 6 the strategy of making design changes in the 3DSM-CAD model through 

algorithm modification was again continually reinforced to the ‘treatment’ group as was the 

necessity to employ strategic 3DSM-CAD knowledge.  Teacher modelling of image 

manipulation was also undertaken explaining that the image was being manipulated so that 
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appropriate viewpoints are generated for both modelling and for monitoring of progress.  

‘Treatment’ group students were then further encouraged to practise model manipulation as a 

means of improving spatial ability.  The “SPACER” anagram was permanently displayed during 

the ‘treatment’ group instruction and referred to throughout week 6 as a reminder for students to 

engage in metacognitive processes. 

 

Instruction for week 6 began with revision and reinforcement of the work covered in previous 

weeks.  For the ‘control’ group this took the form of teacher exposition, questioning and 

demonstration of the specific procedural command knowledge.  For the ‘treatment’ group this 

revision took the form of the display of various models from the sets used in weeks 4 and 5 as 

stimulus for student self explanation.  This revision again took the form of the display of various 

models from the sets used previously as stimuli for student self explanation.  Self explanation, 

with teacher scaffolding, was again employed as an instructional strategy as it was expected to 

assist in the development of metacognition (see Chap. 2).  Student explanation included both the 

specific procedural command knowledge and the strategic knowledge, in the form of explicit 

description of perceptual differentiation, necessary to identify which algorithmic process to use 

and how to use it.  Further development of strategic knowledge was then undertaken through a 

review of the CAD Workbook exercises completed by the students.  This was once again 

managed through group problem solving and discussion as this was expected to assist in the 

development of metacognitive processes (see Chap. 4).  Each student was asked in turn for an 

explanation of a 3DSM-CAD problem solving approach for one of the set examples from the 

workbook.  Students were required to include explicit explanation of the strategic knowledge 

employed and the perceptual differentiation that led to the strategy selection.  Following 

identification by individual students of the alternative 3DSM-CAD strategies by which an 

example could be modelled group discussion was undertaken to identify a preferred solution.  

The “SPACER” anagram was employed as a focus for this discussion. 

 

The ‘project’ algorithm was then introduced.  The differences between the processes of 

‘extrude’ and ‘project’ are illustrated and explained in Chapter 3.  In ‘extrusion’, the planar 

surface translates parallel to its initial position, however in ‘projection’; the planar surface is 

translated until it meets an existing surface, or surfaces, which may not necessarily be 

perpendicular to the initial surface.  The introduction of this algorithm necessitated the 

generation of offset and angled work-planes.  These concepts and their associated specific 

procedural command knowledge were presented to both groups.   In addition, teacher modelling 

of the cognitive strategies of planning, perceptual differentiation and the spatial relationship 

skill associated with offset and angled work-planes were addressed with the ‘treatment’ group 

prior to opportunity for student practise of specific procedural command knowledge by both 

groups.   
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The final algorithm to be addressed, the ‘loft’, or ‘blend’ is previously explained and illustrated 

in Chapter 3 as a mental imagery process unique to 3DSM-CAD.  Both groups received specific 

procedural command instruction followed by student practice.  For the ‘treatment’ group, 

teacher modelling of cognitive strategies was employed during specific procedural command 

instruction.  In this instance the cognitive strategies of planning and part disaggregation were 

addressed as well as the spatial relationship skill associated with the location of work-planes 

and derivative geometry necessary to undertake the loft algorithm. 

 

Following the completion of algorithmic process exercises and discussion, specific reference 

was made to the “CAD Workbook” (Appendix 7) for the ‘treatment’ group.  The ‘control’ 

group undertook additional specific procedural command practice while ‘treatment’ group 

students were asked to review examples 1-34 from the CAD Workbook prior to the next session 

and sketch the solutions to objects which could now be created using the algorithms learned 

during week 6.  In addition, specific exercises 36, 42 and 43 were undertaken as group problem 

solving exercises in class.  Exercises 44 and 45 were to be addressed individually prior to the 

next session by outlining the algorithmically salient parts and sketching possible solutions to 

these particular modelling problems.  The sketching process was again undertaken so that 

students would continue to develop spatial ability.   Details of the week 6 intervention are 

outlined in Table 13.  The processes undertaken only by the ‘treatment’ group are identified in 

italics in the table. 
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Table 13.  Intervention Week 6 
 
Topic Instructional 

Strategy 
Cognitive Processes Student CAD 

Exercises 
Revision of weeks 2, 
3, 4 and 5 processes 

• Extrusion 
• Multiple 

extrusion 
• Adding 
• Subtracting 
• Symmetry 
• Thickness 
• Drafting 
• Offset 
• Shell 
• Draft 
• Revolve 
• Round 
• Chamfer 
• Mirror 
• Sweep on 

path 
• Copy and 

pattern 
• Scale 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

 
Student self 
explanation with 
teacher scaffolding 
of examples from 
weeks 2, 3, 4 & 5. 

Teacher modelling of 
cognitive strategies 
through the 
scaffolding process. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

 

 

Review of CAD 
Workbook 

Student description 
and explanation of 
which exercises 
could have been 
completed using the 
algorithms from 
weeks 2, 3, 4 & 5. 
 
 
 
Group discussion of 
workbook exercises 
from week 5. 

Explicit student 
explanation of 
perceptual differences 
identified in each 
model. 

Teacher scaffolding. 

Discussion of strategic 
knowledge. 

Individual explanation 
of the explicit 
strategic knowledge 
employed and the 
perceptual 
differentiation that 
lead to the strategy 
selection. 

Group discussion to 
identify a preferred 
solution.  “SPACER” 
anagram used to focus 
discussion. 
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Topic Instructional 
Strategy 

Cognitive Processes Student CAD 
Exercises 

Project 
 
 
 
 

Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge. 

Teacher modelling 
of metacognitive 
processes. 

Student practice 
specific procedural 
command 
knowledge. 

Teacher modelling of 
perceptual 
differentiation and 
planning. 

 

Teacher modelling of 
spatial relationship 
skill associated with 
offset and angled 
work-planes. 

 

Loft Teacher exposition 
and demonstration 
of specific 
procedural 
command 
knowledge.  

Student practice 
specific procedural 
command 
knowledge.  

Teacher modelling of 
cognitive strategies of 
planning and part 
disaggregation and 
work-plane 
identification. 
 
Student practice of 
image manipulation 
for spatial ability 
development and the 
metacognitive process 
of monitoring. 

 

Strategic knowledge Teacher exposition 
of strategic 3DSM-
CAD knowledge: 
choosing 
alternative 
algorithms, 
changing geometry. 

Cooperative 
problem solving. 

 

 

Individual 
sketching exercises 
from workbook. 

Reinforcement of 
“SPACER” diagram 
to assist with 
metacognitive 
training. 

 

Cooperative problem 
solving of exercises 
36, 42, 43 followed by 
group discussion with 
teacher scaffolding. 

Review examples 1-34 
from the CAD 
Workbook for next 
session.  Student 
practice sketching for 
spatial ability 
development. 

Student outline of 
parsing and sketching 
of solution to 
workbook exercises, 
44 and 45. 
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The six week intervention described above managed both the ‘control’ and ‘treatment’ groups in 

a similar manner for the delivery of declarative command knowledge and specific procedural 

command knowledge.  That is, both groups were given similar teacher exposition and 

demonstration for each 3DSM-CAD algorithm and both groups undertook the construction of 

models for each process from the same set of models.  A major difference between the groups 

was the amount of specific procedural command practice undertaken.  The ‘control’ group 

undertook to construct all the models from each set while the ‘treatment’ group constructed only 

some models with the remainder being used as a basis for discussion and group problem 

solving.  The ‘control’ group therefore had more specific procedural command practice than the 

‘treatment’ group.  However, the ‘treatment’ group undertook specific training in parsing, 

mental imagery and metacognition that was not given to the ‘control’ group.  Parsing training 

was addressed through sketching the outline of algorithmically salient parts and through teacher 

modelling of perceptual differentiation.  Mental imagery was addressed through on-screen 

image manipulation and also through both sketching and perceptual differentiation.  

Development of a metacognitive approach to the 3DSM-CAD process involved: making explicit 

the reasoning processes of the teacher through a talk aloud process of expert modelling, group 

and cooperative learning strategies and teacher scaffolding.  Differences therefore existed 

between the amount of specific procedural command practice, the parsing training, the mental 

imagery training and the metacognitive training of the two groups.  Any differences between the 

results of the two groups following the intervention is therefore attributable to these combined 

aspects of the treatment.   As outlined later, more research would therefore be necessary to tease 

out individual contributions to difference.  Data collection from Study 2 is addressed in the 

following section. 

 

Data collection 

In addition to the initial survey to ascertain the prior computer and CAD experience of subjects, 

data from the main study were collected at two separate intervals.  The first occurred in week 7 

of the semester and followed immediately after the conclusion of the intervention.  The second 

occurred in week 15 of the semester during the university examination period.  The period from 

week 8-10 was spent on individual project work for the ‘treatment’ group while during weeks 

11-13 all students undertook a compulsory practicum (teaching practice placement in a school) 

associated with their teaching degree.  For ethical reasons the ‘control’ group received the all 

aspects of the strategy training (parsing, mental imagery and metacognition), in addition to their 

project work, during weeks 8-10.  Worked examples of 3DSM-CAD with explanatory notes 

regarding the expert strategies employed were also made available to students via the web on a 

weekly basis during the period weeks 9-15 (Details of these examples are included as Appendix 

10). 
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The immediate post-intervention data collection in week 7 consisted of video-capture files of 

each of the nine tasks undertaken by the subjects. (Details of these tasks are included as 

Appendix 11 and described in the following paragraph).  The video-capture method of data 

capture was selected as an outcome of both the literature on knowledge elicitation techniques 

outlined in Chapter 5 and as a result of the successful application of the technique during Study 

1.  Think-aloud protocols were not utilized in this stage of the study in order to ensure that the 

data collection technique was unobtrusive to the subjects who were undertaking the data 

collection simultaneously.  The data capture was, however, capable of providing very fine-

grained detail of the processes used by subjects during the 3DSM modelling task.  This data 

capture enabled the identification of: the number of models successfully completed, the number 

of expert strategies employed, the planning time spent prior to the commencement of a task and 

the working time taken for each task.  In addition to the video-capture, the CAD files for each 

subject were collected so that cross referencing of information could be achieved if the 

processes used were not clear from the video files.    

 

Assessment tasks 

The tasks for post-intervention data collection were specifically designed to meet a number of 

criteria.  The tasks incorporated some models with a number of parts, both main and peripheral, 

so that parsing needed to occur and decisions regarding the category of part (main, peripheral) 

and the order of part generation made.  The individual parts were capable of being modelled 

using a number of different algorithms so that choices of strategy could be made and 

opportunities existed for efficiencies of production to occur through a strategic approach.   Full 

details of these tasks are included in Appendix 11.  The expert strategies incorporated into the 

design of each task, and the rationale for their inclusion as expert strategies, are added as 

notation boxes in red.  The final task was similar to the one described in Chapter 1 of this thesis 

and used for the initial expert data collection in Study 1.  The metacognitive strategies were 

identified on the basis of those concluded from expert performance in Study 1, as detailed in 

Chapter 5.  These strategies included efficient generation of the model, the choice of algorithms 

on the basis that future changes to the model would be both possible and efficient, choosing 

modelling techniques based on algorithms rather than geometry and identifying opportunities 

for the reuse of objects or geometry through functions such as ‘copy’, ‘pattern’, ‘mirror’ or 

‘scale’.  For each subject a combined total of these metacognitive strategies was calculated in 

order to obtain a raw number in order to get a measure of expert strategies. It is recognized that 

different expert strategies are used for different purposes but it is beyond the scope of this 

research to separate them out.  This research is concerned with the overall affect of the 

intervention and not the individual affect. 
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Measures and hypotheses 

The immediate post-intervention data capture produced four separate sets of data.  The number 

of successfully completed models was used as a measure of specific procedural command 

knowledge as the application of this knowledge is a requirement for model generation.  It was 

hypothesized that there would be no difference between the specific procedural command 

knowledge of the groups as measured by the number of 3DSM-CAD models successfully 

completed.   The intervention was designed to improve the use of strategic 3DSM-CAD 

knowledge.  This was measured by the number of expert strategies used by the subjects.  It was 

therefore hypothesized that the ‘intervention’ group would outperform the ‘control’ group as 

measured by the number of expert strategies used by the subjects.  The third set of data was a 

measure of the planning time spent prior to the commencement of the 3DSM-CAD modelling 

process.  Outlined in Chapter 2 is the characteristic of experts to engage in more planning time 

than novices, who tend to act “immediately and unsystematically” (Veenman, Elshout & 

Busato, 1994).  It was therefore hypothesized that the ‘intervention’ group subjects would spend 

more time planning than the ‘control’ group subjects.  The final data captured immediately 

following the intervention measured the total time taken for the modelling tasks.  This measured 

the time from first sight of the model until the completion of the modelling task, including the 

planning time.  It was hypothesized that improvements in the efficiency of modelling, as an 

outcome of a more strategic approach, would negate the additional time taken in strategy 

planning and that therefore there would be little to no difference between the overall task times 

of the two groups. 

 

Final data collection after strategic training for both groups 

Final data capture occurred during a two hour CAD examination held during the normal 

university examination period.  The tasks for final data collection were also specifically 

designed to incorporate some models with a number of parts, both main and peripheral, so that 

parsing needed to occur and decisions regarding the category of part (main, peripheral) and the 

order of part generation made.  The tasks also included individual parts that were capable of 

being modelled using a number of different algorithms so that choices of strategy could be made 

and opportunities existed for efficiencies of production to occur through a strategic approach.   

Subjects were required to construct five models of specific objects illustrated in the examination 

paper (Details of these tasks are included as Appendix 12).   The expert strategies incorporated 

into the design of each task, and the rationale for their inclusion as expert strategies, are once 

again added as notation boxes in red and are identified on the basis of those concluded from 

Study 1, as outlined in Chapter 5.  The data collected consisted of hard copy print outs and 

computer files of student work on five 3DSM-CAD models, and written responses completed 
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by the subjects specifying the CAD strategies they employed, or would have employed, during 

the construction of the model.  This dual process provided subjects with the opportunity to 

specify the modelling technique used, thus verifying the data available through the computer 

files, and in addition gave subjects the opportunity to explain their modelling technique in 

circumstances when a lack of specific procedural command knowledge prevented model 

generation   This data capture enabled the identification of the number of metacognitive 

strategies employed and the number of models successfully constructed.   

 

At the time of this final data collection both groups had received specific 3DSM-CAD strategy 

training in the manner described previously.  It was therefore hypothesized that there would be 

no difference between the ‘intervention’ group and the ‘control’ group as measured by the 

number of expert strategies used by the subjects.  Similarly it was also hypothesized that the 

measure of specific procedural command knowledge, the number of successfully completed 

models, would indicate that there was no difference between the groups.   Should there remain 

differences between the groups, it was expected that this would be due to the differences 

between embedded and end-on strategy training. 

 

Data Analysis 

Wiersma (1986) classifies data in terms of nominal, ordinal, interval and ratio.  Nominal data 

indicates categories or classifications without order such as black or white, male or female.  

Ordinal data differentiates on the basis of classification but can also be ranked.  An example of 

ordinal data is an attitude towards a proposition where the degree of agreement is also indicated 

(i.e. highly agree, agree, neutral).  An interval scale is one where order and equivalent difference 

are both established such as with an IQ test where the differences between scores of 100, 110 

and 120 respectively are considered equivalent.  Ratio scales, in addition to order and equivalent 

difference, also exhibit ratio so that it is possible to say, for example, that one container is twice 

as heavy as another.   Each kind of data lends itself to different kinds of statistical analyses 

because of the assumptions that are involved.   

 

In common with much educational research the nature of the data collected during the main 

study varies considerably.  The planning time and overall task time were ratio data as it is 

possible that the time taken by one subject is twice as long as the time taken by another subject.  

Prior computer experience and prior CAD experience data were ordinal as it is only possible to 

categorize the experience of one subject as being greater or less than another.  Expert strategies 

data were considered interval in nature as, although one subject may have used twice as many 

expert strategies than another, it would be inaccurate to assume that they are twice as expert.  
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Hence, due to the varied nature of the data it was considered necessary to undertake non-

parametric analyses in order to provide more robust results.   

 

Strengths and limitations of the experimental design 
 
In this section the strengths and limitations of the research design are discussed.  Campbell and 

Stanley (1963) outline the difference between the internal and external validity of educational 

research.  Internal validity determines whether or not the difference in the dependent variables is 

attributable to the experimental treatment and external validity determines whether or not the 

results are able to be generalised.  Campbell and Stanley (1963) specify eight factors that may 

jeopardise internal validity: history, maturation, testing, instrumentation, statistical regression, 

selection, experimental mortality and selection maturation.   Factors jeopardising external 

validity include: interaction effect of testing, interaction between selection and the experimental 

variables, reactive effects of experimental arrangements and multiple treatment interference.  

Each of the internal and internal validity factors is addressed in the following section. 

 

Internal validity. 

The effect of history is likely in long experiments where specific events may occur between 

initial and subsequent data collection, especially in a pre-test post-test design.  The experimental 

treatment undertaken in this thesis occurred over a relatively short initial period of six weeks 

and the methodology incorporated a post-test only design.  Thus the effect of history was 

largely negated.  Similarly any effect of subject maturation and selection-maturation interaction 

was unlikely due to the time frame involved.  Mortality was checked for and found not to be a 

factor as all subjects who commenced the experiment also completed the experiment.  However, 

data collected at the end of the intervention was only available from 26 of the 29 subjects due to 

absences and computer difficulties.  The distribution of subjects across the two groups was not 

altered. 

 

Testing is the likely positive effect on a second test of having done an initial test.  The subjects 

in this study were undertaking an initial course in 3DSM-CAD making an initial test 

meaningless due to a lack of specific procedural command knowledge; therefore the design 

incorporated a post-test only methodology negating the effect of an initial test.  This aspect of 

the research design also controlled for any possible effect of regression.   

 

Two internal validity factors that were specifically addressed are selection and instrumentation.  

The possibility of selection bias was addressed in a number of ways.  Students were able to self-

select into one of two groups independently of researcher input.  Following self-selection, a 
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random allocation of which group would receive the intervention treatment and which would be 

the control group was made.  The possibility that student self allocation may conceivably have 

not been random in terms of previous experience was also addressed through the collection and 

analysis of prior experience data.  Threats to validity due to instrumentation may occur due to 

the inability of the data collection method to capture cognitive processes and lack of consistency 

in test scoring.  The data collection methods used in the study provided a very rich data set 

capable of fine grained analysis.  In addition, the collection of multiple data sets in the form of 

video-capture, computer files and written responses allowed cross-referencing from one data 

source to another in order to verify scoring. 

 

External validity 

According to Campbell and Stanley (1963) external validity is affected by four factors.  The 

research design did not include pre-testing, thus an interactive effect of testing was not a threat 

to validity.  This study was, however, undertaken within a single institution.  There was 

therefore the potential for interaction between selection and the experimental variable.  

However it is argued that the subjects were novice 3DSM-CAD users representing a wide age 

range and by using the whole cohort of a particular program, rather than a select group, the 

results of the study may be generalisable to other novice 3DSM-CAD users.  Further research in 

a variety of environments and with a range of subjects would be necessary to verify this claim. 

The third threat to external validity is the reactive effect of experimental arrangements whereby 

the effect of the experimental intervention may not be generalisable to other settings.  In this 

study, the two groups were taking part in a compulsory class as a part of their undergraduate 

program.  Classes took place in the same room and for the same duration and students were 

unaware of their allocation to groups.  Similarly, students were unaware of the nature of the 

analysis being undertaken at the end of the intervention making it difficult for them to adjust 

responses accordingly.  It is therefore argued that any likely ‘Hawthorne” effect was minimized.  

The final threat to external validity is multiple-treatment interaction.  It is recognized that the 

intervention used in Study 2 incorporates multiple treatments for parsing, mental imagery and 

metacognition.  However, the overall intervention is a specifically designed combination of 

these individual elements and it is this overall intervention that is being evaluated and not the 

individual elements.  It is recognized that further research would be needed to tease out the 

contribution of individual elements. 

 

Strengths and limitations conclusion 

This section addresses the internal and external factors that may affect the validity of the study.  

The majority of factors have been shown not to jeopardise validity.  Selection bias and 

instrumentation were specifically addressed as potential threats to internal validity.  Similarly, 
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the interaction between selection and the independent variable and the ‘Hawthorne effect’ as 

potential threats to external validity has been discussed.  It is argued that, while these threats 

exist, the experimental design minimised the actual threat leading to the conclusion that the 

experimental design is valid.  In addition, the data collection method, process tracing using 

video-capture, were considered strengths of the methodology as it has been found in Study 1 to 

be capable of providing valid and detailed data of the 3DSM-CAD processes undertaken by 

subjects.  The possible threat to external validity of multiple-treatment interaction has been 

discussed.  It is argued that the intervention used in Study 2 is a specifically designed 

combination of treatments and as such is being evaluated as a single treatment.  However, it is 

acknowledged that multiple-treatment interaction may occur and that further research would be 

necessary to identify individual treatment contributions. 

 

Conclusion 
This thesis addresses two research questions.  These are: what constitutes strategic 3DSM-CAD 

knowledge; and what instructional strategies will improve the use of strategic 3DSM-CAD 

knowledge?  Study 1, outlined in Chapter 5, addresses the first of these questions.  This present 

Chapter addresses the second research question which is operationalised through Study 2.  The 

method for Study 2 is outlined drawing upon the cognitive science literature about improving 

the processes of metacognition, parsing and mental imagery in Chapters 2 and 3 and the design 

of learning strategies in Chapter 4 to support the design of an intervention.  The instructional 

design for the intervention has been justified and a week-by-week intervention program 

described.  The selection of subjects is described and the research design for Study 2 justified 

prior to a discussion of the strengths and limitations of the experimental design.  It is argued that 

the design of Study 2 is well-substantiated and that the richness of the data enables valid 

conclusions to be drawn.  The findings from Study 2 are presented in the following chapter. 
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Chapter 7: Findings of Study 2 – Developing 3DSM-CAD 
strategic knowledge. 

 

The purpose of this research is to address the 3DSM-CAD research problem: the development 

of 3DSM-CAD strategic knowledge through the learning and teaching process.  Study 1 

presented in Chapter 5 delineated metacognitive processes used by experts in 3DSM-CAD, 

identifying in particular the domain specific nature of the strategic knowledge and the 

importance of strategy choice in 3DSM-CAD expertise.  This chapter addresses the findings of 

Study 2 that involved the implementation of an instructional intervention specifically designed 

to improve the strategic knowledge use of novice 3DSM-CAD learners.  In Chapter 6 a number 

of hypotheses are presented.  These are that, immediately following the intervention, it is 

hypothesized that: 

 

• There will be no difference between the specific procedural command 

knowledge of the groups as measured by the number of 3DSM-CAD models 

successfully completed.  

• The ‘intervention’ group will outperform the ‘control’ group as measured by 

the number of expert strategies used by the subjects.   

• The ‘intervention’ group subjects will spend more time planning than the 

‘control’ group subjects.   

• There will be no difference between the overall task times of the two groups. 

 

It is further hypothesized that in the final data collection following strategy training for the 

‘control’ group: 

 

• There will be no difference between the specific procedural command 

knowledge of the ‘intervention’ group and the ‘control’ group as measured by 

the number of successfully completed models. 

• The difference between the ‘intervention’ group and the ‘control’ group as 

measured by the number of expert strategies used by the subjects will decrease. 

 

The data analysis in this chapter initially addresses the randomization of the two groups and the 

overall results of the intervention.  It then presents a detailed investigation of relationships that 

may explain overall differences between the control and treatment groups.  Conclusions that 

may be drawn from the data analysis are then discussed.  
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Prior experience analysis. 

As outlined in Chapter 6 an initial survey of subjects was undertaken in order to establish 

randomization of the two groups.  Subjects were asked to respond to five statements regarding 

their prior computer experience, experience with 2D CAD, the amount of formal 2D CAD 

instruction they had experienced, their experience with 3D CAD and the amount of formal 3D 

CAD instruction they had experienced.  Responses were on a six-point scale ranging from 

‘none’ to ‘a lot’.   Table 14 presents the results of the analysis of the between-groups differences 

on these prior experience variables.  Ranks for each prior experience variable were calculated 

and the Mann-Whitney U test was conducted in order to ascertain whether statistically 

significant differences existed between the groups. 

Table 14.  Group Comparison on Prior Experience 
 
Variables  Mean Rank Mann-Whitney U   p 

Prior Computer 
experience 

Control        
(n=18) 

14.33 

  Treatment     
(n=11) 

16.09 

 
87.00 

 
0.576 

2D experience Control   
(n=18) 

14.42 

  Treatment   
(n=11) 

15.95 

 
88.50 

 
0.626 

2D instruction Control   
(n=18) 

15.06 

  Treatment   
(n=11) 

14.91 

 
98.00 

 
0.962 

3D experience Control   
(n=18) 

15.72 

  Treatment   
(n=11) 

13.82 

 
86.00 

 
0.511 

3D instruction Control   
(n=18) 

15.58 

  Treatment   
(n=11) 

14.05 

 
88.50 

 
0.595 

 

The analysis indicates that there were no significant differences between the control and 

treatment groups on the basis of prior computer and CAD experience, confirming the 

effectiveness of the randomization in terms of these prior experiences.  It was assumed that any 

differences in prior abilities in 3DSM-CAD would be due to such experiences; and that 

therefore it would be concluded that there were no significant differences across the two groups.  

It was considered that further analysis could then be undertaken in order to ascertain whether 

there were differences between the groups that could be attributed to the treatment.  

 



 170

Post-treatment data analysis 

The initial post-intervention data collection consisted of video-capture files of each of the nine 

tasks undertaken by each of the subjects.  This data capture enabled the identification of the 

number of models completed successfully, the number of expert strategies employed, the 

planning time spent prior to the commencement of a task and the working time taken for each 

task.  There were 29 subjects involved in the study; however due to absence through illness on 

the day of initial data collection, and computer malfunction that rendered the data of some 

subjects unusable, a total of 26 data sets were available for analysis.  Statistics relating to 

planning and working time could not be extracted from the video files for some subjects due to 

their failure to follow explicit procedural instructions thus accounting for the lower numbers in 

these cells in Table 15 below.  Planning time represented the total elapsed time between first 

viewing the 3DSM-CAD tasks and the time when actual modelling commenced for each task as 

represented by the first mouse “click”.  Overall planning time represents the sum of the 

planning times for each of the nine tasks.  Working time was the total time taken between the 

first mouse “click” for each 3DSM-CAD task and the save function for the completed model.  

Overall working time represents the sum of the working times across the nine tasks.   The 

number of successful models is represented by the total of those models that were completed 

accurately by each subject.  Finally, total expert strategies is represented by the sum of the 

expert strategies used by the subjects.  The expert strategies are those identified in each 

modelling task as outlined in Chapter 6 and in Appendix 11.  These data were input into SPSS 

Version 11.0 for analysis.  Mean ranks for the two groups and the results of the Mann-Whitney 

U tests for differences in ranks are presented in Table 15. 

Table 15.  Group Post-test rankings 
 
   Mean Rank Mann-Whitney U P  

Overall planning 
time 

Control 
(n=14) 

9.93 

  Treatment 
(n=6) 

11.83 

 
34.00 

 
0.509 

Overall working 
time 

Control 
(n=14) 

10.43 

  Treatment 
(n=6) 

10.67 

 
41.00 

 
0.934 

Successful 
models 

Control 
(n=15) 

13.93 

  Treatment 
(n=11) 

12.91 

 
76.00 

 
0.722 

Total expert 
strategies used 

Control 
(n=15) 

9.03 

  Treatment 
(n=11) 

19.59 

 
15.50 

 
0.000 
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The analysis indicates that no significant difference existed between the planning times of the 

two groups and that both groups achieved a similarly high success rate in completing the nine 

models.  However, a statistically significant difference was found between the groups on the 

number of expert strategies used, with the ‘treatment’ group outperforming the ‘control’ group 

substantially, with very high ranked average frequency of expert strategies.  Inspection of the 

expert strategies indicates that ‘treatment’ group subjects were able to identify a wider variety of 

both geometry and algorithm based strategies than the ‘control’ group. 

 

In order to explore whether possible relationships might have existed between prior experience 

factors and outcome measures non-parametric correlations were calculated for; planning time, 

task time and expert strategies.  Table 16 presents these correlations. 
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Table 16.  Prior Experience Correlations (Spearman's rho) 
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Prior 
Computer 
experience 

Correlation 
Coefficient 

1.000 .351 .345 .219 .205 -.083 -.458 -.064 

  Sig. (2-
tailed) 

 .062 .067 .253 .287 .743 .056 .778 

  N  29 29 29 29 18 18 22 
2D CAD 
experience 

Correlation 
Coefficient 

  .887 .494 .491 .072 -.271 -.282 

  Sig. (2-
tailed) 

  .000 
** 

.006 
** 

.007 
** 

.777 .277 .203 

  N   29 29 29 18 18 22 
2D CAD 
instruction 

Correlation 
Coefficient 

  1.000 .365 .340 .124 -.355 -.411 

  Sig. (2-
tailed) 

   .051 .071 .623 .148 .058 

  N    29 29 18 18 22 
3D CAD 
experience 

Correlation 
Coefficient 

   1.000 .996 .070 -.200 .099 

  Sig. (2-
tailed) 

    .000 
** 

.782 .427 .662 

  N     29 18 18 22 
3D CAD 
instruction 

Correlation 
Coefficient 

    1.000 .102 -.129 .136 

  Sig. (2-
tailed) 

     .686 .609 .547 

  N      18 18 22 
Overall 
planning 
time 

Correlation 
Coefficient 

     1.000 .248 .374 

  Sig. (2-
tailed) 

      .292 .104 

  N       20 20 
Working 
time 

Correlation 
Coefficient 

      1.000 .014 

  Sig. (2-
tailed) 

       .954 

  N        20 
Total 
expert 
strategies 
used 

Correlation 
Coefficient 

       1.000 

**  Correlation is significant at the .05 level (2-tailed). 

 

As expected the analysis confirmed strong, positive relationships between the prior computer 

experience factors.   These included positive and significant correlations between 2D CAD 

experience and the three factors of 2D CAD instruction (r = 0.887, p = 0.000), 3D CAD 

experience (r = 0.494, p = 0.006) and 3D CAD instruction (r = 0.491, p = 0.007).  Also found 
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was a positive and significant correlation between 3D CAD experience and 3D CAD instruction 

(r = 0.996, p = 0.000).   The relationship between 2D CAD instruction and both 3D CAD 

experience (r = 0.365, p = 0.051) and 3D CAD instruction (r = 0.340, p = 0.071) was positive 

and approaching significance as was the correlation between computer experience and the 

amount of both 2D CAD experience (r = 0.351, p = 0.062) and 2D CAD instruction (r = 0.345, 

p = 0.067).    These results indicated a number of expected relationships.  The first was that 

most subjects with any type of CAD experience also indicated considerable computer 

experience.  Secondly, there was a strong relationship between CAD experience and formal 

CAD instruction indicating that the majority of subjects had formal CAD instruction rather than 

being self-taught.  Finally there appeared to be a relationship between 2D and 3D CAD 

indicating that many CAD courses include instruction and experience with both applications.  

However, none of these correlated significantly with the total number of expert strategies used. 

 

Two other relationships also approached significance.  The first of these was the correlation 

between prior computer experience and working time (r = -0.458, p = 0.056).  The negative 

nature of the relationship indicated that experienced computer users spent less time in model 

construction, irrespective of treatment.  This was not unexpected as the 3DSM-CAD software 

being used was a windows-based application allowing for transfer of prior operating system 

knowledge to the new application.  However, the correlation finding between 2D instruction and 

total expert strategies which approached significance (r = -0.411, p = 0.058) was not expected.  

This is of particular interest in that the relationship was negative.  This indicates that prior 2D 

CAD instruction had a possible obstructive effect on the learning and use of expert 3DSM-CAD 

strategies.  In order to investigate further this and other possible relationships that may have 

affected the use of expert strategies within the ‘treatment’ and ‘control’ groups following the 

intervention, additional analyses were undertaken in order to differentiate between subjects on 

the basis of prior experience.   

 

Analyses were once again undertaken using the more robust non-parametric methods.  These 

were undertaken using Chi-square by grouping individual variables into ‘High’ and ‘Low’ 

categories in order to gain cells of sufficient size for analysis.  Each of the variables were 

divided at the point where each category represented 50% of the available cases.  Cases up to 

50% were designated ‘Low’ and those above 50% designated ‘High’.  Table 17 presents an 

example of this process for the division of total expert strategies used.  (Frequency tables for all 

variables are presented as Appendix 13) 
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Table 17.  Total Expert Strategy Divisions 
 
  Strategy 

Totals 
Frequency Valid 

Percent 
Cumulative 
Percent 

Divisions 

Valid 0 1 3.8 3.8 
  1 2 7.7 11.5 
  2 4 15.4 26.9 
  3 2 7.7 34.6 
  4 5 19.2 53.8 

 
‘Low’ 
expert 
strategies 

  5 5 19.2 73.1 
  7 2 7.7 80.8 
  8 2 7.7 88.5 
  10 1 3.8 92.3 
  13 1 3.8 96.2 
  16 1 3.8 100.0 

 
‘High’ 
expert 
strategies 
 

  Total 26 100.0    
        
  

Following categorization of the variables, analyses comparing expert strategies used by control 

and treatment groups with prior different levels of experience were undertaken.  The following 

table gives an example of the results of these analyses. 

Table 18.  Group Category Comparison (low - high) of Expert Strategies and 3D CAD 
Experience 

   Expert 
strategies 
categories 

  Total   χ2    p 

3D CAD 
Experience 
categories 

  Low expert 
strategies 

High expert 
strategies 

    

Low 3D 
CAD 
Experience 

Control 5 0 5 

  Treatment  2 3 5 

 
4.286 

 
0.038 

High 3D 
CAD 
Experience 

Control 4 3 7 

  Treatment 0 4 4 

 
3.592 

 
0.058 

 
 

Differences between group use of expert strategies on the basis of prior experience variables 

indicate a consistent pattern.  This consistency of the pattern is not surprising given the 

correlations between these prior experience variables.  Differences between control and 

treatment group subjects in the high category for prior computer experience (p = 0.880), prior 

2D CAD experience (p = 0.323) failed to reach significance; while for 2D CAD instruction (p = 

0.058), 3D CAD experience (p = 0.058) and 3D CAD instruction (p = 0.058) almost reached 

significance.  In contrast the comparison between groups on the basis of low prior experience all 

reached significance.  (Low prior computer experience (p = 0.006), low prior CAD experience 

(p = 0.021), low 2D CAD instruction (p = 0.006), low prior 3D CAD experience (p = 0.038) and 
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low prior 3D CAD instruction (p = 0.038)).  A consistent trend was therefore evident where the 

intervention strategy was more successful for low prior experience subjects than for high prior 

experience subjects.  This indicates that prior computer and CAD experience/instruction may 

have a possible obstructive affect on the learning and use of expert 3DSM-CAD strategies.  It is 

suggested that this finding may be attributable to the effect of prior knowledge acting as mental 

set as discussed in Chapter 2. 

 

Examination data analysis 

The final data capture occurred during a two hour CAD examination held during the normal 

university examination period.  The examination occurred after the control group had also 

received strategic thinking instruction end-on to their procedural command based instruction.  

There were 34 subjects involved in the study. Subjects were required to construct five models of 

specific objects illustrated in the examination paper.  The data which were collected consisted of 

hard copy print outs and computer files of the five 3DSM-CAD models, together with written 

responses completed by the subjects specifying the CAD strategies employed during the 

construction of the model.  This data capture enabled the determination of the number of models 

successfully constructed and the number of expert strategies employed.  These data were input 

into SPSS Version 11.0 for analysis.  Table 19 presents the ranks for the two groups and the 

statistical significance of differences across the groups. 

Table 19.  Examination Group Ranks 

 Group 0 = Control  
           1 = Treatment 

Mean Rank Mann-Whitney U   p 

Successful 
models 

Control 
(n=18) 

18.10  
128.000 

 
0.628 

 Treatment 
(n=11) 

16.64   

Expert Strategy 
totals 

Control 
(n=18) 

15.27 

  Treatment 
(n=11) 

20.68 

 
95.500 

 
0.118 

 
 

The ranks show that both groups achieved a similarly high success rate in completing the five 

models with the control group slightly (but not significantly) outperforming the treatment group.  

Expert strategy rankings indicate that the ‘treatment’ group outperformed the ‘control’ group in 

the number of expert strategies used; however the difference also failed to reach significance.  

These result indicate that the incorporation of the expert strategy training intervention was 

successful both when embedded in initial specific procedural command instruction and when 

undertaken immediately following initial specific procedural command instruction.   
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At the beginning of this Chapter a number of hypotheses are proposed.  The statistical analyses 

undertaken conclude that, following the initial intervention: 

 

• The hypothesis that there will be no difference between the specific procedural 

command knowledge of the groups as measured by the number of 3DSM-CAD 

models successfully completed was supported.  

• The hypothesis that the ‘intervention’ group will outperform the ‘control’ group 

as measured by the number of expert strategies used by the subjects was 

supported.   

• The hypothesis that the ‘intervention’ group subjects will spend more time 

planning than the ‘control’ group subjects was not supported.   

• The hypothesis that there will be no difference between the overall task times of 

the two groups was also supported. 

 

The statistical analyses undertaken conclude that following the strategy training for the 

‘control’ group: 

 

• The hypothesis that there will be no difference between the ‘intervention’ group 

and the ‘control’ group as measured by the number of expert strategies used by 

the subjects was supported. 

• The hypothesis that there will be no difference between the specific procedural 

command knowledge of the  ‘intervention’ group and the ‘control’ group as 

measured by the number of successfully completed models was also supported. 

 

Discussion 

This section discusses the findings of Study 2 and provides an explanation of these findings in 

terms of the theoretical synthesis of the research problem presented in Chapter 1.  Study 2 has 

identified a number of results that have implications for the development of 3DSM-CAD 

expertise through instruction. In summary, these are:  

 

• It was possible to devise a suitable training intervention to improve the use of 

strategic 3DSM-CAD knowledge in novice learners. 

• The application of strategic 3DSM-CAD knowledge could successfully be 

learned during initial command training. 

• Instruction in strategic 3DSM-CAD knowledge following specific procedural 

command training was also effective. 
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• Prior computer and CAD experience factors appeared to affect the learning and 

use of strategic 3DSM-CAD knowledge negatively. 

 

The intervention strategy used in Study 2 was developed through specific application of the 

cognitive psychological literature to the research problem.  In addition to research in the CAD 

domain it considered a range of cognitive abilities.  Mental imagery (e.g. Cooper & Sheppard; 

1973; Kosslyn, Reisr, Farah & Fliegel, 1983; Pylyshyn, 1973) was posited to be central to the 

3DSM-CAD research problem due to the specific nature of the 3DSM-CAD process.  Analysis 

of specific aspects of mental imagery (see Chap. 3) concluded that parsing (e.g. Baylis & 

Driver, 1995; Biederman, 1987; Hoffman & Singh, 1997) and shape or object recognition (e.g. 

Biederman, 1987; Liter, 1995; Tarr & Bulthoff, 1995) were important processes in the 

development of strategic knowledge in 3DSM-CAD.  This is due to the necessity to divide an 

object into parts prior to the commencement of modelling and the ability to recognize 

algorithmic salience so that specific procedural command knowledge can be employed and 

choices between alternative strategies can be made.   As an outcome of this conclusion, 

techniques for the improvement of spatial ability (e.g. Alias, Black, & Gray, 2002; Ben-Cham, 

Lappan & Houang, 1988; Lord, 1985) were incorporated into the design of the intervention.  

 

Research into the nature of expertise, presented in Chapter 2, concludes that expertise is 

differentiated on the basis of declarative/command knowledge and procedural/strategic 

knowledge.  This is posited in the general cognitive psychology literature (e.g. Anderson, 1996; 

Newell & Simon, 1972; Scandura, 1981; Tolman, 1926) and in the CAD domain (e.g. 

Bahavnani, 2000; Lang, Eberts, Gabel, & Barash, 1991).  However, it is also argued (Baker & 

Brown, 1982; Gott, 1989; Newell & Simon, 1972; Resnick, 1976; Stevenson, 1984) that an 

additional control or metacognitive level also exists which includes planning, monitoring, 

testing, revising and evaluating of processes.  These findings led to a reconceptualisation of 

3DSM-CAD knowledge to include: declarative command knowledge, specific procedural 

command knowledge and strategic knowledge including metacognition.  The development of a 

metacognitive approach to the 3DSM-CAD process was therefore included in the intervention.   

 

On the basis of this literature, and the literature on designing learning strategies discussed in 

Chapter 4, a specific intervention strategy was designed and implemented, based on the 

cognitive apprenticeship model (Collins, Brown & Newman, 1989).  The intervention 

incorporated specific strategies to bring about improvement in parsing, metacognition and 

mental imagery through expert teacher modelling of problem-solving heuristics, student practice 

in collaborative problem solving, engagement in sketching activities directly related to both 

parsing and 3DSM-CAD algorithm processes and through opportunities for the manipulation of 
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objects on a computer screen.  This treatment comprised the single intervention that was 

empirically tested. 

 

Prior experience data analysis indicated that there were no significant differences between the 

two groups thus confirming randomization of group membership.  It is argued therefore that 

differences between the two groups may be attributed to the experimental intervention.  

 

Post-treatment data analysis found a significant difference in the use of expert strategies 

between the ‘treatment’ and ‘control’ groups indicating that the intervention strategy was 

successful.  The use of a cognitive psychological approach to the 3DSM-CAD research problem 

outlined in this thesis was thus supported.  Further, the process of embedding strategic 

knowledge training into initial declarative and specific procedural command training was not 

found to impede command learning.  This is evidenced by the lack of a significant difference 

between the specific procedural command knowledge of the two groups as measured by the 

number of successfully completed models.  Post-treatment analysis also supported the 

hypothesis that there would be no difference in the overall task time of the two groups thus 

providing additional support for equivalent development of specific procedural command 

knowledge by both groups.   However, analysis of planning time difference between the two 

groups did not support the hypothesis that the ‘treatment’ group would spend more time 

planning than the ‘control’ group.  While this finding was unexpected it is possible that, as an 

outcome of the intervention, the ‘treatment’ group had encapsulated 3DSM-CAD knowledge 

into the ‘SPACER’ anagram with an associated “we always say it is easy to change” script in a 

manner similar to the 3DSM-CAD experts, Subjects 3 and 4, of Study 1.  The development of 

encapsulated knowledge in this manner would help explain the lack of significant difference 

between the planning times of the groups. 

 

It is acknowledged in Chapter 6 that one of the limitations of Study 2 was the possibility of a 

multiple treatment effect of the intervention.  This is due to the nature of the intervention which 

included strategies aimed at improving parsing, mental imagery and metacognition.  It was 

argued in Chapter 6 that the purpose of Study 2 was to evaluate the intervention as a single 

treatment as further analysis would be needed to identify individual treatment contributions.  

Further analysis of the type necessary to identify individual treatment contributions was 

inappropriate in the present study due to the number of subjects involved in Study 2 being 

insufficient to be able to undertake such analysis.   

 

For ethical research reasons the intervention treatment was applied to the control group for a 

period of four weeks following the initial post-treatment data collection.  Analysis of the final 

examination data, collected eight weeks after the initial post-treatment data collection, found no 
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difference in specific procedural command knowledge.  Although expert strategies differences 

were apparent they no longer reached significance.  This supports a possible alternative 

procedure whereby instruction in expert CAD strategies following specific procedural command 

instruction is also effective.  However, the non-significant difference between group rankings 

for expert strategies, indicating that the ‘treatment’ group tended to outperform the ‘control’ 

group, warrants further investigation with larger groups and over extended time periods.  Larger 

group size may enable significant differences to be identified and data collection over extended 

periods of time may indicate whether one treatment provides longer term changes in the use of 

expert strategies than the other. 

 

A number of prior experience factors and their relationship to the effectiveness of the initial 

intervention were investigated.  These included prior computer experience, prior 2D CAD 

experience, 2D CAD instruction, 3D CAD experience and 3D CAD instruction.  In each 

instance the differences between the ‘control’ and ‘treatment’ groups were significant for the 

low prior experience group subjects but not significant for the high prior experience group 

subjects.  Thus, prior CAD experience and instruction, with its emphasis on the acquisition of 

specific command knowledge, appeared to have had an obstructive effect on the process of 

learning expert 3DSM-CAD strategies.  The findings of Study 2 were thus consistent with 

research in mental set in both general problem solving and in CAD.  In problem solving, 

Luchins (1942), Weiten (1992) and Matlin (2005) found mental set inhibits finding effective 

solutions.  In some instances mental set is found to prevent a solution being found at all due to 

persistent attempts to use a previously learned strategy that prevents the recognition of an 

alternative more effective strategy (Luchins, 1942).  In CAD Bhavnani and his associates 

(Bhavnani & John, 1996, 1997; Bhavnani, John & Flemming, 1999) suggest that mental set may 

have an obstructive effect on the learning of strategic CAD knowledge.  The findings of Study 2 

provides some confirmation for the thesis proposed by Bhavnani. 

 

The results of Study 2 indicate that it is possible to improve the use of strategic 3DSM-CAD 

knowledge through intervention.  It provides support for this particular application of the 

cognitive psychological literature to the research problem.   Further, it was found possible to 

embed 3DSM-CAD strategic knowledge training successfully into declarative command and 

specific procedural command training without affecting the acquisition of declarative command 

or specific procedural command knowledge.   Finally, Study 2 has suggested the possibility of 

an obstructive affect of prior CAD experience on the acquisition of strategic 3DSM-CAD 

knowledge. 
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Chapter 8: Conclusions 
 

This thesis addresses two research questions arising from previous CAD research: the first is 

what constitutes strategic 3DSM-CAD knowledge, and the second is; what instructional 

strategies will improve the development and use of strategic 3DSM-CAD knowledge?  These 

problems are addressed using a cognitive psychological approach that draws upon the literature 

on mental imagery, expertise and the design of learning strategies. 

 

This chapter is structured as follows.  Firstly, previous CAD research is reviewed to provide 

insight into the nature of the cognition involved in the 3DSM-CAD process.  A synthesis of 

relevant cognitive science literature is then undertaken and predictions regarding the nature of 

3DSM-CAD expertise and the learning of 3DSM-CAD strategic knowledge, developed in 

Chapters 1-4, are outlined.  Secondly, the findings from Study 1 and Study 2 are summarised.  

Finally, the contribution of the thesis to theory and practice is outlined and suggestions for 

further research advanced. 

 

The nature of 3DSM-CAD expertise 
 

In Chapter 1 the nature of the 3DSM-CAD process is described through example and the central 

role of mental imagery in the process is highlighted.  Previous CAD research is then reviewed.  

This review concludes that:  

 

• CAD instruction is predominantly didactic and concentrates almost exclusively 

on the acquisition of specific procedural command knowledge. 

• Increases in CAD efficiency are not being fully realised as CAD operators are 

levelling off at a sub-optimal use of strategies. 

• Increases in efficiency that are currently being achieved are due to the 

application of strategic and not command knowledge. 

• Strategic CAD knowledge is not being taught. 

• Previous research into improving CAD efficiency has concentrated on the 

application of a number of generalised computer strategies such as iteration 

(copy, group), propagation (specifying dependencies), organisation (putting like 

data into specific locations) and visualisation (displaying different views of 

specific detail) (Bhavnani, 2000). 

• Visualisation or spatial ability is positively related to CAD ability but the use of 

CAD does not necessarily develop spatial ability. 
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Previous CAD research addresses a number of themes.  It differentiates CAD knowledge into 

command knowledge and strategic knowledge.  Command knowledge is knowing about 

commands and how to invoke the procedures necessary for their execution.  Strategic 

knowledge is about making choices between commands and the possible use of generalised 

computer strategies such as copy, the creation of dependencies between parts, grouping similar 

data for ease of manipulation and the use of various visualisation processes to highlight areas of 

interest on the computer screen (Bhavnini, 2000).  Previous CAD research also highlights that 

expertise is differentiated by the use of strategic and not command knowledge but that that the 

emphasis of CAD instruction is almost exclusively on the acquisition of command knowledge 

(Rodriguez, Ridge, Dickinson & Whitwam, 1998).  However the conceptualization of these two 

types of knowledge is inadequate and inconsistent and needs better theorisation.  Finally, a 

positive relationship between spatial ability (mental imagery) and CAD ability is established, 

however, it is also found (Ault, 2003) that using CAD does not necessarily improve spatial 

ability. 

 

Predictions about the nature of 3DSM-CAD expertise are then formulated on the basis of a 

synthesis of existing cognitive science literature in expertise, metacognition and mental 

imagery.   Research in expertise in a number of domains (chess, electronics, figure skating, 

dance, music, bridge and computer programming) highlights that experts’ exhibit a number of 

general characteristics.  According to Chi, Glaser and Farr (1988) and Sternberg 1996) experts 

exhibit the following characteristics:  

 

• high levels of domain knowledge 

• superior speed of task performance 

• superiority of both short and long-term memory in their domain of expertise 

• the ability to do “automatically” things that non-experts find difficult or 

impossible 

• the ability to recognize large and meaningful patterns in the domain of their 

expertise 

• the ability to utilize the metacognitive processes of planning, monitoring and 

revising while undertaking much of the other information processing 

automatically and in parallel with these processes.    

 

It is therefore predicted in Chapter 2 that 3DSM-CAD experts will exhibit well developed 

command knowledge, the ability to recall and invoke specific commands and automaticity of 

execution of command procedures due to initial command training and practice.  The ability to 

recognise patterns related to 3DSM-CAD is also expected and is theorised (Chap. 3) to be 

predominantly a mental imagery process due to the perceptual nature of the tasks being 
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undertaken.  Finally, the expert characteristic of utilizing a range of metacognitive processes 

(predicting, planning, monitoring and revising) is also expected due to the necessity of the 

designed model to maintain integrity and to be able to be changed at a later time.   

 

Following the synthesis of the cognitive literature relating to expertise, a reconceptualisation of 

3DSM-CAD knowledge is proposed.  It is proposed that 3DSM-CAD knowledge should be 

reconceptualised to include three types of knowledge: declarative command knowledge, specific 

procedural command knowledge and strategic (or metacognitive) knowledge.   

 

It is argued that declarative command knowledge is knowledge about the commands or 

algorithms that are available within 3DSM-CAD.  Thus, an individual may know, for example, 

that it is possible to ‘mirror’ lines, ‘copy’ objects and create a solid by extrusion.  This 

knowledge is general in nature and is applicable across the majority of 3DSM-CAD software.   

 

It is argued that specific procedural command knowledge is knowledge that enables the operator 

to execute the necessary commands to, for example, ‘mirror’ lines, ‘copy’ objects and create a 

solid by extrusion within specific 3DSM-CAD software.  Specific procedural command 

knowledge thus varies from one 3DSM-CAD software package to another and may also vary 

from one version of a 3DSM-CAD software package to another.  This is the type of knowledge 

that forms the basis of most 3DSM-CAD instruction, however this type of knowledge changes 

and may therefore need to be relearned. 

 

It is argued that strategic 3DSM-CAD knowledge includes a range of metacognitive processes.  

This conceptualisation of strategic knowledge includes processes such as predicting, planning, 

monitoring and revising and is therefore broader that that proposed in previous research, and 

includes knowledge of processes that are not specific to a particular 3DSM-CAD software 

package.   

 

It is theorised that the development of 3DSM-CAD expertise necessarily includes the 

development of each of the three types of knowledge posited above and, further, that the 

perceptual nature of 3DSM-CAD tasks requires the development of mental imagery processes.  

Description of the 3DSM-CAD task included in Chapter 1 highlights the use of a range of 

cognitive processes involving mental imagery.  A review of mental imagery literature in 

Chapter 3 concludes that while most mental imagery processes used in 3DSM-CAD are already 

identified in the literature there are particular processes specific to 3DSM-CAD.  These 

processes include some types of mental rotation, ‘lofting’ or ‘blending’ and various ‘stretching’ 

and ‘deformation’ processes.  A synthesis of mental imagery research also reinforces the 

centrality of the parsing process to the research problem as, prior to modelling, the object needs 
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to be parsed into separate algorithmically salient parts.  Further, parsing or disaggregation of 

shapes into the derivative geometry necessary for their generation is identified as a process not 

yet the subject of current research.  While much of the parsing process occurs preattentively 

(Anderson, 1996), and for the purpose of object recognition (Biederman, 1987), it is found that 

specific discriminations can be learned (Hoffman & Singh, 1997; Tversky & Hemenway, 1984).  

This has been found in a number of other contexts such as bird watching where the 

identification of specific features such as beaks and tails is used to discriminate between 

species.   It is theorised in Chapter 3 that it is also possible for novice 3DSM-CAD users to 

learn discrimination on the basis of algorithmic salience, which may differ from other forms of 

parsing that concentrate on perceptual and functional differences.  The reconceptualisation of 

3DSM-CAD knowledge and the nature of 3DSM-CAD expertise are tested in Study 1. 

 

Following analysis of the nature of 3DSM-CAD expertise, and the role of both metacognition 

and mental imagery in the use of expert 3DSM-CAD processes, an instructional approach to the 

development of strategic 3DSM-CAD knowledge is synthsised as outlined below. 

 

Learning 3DSM-CAD strategic knowledge 
 

It is outlined above that the development of 3DSM-CAD expertise is theorised to include three 

types of knowledge, declarative command knowledge, specific procedural command knowledge 

and strategic knowledge.  It is also theorised that strategic 3DSM-CAD knowledge involves a 

range of metacognitive processes including predicting, planning, monitoring and revising.  

Further, it is proposed that mental imagery is central to the 3DSM-CAD process.  Improvement 

in the use of strategic 3DSM-CAD knowledge is therefore conceptualised to involve both the 

development of a metacognitive approach and improvement in mental imagery processes.  

Learning strategies for the development of these two processes are discussed in Chapters 2 and 

3 and a number of effective instructional strategies is synthesised (Chap. 4), as outlined below. 

 

On the basis of research by Norman et al. (1997) and Schyns et al. (1998), it is theorised that the 

learning of algorithmic salience may occur through three processes.  These include: explicit 

verbal description, repeated exposure to perceptual differentiation and outlining of parts.  

Explicit verbal description (Norman et al., 1977) involves expert description of the algorithmic 

salience of a part so that novices are able to understand the characteristics that differentiate one 

algorithmic salience from another. Repeated exposure requires that the process of perceptual 

differentiation occurs multiple times, and may be combined with the technique of sketching the 

outline of parts to define part boundaries.  Techniques found to be effective in the development 

of mental imagery include sketching and experience with manipulative tasks which may involve 

both tactile and on-screen computer manipulation (Duesbury & O’Neil, 1996; Harman et al., 
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1999; Sorby, & Baartmans, 1996).  It was decided therefore to incorporate each of these 

techniques into an intervention. 

 

The instructional strategies synthesised to improve the use of strategic 3DSM-CAD knowledge 

also include the development of metacognitive processes.  Instructional strategies for this 

purpose, synthesised in Chapter 4, include the employment of expert teacher modelling, 

scaffolding, cooperative learning and self-explanation.  According to Collins et al. (1989) and 

Resnick (1989) expert teacher modelling involves the teacher providing explicit description of 

all the cognitive processes being undertaken during a particular problem solving episode.  The 

provision of scaffolding during the learning process is advocated by Collins et al. (1989) and 

Goldman and Petrosino (1999).  Scaffolding involves repeated learner observation of the 

particular process being attempted while at the same time guidance from the teacher is also 

being provided.  This guidance is in the form of both direct help and coaching, which are 

gradually withdrawn as knowledge of the target process is developed.  Another method for 

developing a metacognitive approach is suggested by Collins, Brown and Newman (1989) and 

Resnick (1989) who propose the use of cooperative learning or group problem solving.  These 

instructional techniques provide an opportunity whereby teacher intervention can occur in a 

public environment where all students can observe the process, unlike individual exercises.  One 

of the other suggested benefits of cooperative learning is the opportunity afforded to learners to 

explain their thinking or cognitive approach to a particular situation.  According to Aleven and 

Foedinger (2002) this process of self-explanation is also an effective metacognitive strategy. 

 

A number of instructional strategies aimed at improving the use of strategic 3DSM-CAD 

knowledge through the development of mental imagery and metacognitive processes were 

therefore included in an instructional strategy that was tested in Study 2. 

 

Study 1 - delineating 3DSM-CAD strategic knowledge 
 

Study 1 addressed the question; what constitutes strategic 3DSM-CAD knowledge?  It involved 

the identification of CAD experts and the elicitation of data regarding the problem solving 

approaches utilised by those experts in the development of solutions to 3DSM-CAD problems.  

Following a synthesis of previous knowledge elicitation research, a number of methods 

complimentary were employed to gather these data from four 3DSM-CAD experts.  In addition 

to interview and focused interview techniques, process tracing was also used with two of the 

subjects.  Process tracing included a methodological approach to knowledge elicitation in a 

complex computer environment developed specifically for this study.  This data capture 

involved video-capture with think-aloud protocols. 
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Analysis of these data confirmed that these experts used a wide range of mental imagery 

techniques in both the planning and development of 3DSM-CAD models and in the monitoring 

of progress.  The analysis thus confirmed the central nature of mental imagery to the 3DSM-

CAD process and also confirmed the use of some mental imagery techniques not yet 

specifically identified in the general mental imagery literature.  These techniques included 

disaggregation of parts into geometric derivatives, rotation of a cross-section around an axis, 

‘projection’, ‘sweep along a path’ and ‘lofting’.  The analysis also provided some support for 

the view that, with these experts, the process of parsing for algorithmic salience had become 

automatic. 

 

Study 1 data analysis also identified the use of a wider range of metacognitive processes than 

had previously been acknowledged as strategic knowledge in CAD research.   Matacognitive 

processes, in addition to those involving mental imagery, that were evident in the data included 

planning, strategy selection, predicting, evaluating and checking or monitoring.  Subjects 1 and 

2 who completed physical construction of the model exhibited use of high levels of the 

metacognitive processes of checking and monitoring.  For experts, choice of algorithm was 

made on the basis of two considerations.  Firstly, the model needed to be constructed in such a 

way that it would retain integrity during subsequent production.  Secondly, prediction of likely 

future design changes was undertaken so that initial algorithm choices would make those 

changes easier to undertake.   

 

Subjects 3 and 4 in Study 1, due to the range of problem solving situations they usually 

encounter, were considered to have a broad range of problem solving experience with 3DSM-

CAD while the experience of Subjects 1 and 2 was more specific to the domain in which they 

normally operated.  For these reasons it is argued that Subjects 3 and 4 may thus be considered 

to exhibit a higher level of expertise.  It is therefore noteworthy that Subjects 3 and 4, in 

particular, used a different approach to the 3DSM-CAD modelling process.  This difference was 

evident in the choice of modelling strategy of these subjects.  A metacognitive process of 

predicting future design changes and making strategy choices that would enable future changes 

to be made efficiently while maintaining model integrity was apparent.   Subject 4, for example, 

explicitly described a rationale for the choice of modelling strategy based on “we always say it 

is easy to change”.  This is hypothesised to provide evidence of a decision making ‘script’ 

employed by these 3DSM-CAD experts.  Therefore, it is noteworthy that these more expert 

subjects chose to reduce the amount of geometry needing to be developed in the construction of 

3DSM-CAD models, instead relying on the use of 3DSM-CAD algorithms that may be more 

easily modified in the future.  For example, these subjects chose to: produce solids with constant 

thickness by constructing a single line, extruding and adding thickness rather than creating the 

complete geometric outline and then extruding; rounding corners of the solid through the use of 
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an algorithm rather than constructing fillets in the original geometry; and, duplicating and 

scaling existing parts rather than constructing a whole new part.  The subjects with higher levels 

of expertise were therefore considered to be engaging in ‘expert parsing’.   

 

The ‘expert parsing’ undertaking by 3DSM-CAD experts is therefore similar to the 

characteristic of experts in other fields who, unlike novices (who concentrate on surface features 

of a problem), employ a deeper more structured problem solving approach (Sternberg, 1999).  

3DSM-CAD experts looked beyond surface features when parsing an object into algorithmically 

salient parts and when further disaggregating the part into the geometry necessary to invoke the 

algorithm.  Rather, the 3DSM-CAD expert identified deeper features and alternative algorithmic 

saliencies so that the choice of process would allow both efficient object modelling and the 

possibility of making future changes. 

 

The findings of Study 1 confirmed that the experts used a variety of mental imagery and 

metacognitive processes throughout the 3DSM-CAD process, providing support for the 

proposed reconceptualisation of 3DSM-CAD knowledge into declarative command knowledge, 

specific procedural command knowledge and strategic knowledge.  The findings also confirmed 

that strategic 3DSM-CAD knowledge encompasses more metacognitive processes than have 

been included in prior conceptualisations of strategic CAD knowledge.  In particular, these were 

found to include planning, predicting, analysing and monitoring.  Study 1 findings provided 

support for developing a 3DSM-CAD instructional strategy that, in addition to the development 

of declarative command knowledge and specific procedural command knowledge, emphasises 

the improvement of spatial ability and the development of metacognitive processes.  The design 

and empirical testing of an intervention to improve the use of strategic 3DSM-CAD knowledge 

is summarised in the following section. 

 

Study 2 - Developing 3DSM-CAD strategic knowledge 
 

Study 2 employed a cognitive apprenticeship model as a framework through which to develop 

the strategic thinking abilities of novice 3DSM-CAD users.  Metacognitive training was 

embedded into the training of declarative command knowledge and specific procedural 

command knowledge, in a manner consistent with the arguments of Gott (1989) and Sternberg 

(1990).  Consideration was given to specific instructional strategies to develop parsing, mental 

imagery and metacognition through: outlining of parts, explicit verbal description of perceptual 

differentiation, sketching, image manipulation, expert teacher modelling, scaffolding, 

cooperative and group problem solving, and self-explanation. 
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The methodology for Study 2 involved a two group post-test design using self allocation of 

subjects to groups and random allocation of ‘treatment’ and ‘control’ groups.  Group 

randomization was established through analysis of a prior experience questionnaire 

administered before the commencement of the intervention.  Teacher exposition and 

demonstration of specific procedural command knowledge was consistent for both groups and 

in order to ensure consistency further, the same worked examples and student exercises were 

presented to both groups.  In addition specific strategic knowledge, parsing and mental imagery 

training, using the instructional techniques outlined above, were provided for the ‘treatment’ 

group.  This training was embedded into the specific procedural command training while the 

additional time for the ‘control’ group was devoted to procedural command practice.   

 

Following the six weeks of the intervention, data collection involved process tracing using 

video-capture and the collection of computer data files.  These data enabled identification of the 

number of models completed successfully, the number of expert strategies employed, the 

planning time spent prior to the commencement of a task and the working time taken for each 

task.  Analysis of these data confirmed that there were no significant differences between the 

two groups in terms of the number of models completed successfully and the working time 

taken to complete the models.  These findings confirmed the hypothesis that there would be no 

difference in the specific procedural command knowledge of the two groups.   

 

Data analysis indicated that there was no significant difference in the planning time of the two 

groups.  This finding failed to support the hypothesis, made on the basis of existing research in 

expertise (see Chap. 2), that the ‘treatment’ group would spend more time in planning their 

approach to 3DSM-CAD modelling processes than the ‘control’ group.  It is hypothesised here 

that this finding is due to the development, by the ‘treatment’ group, of ‘scripts’ as an outcome 

of the intervention.  This “we always say it is easy to change” script, is consistent with the 

findings of the 3DSM-CAD experts, Subjects 3 and 4, in Study 1.  The development of 

encapsulated knowledge in this manner would help explain the lack of significant difference 

between the planning times of the groups. 

 

Analysis of the Study 2 data confirmed that the ‘treatment’ group used more expert strategies 

than the ‘control’ group and this difference was significant (p = 0.00).  The finding that the 

‘treatment’ group used more expert strategies was consistent with the predictions about the 

development in novices of a metacognitive approach to 3DSM-CAD processes and provided 

support for the design of the intervention.  The design of the intervention included a number of 

treatments included specifically to improve parsing, mental imagery and metacognitive 

processes.  The intention of Study 2 was to test the efficacy of this overall intervention.  Data 

analysis thus supported the design of the intervention.  It is recognised that the treatment was, 
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by necessity, multi-faceted and that further research will be necessary to tease out the individual 

contributions of each of the treatments included in the intervention. This research will require 

larger group sizes than were available for this research. 

 

Analysis of correlations between post-intervention outcomes and prior experience factors 

confirmed expected positive and significant correlations between prior experience factors.  

These correlations confirmed that most subjects who had experience with CAD (both 2D CAD 

and 3D CAD) also had both prior CAD instruction and considerable computer experience.  It 

was also found that those subjects with 3D CAD experience and instruction also had 2D CAD 

experience and instruction indicating that most CAD courses include both 2D and 3D 

experiences.  None of the prior experience factors were found to correlate significantly with the 

total number of expert strategies used by the subjects.  However, there were two correlations 

between prior experience factors and research outcomes that did approach significance.  These 

were negative relationships between prior computer experience and time taken to complete 

3DSM-CAD tasks, and, between prior 2D instruction and total expert strategies.  The first of 

these may be explained due to the 3DSM-CAD software being windows-based thus allowing for 

transfer of prior operating system knowledge to the new application thus improving the overall 

speed of operation.  The negative relationship between prior 2D CAD instruction and the use of 

expert strategies was unexpected and indicated a possible obstructive effect of prior learning.  

This possibility was investigated further. 

 

Prior experience of subjects was categorised (high/low) and analysis undertaken of research 

outcomes compared to prior experience categories.  This analysis identified a consistent pattern 

with low prior experience subjects in the ‘treatment’ group found to be using significantly more 

expert 3DSM-CAD strategies than low prior experience subjects in the ‘control’ group.  

However, differences between groups on the basis of high prior experience were not found.  

This finding suggests a possible obstructive influence of prior CAD experience/instruction on 

the learning and use of expert 3DSM-CAD strategies.  It is hypothesised that this may be 

attributable to prior knowledge acting as mental set (Luchins, 1942; Matlin, 2005) which 

impedes successful problem solving.  Mental set may prevent a solution being found at all or 

may prevent the identification of an alternative, more effective strategy, due to a continual 

attempt to use a previously learned strategy.  Mental set has also been suggested by Bhavnani 

and John (1996, 1997) and  Bhavnani, John and Flemming (1999) as a possible factor 

contributing to the inability of some CAD users to identify and use more efficient strategies.  

This research provides further support for this possibility. 

 

A follow-up analysis of data from Study 2 was undertaken following end-on strategy training 

for the ‘control’ group.  These analyses identified high levels of success in completing the 
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3DSM-CAD models for both groups, but also provided some evidence that the ‘treatment’ 

group outperformed the ‘control’ group in the number of expert strategies used.  However, these 

differences between the ‘treatment’ and ‘control groups failed to reach significance.  These 

results indicate that expert strategy training is successful when embedded in initial specific 

procedural command training and when undertaken immediately following specific procedural 

command training. 

 

Contributions of the study 
 

Chapter 1 outlines the practical, economic and theoretical significance of the research problem 

addressed by this thesis.  It is practical because there has been rapid expansion of the use of 

3DSM-CAD in both schools and in industry; however, the concentration of current CAD 

research is in 2D and to a lesser extent three-dimensional CAD but not 3DSM-CAD 

applications.  This thesis has sought to redress this situation through detailed analysis of the 

processes undertaken by 3DSM-CAD experts when engaged in modelling tasks, and through the 

development and testing of an instructional strategy that is found to improve the use of expert 

strategies in novice 3DSM-CAD users.  Economic significance is claimed due to the findings 

that experienced CAD operators level off at sub-optimal degrees of efficiency (Bhavnani, 

Flemming et al., 1995) failing to achieve the efficiency gains expected following the 

introduction of CAD.  Training that develops strategic, and therefore more efficient, 3DSM-

CAD use in industry may have economic benefits.  Finally, the study is theoretically significant 

due to the reconceptualisation and confirmation of the types of knowledge involved in 3DSM-

CAD and the provision of a theoretical basis for the development of instructional strategies for 

improving the development and use of 3DSM-CAD knowledge.   

 

This thesis contributes to theory, practice and methodology.  Firstly, it contributes to theory by 

proposing a reconceptualisation of 3DSM-CAD knowledge into three levels: declarative 

command knowledge (knowledge about the specific commands), specific procedural command 

knowledge (knowledge about how to execute the commands) and strategic knowledge 

(metacognitive knowledge necessary to choose between commands in order to create a model 

efficiently that may be modified at a later time).  This proposed reconceptualisation was 

confirmed in Study 1.  The thesis also has contributed to theory by reconceptualizing strategic 

CAD knowledge more broadly.  Previous CAD research provided a somewhat narrow 

conceptualization of strategic knowledge in terms of choosing between alternative modelling 

procedures.  This research identified that, consistent with experts in other domains, 3DSM-CAD 

experts engaged in a wider range of metacognitive activity including predicting, planning, 

monitoring and evaluating and that these metacognitive processes were facilitated through the 

use of mental imagery.   The nature of ‘expert parsing’ was also identified, finding that 3DSM-
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CAD experts identified deeper features and alternative algorithmic saliencies so that their 

choices of processes would allow both efficient object modelling and the possibility of making 

future changes.   

 

Study 2 found that the intervention was more effective with low experience subjects and  also 

identified the possible obstructive effect of prior knowledge on the development of the use of 

strategic 3DSM-CAD knowledge.  The thesis has therefore added to an understanding of the 

nature of 3DSM-CAD expertise in terms both of the cognitive processes used by experts and the 

possible negative effect of prior didactic CAD training on the subsequent development of the 

use of strategic 3DSM-CAD knowledge. 

 

The second contribution of this thesis is through the application of cognitive theory to practice 

in the synthesis of an instructional strategy for improving the use of strategic 3DSM-CAD 

knowledge.  This instructional strategy builds on the findings about 3DSM-CAD expertise from 

Study 1, the cognitive science literature on developing mental imagery and metacognition, and 

instructional design theories about externalising thinking.  The intervention was implemented 

and tested in Study 2.  The intervention, which included multiple treatments aimed at improving 

spatial ability and the use of metacognitive processes, was found to be effective, with the 

‘treatment’ group using significantly more expert strategies than the ‘control’ group.  Study 2 

thus confirmed that it is possible to improve the use of expert 3DSM-CAD strategies through 

the application of specific instructional approaches. 

 

The third contribution of this thesis is methodological.  Research in complex computer 

applications requires detailed data in order that the manner in which individuals, and groups, 

interact with computer software and the cognitive processes they employ may be better 

understood.  A specific knowledge elicitation method, video-capture with think-aloud protocols, 

was developed and employed in this thesis.   This methodology advances a data acquisition 

approach capable of providing detailed data for future analysis.  The methodology is capable of 

eliciting data of the way both individuals and groups use computer applications and is also 

capable of eliciting the cognitive processes involved in that use. 

 

Recommendations for future research 
A number of potential areas for additional research arise as a consequence of this research.  

These include the following, which are outlined in the paragraphs below: 

 

1. Application of the 3DSM-CAD intervention strategy in a range of settings, with 

larger groups, and over larger periods of time. 
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2. Isolating aspects of the instructional intervention and separating out their 

contributions. 

 

3. Testing the efficacy of the knowledge elicitation technique in research into a 

range of complex computer software.  

 

4. Investigating the specific domain nature of expertise in 3DSM-CAD and 

possibly other complex computer software.  

 

5. Testing the efficacy of embedded versus non-embedded strategic knowledge 

training in complex computer applications. 

 

6. The identification and testing of different strategies for developing 

metacognitive procedures in 3DSM-CAD. 

 

7. Examining the effects of mental set and ways of overcoming it. 

 

and  

 

8. Application of a cognitive approach to researching expertise and the 

development of instructional strategies used in this study to other complex 

computer software applications. 

 

1. That the ‘treatment’ group engaged in more strategic thinking is supported by the findings 

that the ‘treatment’ group used significantly more expert strategies than the ‘control’ group 

following the intervention.  However, failure for this difference to remain significant 

following strategy training for the ‘control’ group was possibly due to the low numbers 

involved.  This warrants further investigation with larger sample sizes.  It is also therefore 

considered worthwhile to engage in research over longer time periods to find out whether 

differences remain stable.  Planning time differences between groups were found but were 

not statistically significant and it is suggested that scripts may have developed.  However, if 

further research were to find ‘treatment’ groups spent more time prior to the commencement 

of modelling than control groups, this would suggest that the ‘treatment’ group undertook 

more strategic thinking or planning prior to the commencement of modelling.   

 

2. A cognitive science approach to the research problem was undertaken to develop the 

intervention used in Study 2 of this thesis.  The intervention combined a number of 

elements that together formed the single intervention that was found effective in developing 
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metacognitive processes in novice learners of 3DSM-CAD.  Future research with larger 

groups is recommended so that statistical analysis can be undertaken to isolate the 

individual contributions where feasible, and interactions between the separate parts of the 

intervention determined. 

 

3. The video-capture knowledge elicitation technique developed for, and used, in both studies 

proved successful in gaining very detailed insight into the cognitive processes undertaken 

by both experts and novices during the completion of 3DSM-CAD modelling tasks.  In 

Study 2 the technique also proved to be relatively unobtrusive, overcoming the possibility 

that the knowledge elicitation technique might inhibit the cognitive processes of the 

subjects.  In order to gain additional data regarding the cognitive processes undertaken by 

subjects, it is possible that the technique could be modified and used to overcome the 

disadvantages of collecting think-aloud protocols which may interfere with the cognitive 

processing of the individual when undertaking complex tasks.  For example this technique 

could involve video-capture of the initial modelling process and initial analysis by the 

researcher.  Video-capture could again be used while the initial video-capture file is 

replayed to the subject in a process of stimulated recall while recording verbal protocols of 

explanations for the strategies that were used.  The initial video could be paused to enable 

detailed explanations and individual aspects highlighted through mouse movements.  The 

result would be a video of a video that included the verbal protocols of the stimulated recall.  

Final analysis by the researcher could then follow, with the original video and the 

stimulated recall data in the one file.  This technique could have application in research into 

a range of complex computer tasks. 

 

4. The research identified the possible domain-specific nature of CAD expertise.  The initial 

process of identifying experts was on the basis of the number of years experience in the use 

of CAD, recognition by others as possessing CAD expertise and experience in the 

teaching/training process.  Four subjects were identified in this initial process.  Only one of 

these subjects was able to complete most of the model while the other three completed 

insufficient to make their data useful and these subjects were subsequently rejected as being 

unsuitable for the study.  The individuals rejected from the study all worked in the heavy 

engineering industries leading to the possible conclusion that the nature of their CAD 

expertise was specific to that particular industry and they therefore had difficulty in creating 

the model of an object not related to that industry.  Of interest was the fact that the only 

initial subject who was able to complete most of the model, and was subsequently included 

in Study 1, also had the most teaching experience thus providing support for teaching as a 

possible criterion in the initial expert selection process.  Three additional subjects who also 

met the original selection criteria were subsequently identified for inclusion in Study 1.  
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Analysis of the data from Study 1 concluded that the two subjects who demonstrated higher 

levels of expertise also had the broadest range of CAD experiences through their particular 

role in helping others solve CAD problems in a range of contexts.  This suggests that 

expertise in the use of complex computer software may be domain (industry) specific, but 

that higher levels of expertise follow from the additional criteria of cross-domain assistance 

such as ‘help-desk’ experience.  The identification of expertise in complex computer 

software applications is thus a possible area for future research. 

 

5. This research used a procedure that both embedded strategic knowledge training into initial 

specific procedural command knowledge training and, for ethical reasons, also provided 

strategic knowledge training immediately following specific procedural command 

knowledge training.  Differences between the two approaches provided limited evidence 

that the embedded procedure might outperform the non-embedded procedure, however, this 

difference failed to reach significance.  Future research into the effectiveness of the two 

separate approaches, with larger numbers of subjects, would be worthwhile.  On the basis of 

the findings of Study 2 that prior experience may be an inhibiting factor in the development 

and use of expert 3DSM-CAD strategies, the time difference between initial specific 

procedural command training and strategic knowledge training may also need further 

investigation.   

 

6. This research developed a multi-treatment intervention that was effective in addressing the 

research problem: the development of 3DSM-CAD strategic knowledge through the 

teaching and learning process.  In addition to the proposal that these separate elements of 

the intervention be investigated for their individual contribution to improvement in the use 

of metacognitive processes, it is also suggested that other strategies be devised and tested.  

It is possible that other strategies identified in existing cognitive science research, or 

entirely new strategies, may also provide improvement in the use of metacognitive 

processes in 3DSM-CAD. 

 

7. Study 2 identified the possible inhibiting effect of mental set on the development and use of 

strategic 3DSM-CAD knowledge.  This finding is consistent with previous research in 

problem solving (Luchins, 1942; Matlin, 2005) and CAD (Bhavnani & John, 1996, 1997; 

Bhavnani, John & Flemming, 1999).  The effects of mental set in 3DSM-CAD and the 

possibility that ways may be devised to overcome mental set is worthy of future direct 

investigation. 

 

8. This research employed a cognitive approach to research into a specific knowledge domain 

involving complex computer software.  It involved researching both expertise in 3DSM-
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CAD and the development of instruction for improving the use of strategic knowledge in 

3DSM-CAD.   It is also possible that other approaches to the development of a 

metacognitive approach to the 3DSM-CAD process may be developed.  Investigation into 

these alternative instructional interventions would be worthwhile.  Cognitive approaches to 

research into expertise and instruction in other complex computer software domains would 

also be worthwhile. 

 

Finally, the success of the intervention in this study supports the process of using a cognitive 

approach both to understanding the nature of 3DSM-CAD expertise and in the development of 

instructional strategies designed to aid the development of 3DSM-CAD expertise.  Research 

into the application of the specific strategy developed for this study would be worthwhile in a 

number of contexts.  It was originally conceived for use with novice learners; however its 

application in other settings including industry training is worthy of future research.  Similarly, 

it may be worthwhile considering using the approach undertaken in this study in gaining an 

understanding of expertise and the subsequent development of suitable instructional strategies in 

other areas of complex computer software use. 
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Appendix 1 Subjects 1 and 2 Methodology 

Letter of introduction. 
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3D Modelling Task 
 
 
 
 
 

 
 

Instructions for completion of 3D modelling task. 

 
In order to feel as comfortable as possible with the data collection process it is recommended 

that it is undertaken when you are alone and less likely to be interrupted.  Please do not open the 

envelope containing the modelling task until instructed to do so. 

Install Camtasia – the self executing file is on the CD.  
Open Camtasia  

Set the Capture  Input  Window option (this will allow 

you to select a particular window for recording). 
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Set the Effects  Audio  Record Audio option to enable 

audio from the microphone to be recorded. 

Open your CAD software and adjust the window size to be 

slightly smaller than your screen and in front of the Camtasia 

Recorder. 

 

 

Commence recording by pressing the red Capture button.  A 

red box should appear to identify the record window, drag this 

over the title bar of your CAD window.  It should now 

encompass the whole window.  Press the left mouse button to 

commence recording.  Try a short test run and play back to test 

sound levels and record options and to get used to talking 

aloud while you are working with your CAD system.  It may 

be necessary to alter the record volume option on your 

computer or adjust the microphone position or speak up a 

little. 

 

During recording you may pause at any time by pressing F9 

and then start again with F9.   

 

 

Commence recording then open the envelope containing the 

modelling task.  

 

 

 

From this point on and during the construction of the model 

please verbalize your thinking as much as possible.  Talk 

aloud constantly from the time you see the problem until you 

have generated the solution.  I don’t want you to plan what 

you say or try to explain what you are doing.  eg “I think I can 

do this by constructing it here ………. and then do…… with it 

…….. and finally ……… do……... to finish this bit of the 

model……Oops that didn’t work I’ll need to try and do it this 

way”  Even if you change strategy please record your thoughts 

 



 216

as well as your actions, it will all be of assistance.  It is 

important for the research to get both the screen recording and 

your thoughts.  Even if nothing is happening on the screen as 

you are thinking about how to complete the task keep 

recording and keep talking.   

 

When you have completed the model stop the recording using 

the F10 key.  The save dialogue box should appear.  Save your 

file.  If you wish, use your name as the file name as it will 

enable me to make contact for the purposes of clarification 

when I am analysing the data. 

 

The movie file can then be written to the CD-ROM. 

 

 

Please check that the movie runs successfully from the CD-

ROM before deleting it from your Hard Drive.  As it is AVI 

format it should run automatically when selected. 

 

 

 
Thankyou very much for your assistance. 

Should you wish to contact me at any time regarding this project please do so.  I may be 

contacted: 

during the day on 07 3875 5840 

in the evenings on 07 3300 5591 

by fax on 07 3875 6868 

via email at i.chester@mailbox.gu.edu.au 

 

Thankyou very much for your assistance. 

Ivan Chester 
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Appendix 2 Subject 4 Expert Modelling Task 

Randomised Visualisation shapes for expert interviews 
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Appendix 3 Subject 1 Protocols 

Research Subject One – transcript of verbal protocols and cognitive process 
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 CAD  Processes   Cognitive processes 
involving mental imagery 

 

Code  No. Code  No.
MV Multiple View 16 MD Mental Deconstruction - 

Parsing 
5 

RO Rotation of Object 11 CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 2 MC Mental Construction 23 
RP Rotation on Path  MS Mental Subtraction 10 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 14 

CE Construction Extrude 1  Metacognitive Processes  
OS Object Resizing 2 Code  No.
CL Construction Lofting 2 PL Planning 11 
MI Mirror Imaging 1 SS Strategy Selection 6 
GID Geometry Identification 1 PC Predicting Consequences 2 
GC Geometry Construction 2 E Evaluation  
   CM Checking/Monitoring  30 
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 Verbal protocol CAD Image Code Analysis 
   CAD Cognitive  
1. I'm just going to open a front view window 

I’ve got a top view window open, and then 
I'll tile those. 
 
 
 
I just want a front view window open so that 
I can create the wedge shape or the start of 
the wedge shape.  I’ll do that now. 

MV 
GID 

PL  
MD  
CP 
MD 
SS 

This first stage represents the initial planning stage of the 3DSM-CAD 
process. 
The subject opens a multiple number of windows, (Multple View) a front 
view and a top view so that he can visualise what the model will look like 
from a number of different viewpoints.  
 
The complete initial solid model has been deconstructed, parsed in order to 
identify which part will be constructed first.  The Core part, the wedge 
shaped block, is selected for initial construction. The block is further 
deconstructed to identify the front profile geometry that is needed to be 
generated and then extruded to form the required shape. The subject has 
already undertaken strategy selection for the construction of the major part of 
the object. 

2. I'll Insert that now the width of the wedge is 
65 by 30. 
 
 
I'll just insert that now…. it might be an 
idea if I turned on the grid. ….Grid on at 
spacings of 2.5…..  
 
I will put that there. 

GC 
 

MD  
PL 

Initial modelling generation takes place from the front view.  A process of 
mental deconstruction has been undertaken in order to identify a method of 
constructing the profile shape.   
 
The process commences with the construction of the geometry of the box 
and then generating the individual lines to make up the profile.   
Turning on the grid planning 
 
 

3. The wedge shape has a 30 degree line 
through it so I will go to a 30 degree line 
and we will place that from the corner up to 
somewhere near here.  That will be fine. 

 MS A process of mental subtraction is being used to complete the required 
shape. 

4. There is a 30 mm long section so if I place a 
30 mm radius circle and I place it on that 
corner then I know where the 30 mm or 
approximately 30 mm drops down to our 
tapered section 

GC PC 
SS 

The subjects constructs geometric aides to obtain profile accuracy 
Subject predicts consequences of actions to develop geometry 
Drawing the circle in order to generate a line at a known distance from a point 
indicates strategy selection.  
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 Verbal protocol CAD Image Code Analysis 
5. so now I will just drop… I wonder if I can 

just drop that like that there to there that will 
be fine. 

 CM Subject checks action for correctness. 

6. Now we need a curve of about 5 mm so we 
want to insert a fillet Arc with a 5 mm 
radius and we'll insert that from here to 
here….. And from here over to there…. 

 MC The subject identifies that a fillet command will enable a sharp corner to be 
modified to construct the desired profile 

7. and from there it just doesn't look right so 
I'll undo that last one.  I will try that again 
from this one to this one.  
 
 Looks better……. I  will delete the circle 
that I have used to construct that I don't 
need it…….. I don't need that line any more. 

 CM 
MS  
CM 

Subject checks/monitors the p[progress of the drawing for accuracy. 
 
Mental subtraction to remove unwanted construction elements 
 
Subject checks/monitors the p[progress of the drawing for accuracy. 

8. So that's our wedge shape. The surface on 
there is eventually going to be of use so I 
will whack that on there now……. 

 PL Plans to place surface for future use. 
. 

9. That's unusual don’t give me problems like 
that. 

 CM Subject attempts to add a surface to the outline profile.  When this does not 
work remedial action on the profile is needed as some of the line junctions are 
not accurate  
Subject checks/monitors the p[progress of the drawing for accuracy. 

10. I'm surprised, let me have a close look…… 
see if we can trim that to that, and this to 
that, and that to that,……… reverse back 
and we will also have a little close look at 
this…. I can't believe that they are not lining 
up. 

 CM 
CM 

Subject checks/monitors the p[progress of the drawing for accuracy. 
 
 
Subject checks/monitors the p[progress of the drawing for accuracy 



227. 

 Verbal protocol CAD Image Code Analysis 
11. That to that.  Let’s try that………. Let me is 

zoom that out now. 
   

12. Now let me grab the whole thing and put a 
surface on it. 

 MC Subject successfully adds  surface to the profile 

13. The grid is a bit huge …… change the 
surface properties…..  what I wanted to do 
was to change that down to about 10… so 
that they look better………..  
 
I will also change the options for future 
reference and File - Save options…. 
okay…….. So we've got our wedge 
shape…………..  
 
We need to project the wedge – Transform - 
Project. 

CE CM 
PL 
MC 

Subject realises the grid is too large (checks) and then adjusts the size of the 
surface representation lines for better appearance. 
 
 
Subject plans ahead to set options for future use 
 
The next stage of the model production involves the extrusion of the profile to 
form the solid object.  The initial solid model has been deconstructed in order 
to identify be profile that needed to be generated and then extruded the form 
the required shape.  The projection of the file shape is an example of mental 
construction extrusion. 

14. A distance of 35 mm on the 'Y' axis and we 
will insert surfaces which we will mess 
around with later when we need to, and we 
will need to.  Alright. 

 PC Subjects predicts future consequences of current action 
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 Verbal protocol CAD Image Code Analysis 
15. Now if we just have look at an Iso that's 

fine………. Window - Tile..  So right that's 
okay…………..  
 
The next thing I'd like to do is put the 
circular holes through the wedge……… 
Now to do that the first thing I've got to do 
it is change the work-plane to three points. 

MV 
RO  

CM 
PL 

The subject rotates the object to check for accuracy.  In this case the model is 
generated in an isometric view for this purpose.  
 
 
Planning the next stage in model production identifies the need to generate 
the hole. Commencement of the generation of the hole is done by changing to 
a new work-plane.  Subject generates multiple views.  This involves a process 
of mental rotation in order to be able to place the work-plane axes in the 
correct orientation. 

16. The first point is going to be that 
intersection there the second point is going 
to be along there and the last is going to be 
up there……….. And now if we go into 
a..... left side view…….. Left window and 
we want to put a 10 mm diameter 
circle,……..  
 
that will do, on that surface and we want to 
put it to the left of centre 

RO  MC 
SP 

This subject rotates the model in order to be able to view and construct on a 
given surface.  
  
Construction of the circle commences. 
 
 
 
 
Spatial positioning is used to located the circle on the appropriate surface. 

17. and probably up about… oh I don't know….  
we put it about may be there and over there.  
So it is somewhere around about 
there………… That should be fine……….. 
 
Let's just Window - Tile this so that we can 
have a look at how the circles are shaping 
up………. I will just reduce the size of this, 
that’s fine,…………. I will just reduce the 
size of this one here, that's fine just so that 
we can get everything in the picture. 
 

MV CM Having constructed the circle the subject uses multiple views in order to 
check accuracy.  
 
 
 
 Multiple views. 
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18. Okay now we need to re-position that work-

plane to this section of the wedge…………. 
okay we go to Options - Change work-plane 
- Three points,  starting at that intersection 
there and going to this corner and up along 
that line there…….. Now if we look into 
the.... if we look into the….. top view... the 
front view.... left side view.... we might be 
able to position our circle which this time 
will have a radius of 10 mm so that it as a 
diameter of 20 so Options - Cursor on work-
plane. 

RO 
MV 
 

MC 
SP 

Commencement of the generation of the holes is done by changing to a new 
work-plane.  This involves a process of mental rotation in order to be able to 
place the work-plane axes in the correct orientation. 
 
Subject goes into a process of analysing which view will provide the best 
viewpoint for the next stage of model generation.  Commences generation 
using the left end view and then transfers to the inclined surface before 
returning to the left view for actual positioning.   
 
This process involves mental construction and spatial positioning for the 
addition of the circle and the use of multiple views for accurate positioning. 

19. That's right that's where we want a put it.  CM Subject checks progress 

20. So if we position that from here in the left 
view that should put it just in the right spot 
on our wedge on the sloping surface of our 
wedge……… And that way the holes are 
basically in line with each other from one 
end to the other through the 
wedge………… Okay so now we need to 
delete that surface…… and this back 
surface so that we can create a plane or two 
surfaces which can have the holes in 
them…… Now if I just zoom in on that and 
pick that line oh it doesn't want to get 
picked... Off all..  Lines and circles only…..   
pick that line, that line, that line, that line 
and that circle and place a surface 

MV  
 

MS 
SP 
MC 

Having positioned the circle (spatial positioning) the subject then deletes the 
surfaces, a process involving mental subtraction and then proceeds to 
construct new surfaces that take into account the geometry for holes.  This is a 
process involving mental construction. 
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 Verbal protocol CAD Image Code Analysis 
21. and similar thing here we'll pick that line, 

that, that, that one and that circle and place a 
surface………. From past experience I 
know that if I try and connect a ruled 
surface between here and here I will get a 
monumental mess like that there, 

 MS  
MC 
PL 

Having positioned the circle the subject then deletes the surfaces, a process 
involving mental subtraction and then proceeds to construct new surfaces 
that take into account the geometry for holes.  This is a process involving 
mental construction. 
Subject uses prior experience to plan approach to the task. 

22. so the only way around this is to chop those 
circles into a couple of bits……….. Divide 
an entity into a number of sections..  Two 
sections should be fine.…… two sections 
there....  Two sections there…….. and that 
they are both basically in line…… so now if 
we try and run that surface from here to here 
that looks pretty good 

CL SS 
MD 
CM 

Subjects selects a strategy that has been know to overcome problems in the 
past. In order to construct the surfaces for the hole the circles are first divided 
into two sections.  This may be considered a process of mental 
deconstruction.  
The surfaces are being inserted between the sections of the circles.  This is a 
process of mental construction lofting 
Subject checks/monitors progress 

23. and from here to there.  That looks like it 
might be alright too…. Tile that Left View 
window….. well if we shade the left view 
window we should be able to see straight 
through there……. I'm sure we will be able 
to do so. 

MV CM Uses multiple views to check model accuracy  
Subject checks/monitors progress 
 

24. YEEEUWL  something wrong there……. 
Undo….  that that's strange one of our 
surfaces has…….‘cause the hole looks 
okay……. I would say that one of the 
surfaces has fouled up…. Let's turn on 
everything - On all - okay. 

MV CM Following the completion of this process the subject uses multiple views to 
check the accuracy of the construction. 
Subject checks/monitors progress 

25. That surface is okay.  That surface is 
okay…….. the surface running through the 
top there looks good………. That surface 
looks right too……… What’s that line? 
What’s that?…… Oh dear dear dear dear 
let's look at the right side window. 

 
 

MS 
MC 
CM 
 

Having found an error in the construction the subject then uses mental 
subtraction  to remove the surfaces and then a process of mental 
construction to complete the model. 
Subject checks/monitors progress 
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 Verbal protocol CAD Image Code Analysis 
26. Ah!  What's that thing  doing there?……….. 

It is part of that okay so that sorts that out. 
 CM Subject checks/monitors progress 

27. Just have let close look in there and you can 
see that part of that surface has popped 
up……… Now where is it?……. It is at the 
back…… now let' s delete it and we will put 
a new surface in at the back……… Now to 
do that... um.…… I might have to turn 
those... yes..  we’ll have to  Off all... lines 
and circles on 

 MS Subject deletes (subtracts) the existing surface and then constructs a new one 

28. and I want to connect up these lines here 
and place a surface between.…… like 
that………. Okay if I just go window - 
tile… how many windows have I got open 
oh my God!… Left, front, right….. right 
will do. 

MV MC Multiple views are then used to check for accuracy. 

29. Oh!  It's still there!……….. That should not 
be there.. that line. 

   

30. Window... Shade………. Yes... something 
wrong there……… Oh I might have one at 
the front too, okay… Turn everything on... 
On all.  Okay….. Yes we've got one at the 
front as well…. I will need to delete that and 
we will have to put in a new surface on the 
isometric view…. I will put on a new 
surface there. 

 MS 
MC 

Deletes offending surface 
Constructs new surface 
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31. Alright so.  I had better turn off all just the 

circles and lines on the so that I can pick 
that, that, that, that line and this half of the 
circle and the other half of the circle and 
place a surface…. And if we go Window - 
Tile and have a look in our right side 
window 

MV  Multiple views are then used to check for accuracy. 

32. and shade it  Window – Shade,  that's 
better!…… All right the next thing I want to 
do is the cone that's on top……. so I will 
need a front view……. I could probably do 
without a left view,…….. an isometric view 
might help 

MV CM 
PL 

Subject checks/monitors progress 
Subject plans the next stage in the construction process.  Prior to commencing 
the next stage of the construction, which the subject calls the cone, a decision 
is made regarding the appropriate view for the construction.  In this case a side 
view is used and other multiple views left open in order to aid visualization. 

33. so now I'll zoom these back so that I can see 
what I've got…. This time I want to make 
the cone…… so I just might start that in 
side elevation…. I need to put my cursor on 
view 

 PL 
SS 

Construction is undertaken away from the initial model.  The reason for this is 
not immediately apparent but represents both planning and strategy 
selection. 

34. I would like to start with a vertical line that 
will form the axis of my cone……. and that 
cone shape I calculate or measure out to be 
around about 35 mm long….. so I'm going 
to trim this line to 35 mm and check the to 
see if it is 35 mm long yes it is…. It's going 
to have two 20 mm diameter sections on it 
so if I set a circle for 10…. and whack that 
on the bottom there 

RS  MC  
MS 
SP 

The subject commences the construction of the cone with the centre line 
having already identified that the construction will be done through mental 
rotation sweep.  Construction of the profile of the cone is undertaken using a 
process of mental construction with a series of circles defining the various 
dimensions of the profile.  A series of lines are then added before deleting the 
constructions.  Mental subtraction has been used in order to visualization 
this process.  The orientation of the construction is decided upon through a 
process of spatial positioning.  

35. and another at the intersection of that and 
that……. and that and that I'm just putting 
together some construction lines 

 MC Mental construction 
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36. that will go from the intersection of there 

and there to there are and there and there 
and there  

 MC Mental construction 

37. Okay I will not need any of the circles any 
more so I will get rid of them. 

 MS Mental subtraction 

38. There  is a line that should go from the end 
of this to the end of that……. and we need a 
curve insert arc by start and circumference 
start of arc there and will go through that 
point 

 MC Mental construction 
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 Verbal protocol CAD Image Code Analysis 
39. and will just make it about yes that will be 

right 
 MC 

CM 
Mental construction 

Checking and monitoring 

40. and we will just trim that excess off and we 
will get rid of it…. Now we are going to put 
a surface of rotation.. so before we do that 
we are going to check the surface of 
revolution.. no that's not very good we are 
going to change the mesh to a round about 
10 or 12 that will be fine… and we are now 
going to add a surface of revolution to that 
shape…. insert side surfaces... no we don't 
want side surfaces as it is going all the way 
around 

RS CM Having completed the construction of the profile the sweep function is used to 
complete the object. 
Subject checks progress. 

41. and we will rotate on that line...  there it 
is………. We should be able to grab all 
that...   I must have something turned off...  
there it is. 

 CM Monitors progress 
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 Verbal protocol CAD Image Code Analysis 
42. I'm going to need a copy of this so that this 

point in time I will drag a copy away….. 
Now we will just look at where that went 
okay that's where it is……. Now we have 
two identical cones……. If we Window - 
Tile now and make everything so we can 
see everything so that we can see where all 
of our parts are. 

OS 
MV 

SS  
MC 
 

Prior strategy selection enables a copy to be made so that the second similar 
object does not have to be constructed. 
However, this cone is of a different size, the subject has identified this feature 
through a process of mental object scaling and first makes a copy of the 
original cone, mental construction. 
Multiple views are being used in order to assist in the positioning of the cone 
on the original object. 

43. Alright.  That’s a bit messy. 
 

 MC Subject checks position of new object. 

44. So.  This one has to has to eventually end up 
on top of our wedge up here somewhere…. 
Now position wise it is about the right 
line,…. I've only got to, it's about the 
right… right so all I have to do is to slide it 
into a position that is suitable 

 MC 
CM 
SP 

Mental construction has been undertaken in order to achieve this process. 
The front elevation is first used to position the height of the cone and then a 
top view to get correct lateral position.  Constant monitoring and checking 
takes place to ensure accurate positioning.  

45. and looking at the drawing it is off centre so 
that I can put it straight back here so that it 
is like about there. 

MV SP Spatial positioning 

46. It could come further forward to there.  
Okay.  So height is right and position is 
right.  It is off centre it is on the top.  That's 
fine. 

 SP Spatial positioning 

47. This thing here needs to be adjusted in size  
and put into position…… It needs to be 
sitting on…… All I want to do now is to 
alter the position and orientation of the 
cone… Position, orientation, and size 
actually 

 PL 
SP 

The second cone is being manipulated in order to get both the orientation and 
the size correct.  Mental imagery has been used to recognise that object 
scaling and rotation have to be undertaken in order to facilitate this process. 
This involves both planning and Spatial positioning 
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48. and what I am going to do is to Transform - 

Scale and I'll reduce it by, down by .7.  
There it is. 

OS  The object is first scaled to get the correct size. 

49. That brings it down to about the right size I 
have measured it from the drawing and it is 
about .7 of the size of the other one… It 
now needs to be selected and rotated so that 
it is hanging off the side, 

RO  Following scaling the subject undertakes a rotation of the object in order to 
identify which view is appropriate for the rotation to occur. 

50. this side here which is going to be what’s 
that?……… it is a right view, that's the right 
view so its going to be hanging off this 
side... 

MV  The subject has some difficulty the in initial visualization of this task prior to 
the realisation that a new view is required on the screen.  This view is then 
activated. 

51. left view might be handier.  I'll just get rid 
of that and open a left view.  Okay we have 
our left view…. On the left view this item 
needs to be rotated 90 degrees……. 
Transform - Rotate -minus 90 degrees 
actually. 

RO  Object rotated 

52. So there it is rotated now all I have to do is 
position it. 

MV MC 
SP 

Positioning of the object involves a mental construction task in order to get 
accurate position.  Multiple views are used to assist in this process Spatial 
positioning 

53. I will just re--paint the window I've got to 
position this towards the back………. 
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54. so I will just re-position this in the front 

view so I can get a good idea of where it is 
going…….. That looks pretty right it's low 
and towards the back of the wedge……. It 
needs to be closer to the wedge, 

 CM 
SP 

Checking occurs to ensure suitable spatial positioning 

55. all I need to do now is to zoom here now so 
that I can grab hold on it and see how close 
I can get it……. All I have to do is to adjust 
the size of the grid and just grab that and 
drag along and place it there. 

   

56. Okay.  So that's those two bits done……… 
The holes and the two cone bits are on so 
that now that all needs to be done is the horn 
shaped device that hangs off the other side. 

 PL Subject plans the next stage in the model construction. 

57. Now all I have to do is bring all those things 
to size and fit them in the window so that 
we can see where we are….. I am just going 
to shut down the front view because I would 
really rather have a right side view at this 
point in time so I will just go Right Side 
view, Window - Tile. 

RO 
MV 

 Following completion of this location task the subject uses rotation of the 
object in order to identify the view or views that are appropriate for the next 
stage of model generation.  Following this process some views are shut down 
and new ones activated. 

58. There is our right side view, in this view I 
am going to create something that will give 
me that horn shape thing….. and I reckon 
that if I draw a couple of circles probably 
about like that 

 MD 
PL 
SS 
SP 

The generation of the horn shaped object commences with the construction of 
a profile.  Mental deconstruction has been undertaken in order to identify 
that the profile is made up of a series of circles which are first constructed.  At 
this stage the subject has planned the strategy to be used in the construction 
of this part of the object and used spatial positioning to orientated the part 
construction relative to the model 
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59. , grab hold of that and drag it so that it is a 

bit off centre….. 
   

60. and then if I draw a couple of lines about 
where the cursor appears about like that that 
should almost give me that shape…. So we 
will just drop a line down through that like 
that and another across there like that 

 MC Additional geometry is constructed used to identify the boundaries of the 
object. 

61. and may be that line can come down a bit 
and this one can probably come over a bit, 
not much about there…. That is a 
reasonable representation of that device…. 
Okay we have got to do a bit of serious 
trimming here. 

 MS Mental subtraction is then used in order to utilized which sections of the 
geometry need to be removed. 

62. We will trim part of this circle away.    

63. Now we will trim everything back to this 
line……. and back to the curve…. See if we 
can place a surface on there. 

 MC Surface is constructed on  the model 
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64. Change surface properties, might just make 

that a little bit smaller. 
That's better, okay….. We have this thing. 
…Now what we want to do is to go back 
into the top view….. Tile, find my top view, 
there is my top view…… Now increase the 
size of my top view and drag everything 
into the view. 

RO CM Subject checks progress 
Mental rotation object is then undertaken in order to identify that the next 
stage of the process needs to be undertaken from the top view. 

65. So this will be the beginning of our horn 
shaped device,……. this will be now what 
we want to do is put a angle on it…. rotate 
that about 10 degrees would be nice, 

RS  Further mental rotation individual surface is then undertaken as the subject 
recognises that the individual surface produced needs to be at an inclined 
angle. 

66. now I think... no copies, that has laid it 
over,…… now we want a mirror image of 
it... 

MI MC Further mental construction is then undertaken as the subject recognises that 
an additional surface needs to be generated that is a mirror image of the initial 
horn surface. 

67. two points for a line from about here to here 
so that should be that…….. So now I will 
drag it down to about here which is around 
here somewhere….. but........  I might as 
well stick it out here so that I can find it in 
the isometric view. 

RO  Mental rotation object is then undertaken in order to identify the appropriate 
view for visualization of the next stage of the construction. 

68. Window – Tile - Isometric view, there it is.    
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69. I will zoom in here nice and close to this 

horn shaped curved square whatever you 
want to call it…….. and we need to insert 
ruled surfaces from that flat surface to that 
flat surface 

CL  The subject has identified that additional surfaces need to be generated 
between the two profiles, this is a process of mental construction lofting. 

70. from this one to this one from this one to 
this one and from that one down here over 
to this one……. Okay that's fine that's that 
thing created and finished……. I will just 
Tile and Window so that we can find where 
everything is again…. All that remains is to 
move it into position. 

MV CM Subject opens multiple views to check progress 

71. Now I will just tile the windows and shrink 
everything to fit into each individual 
windows because we might need to do a 
little bit of adjusting again to get the 
position of the horn shape thing 

RO 
 

MC 
SP 
 

Mental construction is being used in order to assemble the final part of the 
model. Mental rotation object is undertaken in order to identify the 
appropriate view for each stage of the positioning process.  The right view 
and the top view are used in order to facilitate this process.  By using both 
views the subject identifies that the position of the object in relation to the 
remainder of the model is not correct and therefore needs to be adjusted. 

72. on to our right side view some where a 
roundabout here type of thing 

 CM 
SP 

Subject monitors progress in positioning the object. 

73. and its going to be lowish so that that is 
probably about the right height…….. and it 
has got to touch the surface I think we might 
have to zoom in close. 

 CM 
SP 

Subject monitors progress in positioning the object. 



241. 

 Verbal protocol CAD Image Code Analysis 
74. What we have really got to do is to shove 

that up against there…….. That's it, that's 
nice it looks right in every other view. 

RO CM 
 

Subject rotates the object in order to monitor progress in positioning the 
object. 

75. The position of looking down on the top is 
not very good though……… That is a bit of 
a shame I should have position that 
first…….. Okay we will just turn the grid 
back on so that it does not move out too far 
from where we want it to be 

 CM 
 

Subject monitors progress in positioning the object. 

76. and I wanted to drag it from this end here, I 
will just to zoom in on it a little bit here, 
what I want to try and to here is to move 
this device, this horn shape device to around 
about in line with the centre of the cone….. 
Maybe if I take it back a notch. 

 CM 
 

Subject monitors progress in positioning the object. 

77. That is not dead a centre but it is probably 
good enough. 

   

78. Let's see if we shade that view we have the 
whole thing completely completed. 

RO CM Following completion of the model the subject uses mental rotation object to 
identify whether or not the screen image matches the mental image from 
various viewpoints in order to validate the modelling process. 
Subject monitors progress 

79. And if we shade the left view, yep we have 
a hole that goes right through it…….. And if 
we shade the right view, I didn't mean to do 
that……. what I meant to do was, I love the 
way that it does that, 

 CM Subject monitors progress 
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 Verbal protocol CAD Image Code Analysis 
80. shrink that and window shade yep 

correct……. Not much point in doing the 
top view that will just overload everything I 
will just put everything back to a wire frame 
and that will do. 
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Appendix 4 Subject 2 Protocols 

Research Subject Two – transcript of verbal and visual imaging protocols 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No.
MV Multiple View  MD Mental Deconstruction - 

Parsing 
9 

RO Rotation of Object 9 CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 5 MC Mental Construction 9 
RP Rotation on Path  MS Mental Subtraction 11 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 14 

CE Construction Extrude 3  Metacognitive Processes  
OS Object Resizing 1 Code  No.
CL Construction Lofting 1 PL Planning 2 
MI Mirror Imaging 1 SS Strategy Selection 1 
GID Geometry Identification  PC Predicting Consequences  
GC Geometry Construction  E Evaluation 4 
   CM Checking/Monitoring  24 
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 Verbal protocol CAD Image Code Analysis 
   CAD Cognitive  
25.  Make a 65 mm …. in Microstation using acudraw 

in combination with smart line … it's going to be 
65 in that direction which is.......... we go up 30 
we come across the length is...  where is the 
length there is no length ....  Let's make it 30 
across, we come down … how far do we come 
down?   There is no down at the length either …  
there are two radius of 5 a vertical line and 
joining the two so I think I should draw no …. no 
dimension at all.   That's a fillet of five and that's 
fillet of 5 … there is no angle on that face so we 
would just make it by need two radius's of 5 … no 
that's a fillet radius it's not going to come all the 
way down,  there is a bit of a line there so I would 
just make it 12 in the down direction … then I 
will just close it off.   I should have made it a 
complex shape … yes it has … 

 

CE 
 

PL 
MD  
CP 
MD 
MD 
CM 

The subject has undertaken a planning process in 
order to decide the initial order of construction.  
The subject chooses to work in an isometric or 3D 
view for the commencement of construction.  
Mental deconstruction of the model has been 
undertaken in order to isolate the core part to be 
constructed first.  The major wedge shape is 
selected for initial construction via an extrusion 
process mental construction extrusion which 
has then been mentally decomposed to identify 
the front profile as the starting point. This profile 
has undergone a further stage of mental 
deconstruction to identify the straight lines 
necessary for construction and later modification 
to produce the necessary profile.  
Subject checks/monitors progress during 
geometry construction. 
 
Having completed the profile the subject then 
undertakes a checking procedure to make sure 
that the shape is complete and accurate. 
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26.  Now I will just fillet the sides.  I could have done 
it using smart line but I it didn't think of it until 
just then.  Radius is 5 … undo that and truncate 
both.  Will it  remain a complex shape after I 
fillet?   Let's have a look …  no it doesn't, it drops 
it…….. 

 

 MC 
MS 
E 

Uses mental construction and mental 
subtraction  to image the effect of constructing a 
radius for the corners and then subtracting the 
sections of straight lines that originally defined 
the corner.  Had to set the parameters of the 
software in order to achieve this.  Original 
attempt did not give the desired effect when 
image checked. 
 
Subject realises that there was an alternative 
construction method (and possibly more efficient) 
part way through the process but had not thought 
of it in time. This represents an evaluative 
process  

27.  so I need to fillet that one as well.  Filleted …. 
now I need to make it a complex shape … close it 
off. 
Set to automatic yes yes yes close complex shape. 

 

 CM After construction of the first fillet the subject 
once again checks the integrity of the model. 
Subject checks/monitors progress of geometry 
construction. 
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28.  Now it is 35 wide….  tools….  3D…  Construct.  
It's going to be a projection …. the profile is that 
it's going to be 35 in that direction. 

 

CE CM The profile is extruded (projection in this 
software) to form the wedge shaped block.  
Commences the extrusion and uses the screen 
image to check whether the direction of extrusion 
is correct mental construction extrusion prior to 
setting the actual extrusion width. 

29.  OK 

 

  Completes the construction extrude. 
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30.  Okay now let's draw that vertical pin.  Start with a 
line and its distance.  Okay we were …. we … we 
were drawing that vertical thing.  From …. let's 
start with the top and …. The distance we go in 
the 'X' is direction it is half the width so it is 17.5 
it is nowhere in the 'y" and in the "Z" it is 35.  
That doesn't look right. Not happy with that 
result.  

RS 
 
 
 
 

MD  
SP 
CM 

Subject commences the next stage of the model, 
the top "pin".  mental deconstruction has been 
undertaken to ascertain the profile shape to be 
produced.  This shape is identified as one that 
may be completed through a process of mental 
rotation sweep.  The construction process 
commences by locating the vertical (axis) line in 
the correct location relative to the already 
constructed object.  This is defining, creating or 
constructing a  work-plane a process of spatial 
positioning.   Subject has to first image where 
this will be located.  Having made the initial 
construction a checking process is used to 
ascertain whether or not it is correctly located. 

31.  Why did it do that may be it was because acudraw 
was in the wrong plane.  Start again.  Work from 
the middle we go D. R. D. X. is view dependency 
it is D. L. for microstation D. L. that's better. 

 

 SP 
CM 

Work-plane location is recommenced to get 
correct placement.  This involves a process of 
mental spatial positioning.  Following initial 
construction result is again checked. 
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32.  Now that's my start point at the tip it has a radius 
of 10 so I come across 10 and come down 15 and 
that is the side profile.  And now I need an arc 
radius 13 and a height of 20 full length 33.  Now I 
want a line10 mm up from the bottom and a line 
10 mm down ... 10 mm down a radius 13 circle 
which has to pass through both points. 

 

 MC  
MS 

Construction of the profile is imaged via mental 
construction whereby a number of separate 
elements are used to complete the final shape 
some of which are used for construction purposes 
only and later deleted, a process of mental 
subtraction.   

33.  That line has to be 20 long I want to extend that 
line by 10mm down …. now why won't go down?  
Now let's just delete this line so that these points 
are just 20 mm long. 

 

 CM Following checking amendment is made to the 
construction.  

34.  Right … so my circle is just going via points … it 
has a diameter of 26.  Point on a circle is there ...  
point on a circle is there.  Now that is the opposite 
way … now I will have to mirror it. 

 

MI CM Subject constructs the circle using the end-points 
of the constructed line for positioning.  Following 
checking the orientation of the circle is found to 
be incorrect.  Mirror imaging is used to identify 
that the correct orientation can be achieved by 
mirroring the constructed circle.   
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35.  Now which way do I want to go … vertically?  
This is very hard to pick points using Camtasia at 
the same time.  When you think you've got … you 
haven't. 

 

  The orientation of the circle is checked 

36.  Okay now I can trim that off ...  no wrong there is 
trim ....  Cutting edge …. accept that … delete 
that … now make it a complex string ...  that one 
and that one and finish... re-set … 

 

 MS Mental subtraction enables the subject to 
identify which elements/parts of elements need to 
be deleted in order to gain the correct profile. 

37.  Now I will revolve that …. I want to revolve it 
four lots of 90..  Defined axis one is there …. 
There …. There … and there. 

 

RS  Subject uses rotation sweep in order to generate 
the desired solid from the produced profile, the 
direction and extent (number of 90˚ sectors) of the 
operation is imaged and constructed. 
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38.  There!! 

 

 CM The completed object is checked for accuracy. 
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39.  Did I keep the profile no I didn't.  That was rather 
difficult …. I wonder if I can copy scale … no it 
looks like I have to do you the same way. 
 
So where is it located …. it doesn't matter where 
it is located does it?  It looks like it is about the 
middle of that face.  That face is 30-30 so draw a 
line … so D L. and no we're in the X …. no that is 
… no we're in the Y.  Oh bugger wait a tick ... in 
the X… no we're in the Y and minus 15 in the Z 
so we have got 12 ….. 

 

OS 
RS 
 
 
 
 

E  
MD  
SP  
CM  
MC 

Subject recognises, through mental object 
scaling that the next section of the model, the 
"pin" on the front face, could have been 
constructed by scaling of the previous object.  
However, as this realisation occurs only at this 
point saving of the previous profile was not 
undertaken and therefore this is no longer an 
option.  This represents a process of evaluation. 
This indicates an absence of an overall strategy  
planning being undertaken prior to 
commencement of model construction.  Mental 
deconstruction is undertaken prior to 
commencing construction once again using 
mental rotation sweep to complete the object 
from a constructed profile  
 
The construction process commences by locating 
the vertical (axis) line in the correct location 
relative to the already constructed object.  This is 
defining, creating or constructing a  work-plane a 
process of spatial positioning.  Accuracy of 
placement is constantly checked.  Subject has to 
first image where this will be located and its 
particular orientation.  Imaging of the orientation 
is undertaken throughout this construction a 
process of mental construction. 
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40.  and let's make it the same as the other one … 
radius 10 this is radius 10 so a point of 12 at 
height of 10 …. we've got a line at the front which 
goes how far? 16 

 

 MC  
MS 

Construction of the profile is imaged via mental 
construction whereby a number of separate 
elements are used to complete the final shape 
some of which are used for construction purposes 
only and later deleted, a process of mental 
subtraction.   
 

41.  now I want to draw a circle again by edge which 
goes with a diameter of 20 ….. it draws it anti-
clockwise start there ….. 

 

 SP The circle is constructed using the points on the 
end of the line previously produced for that 
purpose.  The direction of construction of the 
circle (anti-clockwise) is imaged in an attempt to 
gain correct spatial positioning.   

42.  no wrong way … let's go the other way … start 
there that's better … start there 

 

RO CM The accuracy of the circle placement is then 
checked visually before being re-drawn in the 
correct orientation.  This change in orientation is 
imaged by further rotation of object. 
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43.  and let's trim it off.  Now we need to trim off and 
select these as a smart line and it is continuous 
now.   We need to delete the last little bit if we 
can no!! no!! no!! UNDO!! 

 

 MS 
CM 

Mental subtraction is used to ascertain which 
sections of the line/circle need to be removed to 
get the correct profile.  Following the deletion 
process the result is checked for accuracy. 

44.  That I said drop … I didn't say drop a line string!  
Delete that last little bit.  Okay we've done that 
now let's revolve that.   Oh bugger!!! I didn't join 
them up while I had to the chance.  Take that 
point and that one …. finished. 

 

RS CM 
MS 
E 

Following checking the operation is undone and 
reconstructed correctly.  Imaging of correct 
mental subtraction enables this process to be 
corrected. 
 
Rotation sweep enables the completed shape to 
be imaged prior to competing construction.   
Subject evaluates the process used. 
 
 

45.  Let's revolve this little sucker yep axis of 
revolution yep yep yep yep done. 

 

RS CM Subject uses rotation sweep in order to generate 
the desired solid from the produced profile, the 
direction and extent (number of 90˚ sectors) of the 
operation is imaged and constructed.  Resultant 
construction is then checked. 
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46.  Right the other side is that ...  oh what is that?  Is 
it a wedge, it's a wedge.  Oh that's going to be ...  
have to be a transition piece I think.  Um … that 
one there … let's draw that circle.  Start diameter 
is 10 mm …. let's rotate this around a bit. 

 

RO PL Subject tries to image the element on the other 
side of the object but experiences difficulty in 
imaging the process by which it may be produced.  
At this time decides to change to the production 
of another element representing a planning 
process 
 
Rotation object is then undertaken in order to 
decide how the object should best be viewed for 
the construction of the next element, in this case 
the hole. 

47.  Okay I want to draw a circle it's going to have a 
diameter of 10 it's going to just be a diameter … 
centre … diameter of 10 … start there.  We've got 
to have an offset that goes nowhere in the X 
nowhere in the Y but it goes some where in the Z.  
I was going to put it 15 off but I don't think it 
goes 15 off I think it's about 10 in a positive no no 
no no no ……………….. 

 

CE 
RO  

MD  
SP 
CM 

Subject, through mental deconstruction, 
identifies that the hole will require the 
construction of two circles and the extrusion of a 
surface to join them construction extrusion.  The 
construction process commences by locating the 
circle in the correct location relative to the already 
constructed object.  This is defining, creating or 
constructing a  work-plane a process of  spatial 
positioning.   Subject has to first image where 
this will be located and its particular orientation.  
Imaging of the orientation is undertaken 
throughout this construction a process of mental 
rotation of the object. 
 
Accuracy of location is then checked and found 
to be incorrect 
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48.  this has made it …  It is about that point which is 
the one I thought I had let's use that no …. I will 
have to move to that oh that face has got that face 
doesn't have it doesn't seem to have a snap why 
can't I pick up that face?  Y stop ….. Um  why did 
that Z get turned on,  that's better.  Now we've got 
a chance. 

 

 
 

CM  
SP 

A constant checking process is used as various 
attempts are made to gain the correct planar 
location for the circle.  These attempts all involve 
spatial positioning 

49.  DL.  Now it has got to … go 10 and a half in the 
X none in the Y and 15 in the Z. Done! 

 

 CM Construction is completed and then checked.  

50.  Let's go back to a isometric view. 

 

RO  Subject decides through mental rotation of the 
object that an alternative view would be 
preferable for the next stage of the construction. 
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51.  I think that's too high I went 15 didn't I … I didn't 
want 15 I wanted 10 so let's just move that that 
way five … was it five?   There we go. 

 

 CM 
SP 

Subject decides to correct the placement of the 
circle following checking. Spatial positioning 
enables this to be completed. 

52.  Now I want to draw a circle that has a diameter of 
14 and I wanted to be relative to that one side? 
front?  Um … and it is going to be nowhere in the 
X and nowhere in the Z it goes 65 in the Y no 
minus 65 in the Y  Minus 65 in the Y so.... 

 

 SP 
CM 

 

Spatial positioning is used to decide the position 
of the second circle in relation to the first.  The 
position of the object is then checked. 

53.  What have I done?  Trying to extrude something 
when all I have to do is to create a cone.  Top is 
radius of 5 base radius of 7 and height of 65 and 
into centre point which is there having the base 
first.  

 

 
 
 
 
 
 
 
 
 
 

E  
MC  
MS 

Subject evaluates progress identifies that there is 
an alternative, and easier, method of construction 
for this element.  In this case a cone is to be 
constructed mental construction and then taken 
away from the rest of the model mental 
subtraction.  
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54.  Why does that look so much different?  I must 
have done the other one differently … let's do 
those other bits. That's so much easier, why didn't 
I think of that before? 

 

 CM Checking of the model then occurs and 
recognition is apparent that the previous 
construction was inaccurate. 

55.  Okay let's trim it out of there.  I keep going to that 
utility 3D modify to find what I want.  They've 
changed these pallets since last I used them.  I'm 
going to have to construct a union … no wrong .. 
construct an intersection? construct a difference? 
cut a solid?  Fillet edges?  Construct the 
difference.... 

 

 MS Having generated the cone the completion of the 
hole occurs via the process of trimming or 
removing it from the remainder of the model 
mental subtraction.  The subject has some 
difficulty in resolving the name of the function in 
the software to the process being imaged. 

56.  Difference so if I want that one take that one 
away .. now what result do I get?   EeeHa that's 
perfect! 

 

 CM The produced object is checked for accuracy. 
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57.  Now I need to go on this other side Whoa! lost 
control … lost control. 
 
Now how am I going to do that bit like a Viking's 
horn.  Okay its …. let's look at the rendering.  I 
can't really see it on the other side I needed to 
have a better view on the other side.  Um … it has 
an arc … there is no circular componentry to it so 
it is just two squares with that radius there … the 
arc radius there.   What is it's width? It looks like 
it has a different width where it meets the main 
body than it has at the top.  That's a radius ….. 
looks about the same as the side is so it is about 
say 10 height.  So I'm going to presume.  I don't 
know how to start to do that one. 
Um … it's going to have a square .. you've got a 
square and a square with a circular profile.  I 
could draw that as 2D but how do I apply ....  It 
doesn't look as if it  has the same centre lines … 
the same centre point rather. I'm unclear as to how 
to create that.  Looking at the rendering you have 
just a circular face splaying away from the centre 
line so I can't really project it backwards because 
that would create an orthogonal projection.  So 
that side is actually splayed out…  So..... I'm 
really going to be creating what ….  just that 
trying to get the idea from the wire frame view is 
not really helping. 

 

RO 
 
 

MD Rotation of Object  is undertaken in order to 
identify the appropriate view for the generation of 
the next part of the object 
 
The subject uses the provided rendered and 
orthographic views to try to image a construction 
method.  Various shapes are identified in order to 
try to image if the relationships between them 
may give insight into a possible construction 
method. The part to be modelled is progressively 
mentally deconstructed. 
 
 
 
 
All of this interaction occurs with the provided 
materials 
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58.  So maybe what I am doing is just creating faces 
rather than the 3D object.  There is a face there 
…. faces for them.  In the middle that's thirty by 
thirty we'll start the smart line … we'll start from 
there.  It is going to be none on the X it's going to 
be minus 15 and side let's draw the box which 
uses 10/10 and I will move it later.  

 
 
 
 
 
 
 

SP  
MC  
SP 

Spatial position is used to locate the start point of 
the new element 
 
Subject experiences some difficulty with the 
initial positioning of the element so decides to 
create the geometry for the first part mental 
construction and then move it later spatial 
positioning  

59.  Let's get in there and have a look.  Now I will 
need to move it five … five.  Right! 

 

 CM Subject used the Zoom feature for a closer look 
(check) at the construction then undertakes the 
movement to create the correct spatial positioning 
of the element. 
 
This process is then checked for accuracy. 

60.  Circle with radius 15 …. circle has a diameter of 
thirty and it is on the other face … side … front 
… and by edge, point on circumference.  It 
doesn't want to draw that.  Okay is that … that 
quadrant point.  What I want to do is to draw the 
circle …. just get that and there ….. 

 

 
 
 
 
 
 
 
 

MD 
MC  
SP 
SS 

Mental deconstruction has been used to identify 
the elements needing construction to provide the 
given profile.  The construction of the first circle 
commences. Mental construction. Subject tries 
to place circle where desired on model. Checks 
spatial position and orientation  spatial 
positioning  Continues to experience difficulty 
with correct placement.   Changes strategy and 
constructs the circle in space.  
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61.  and diameter 40 and there it is.  

 

 CM Construct the circles away from the model and 
checks progress. 

62.  And I will move it and I will put it there … and I 
will move this one from the quadrant to the other 
quadrant.  

 

 SP Uses spatial positioning to locate the circles 
correctly 

63.  And let's look at what it looks like.  Uhm what 
view is it going to be?  ….. it is going to be front 
left ….. 

 

RO CM Subject checks progress.  Rotation of object is 
used to determine the best view for the following 
checking process 
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64.  no how did I get that so wrong?  That's the left …. 
I'm looking at the other side. 

 

RO  Further rotation of object is used to determine 
the best view for the following checking process 

65.  Rotate. 

 

RO  Further rotation of object is used to determine 
the best view for the following checking process 

66.  I want to make a right view.  From the front that 
looks like its going right …. 

 

RO  Further rotation of object is used to determine 
the best view for the following checking process 
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67.  isometric. 

 

RO 
 
 
 
 
 

SP Further rotation of object is used to determine 
the best view for the following checking process 
 
This sequence indicates that the subject 
experienced difficulty in visualising the model 
from a different viewpoint spatial positioning in 
order to obtain the most appropriate view for the 
next stage in the construction process.  Mental 
imagery is used in new view selection but this is 
then verified following image rotation  

68.  Okay it looks like it is coming off from about the 
top there so I might just draw that line and come 
down say 5 no 3. 

 

 
 

MC Mental construction is used to determine the 
next element to be produced in the sequence of 
the horn profile.  

69.  So now we need to trim those 2 circles off to give 
you a chance to understand the picture. 

 

 MS The circles and lines so far produced are then 
trimmed to provide the finished profile.  This 
illustrates the use of mental subtraction to 
identify the parts of elements tat need to be 
removed 
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70.  Trim.  Trim to edges … that's trim edge … trim 
edge to get rid of that … and that.  Right!   Now 
let's delete that now let's  trim up that up now 
multiple delete edges ….. trim edge … trim edge 
… trim  that and that and how long is that line?  
And how long is that line it is 2.79mm. 

 

 MS Further mental subtraction is used to identify the 
geometry parts to be deleted. The resultant top 
edge is measured in order to assist in the 
production of the next element. 
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71.  Right let's draw a line top view 1.4 and 2.7 and 
…. what went wrong? Delete.  I went … rotate … 
copy … 90 degrees … not where I want to move.  
Let's make a complete shape now not that I need 
it to be a shape but lets do it anyway just in case I 
need it for the shape.  Now some … now I've got 
to create a solid object out of that.  Now I don't 
know.  Microstation used to have a tool that 
would allow you to merge two shapes together 
but it only ever did that on a linear path or linear 
profile.  I don't know if it works on a circular 
profile but I can't find it regardless.  If it can't do 
that then somehow I've got to create a surface on 
each face which would require me to have 
transition faces to make surfaces to, which 
requires me to calculate some changing size of the 
square.  I haven't got time for that.  I don't see any 
tools immediately that allows me to do this 
particular shape.  No I cannot find that tool.  I'm 
not sure how I would create it other than that.  
Other than to create some other outside shape and 
start chipping away the differences.  I think I will 
have to stop that and that think about it and 
maybe create another session if I decide I know 
how to do it.   
 

 

CL 
 
 
 
 
 
 

CM  
SP  
MD  
MC  
MS 

Construction of a square commences to form the 
top of the horn. (The shape required is in fact not 
a square)  Checking of the image occurs to find 
that it is in the wrong orientation, and example of 
spatial positioning.  
 
A process of mental imagery is again being 
undertaken in order to decide upon a possible 
strategy.  The shape is further decomposed 
mental deconstruction into a possible range of 
individual faces between which surfaces could be 
produced construction lofting.  The subject is 
unsure of the calculation for such a strategy and 
unwilling to spend the necessary time. 
 
An alternative strategy is imaged.  Construction 
of a shape metal construction and then "chipping 
away" at it mental subtraction to get the desired 
outcome 
 
Although these strategies are imaged neither is 
attempted. 
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Appendix 5 Subject 3 Protocols 

Research Subject Three – transcript of verbal and visual imaging protocols 
 
The subject in this case was given a physical model of the object and asked to describe the process by which modelling would be undertaken.  An audio-tape 

recording was made of the subjects description and transcribed.  The images included in the table for analysis have been constructed by the researcher from notations 

made during the interview to illustrate the stages of imaging described by the subject. 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No.
MV Multiple View  MD Mental Deconstruction - 

Parsing 
7 

RO Rotation of Object  CP Core Part Selection 1 
RS Rotation Sweep (Revolve) 3 MC Mental Construction 1 
RP Rotation on Path  MS Mental Subtraction 4 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 7 

CE Construction Extrude 1  Metacognitive Processes  
OS Object Resizing  Code  No.
CL Construction Lofting 1 PL Planning  
MI Mirror Imaging  SS Strategy Selection  
GID Geometry Identification  PC Predicting Consequences  
GC Geometry Construction  E Evaluation  
   CM Checking/Monitoring  1 
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 Verbal protocol Image Code Analysis 
   CAD Cognitive  
 Ah OK there is a rectangular block, I will start 

here.  I'll start off with a rectangular block so 
… 
 
  

CE MD 
CP 
MS 

Mental deconstruction of the model has 
been undertaken in order to isolate the 
section to be constructed first.  The subject 
has chosen to construct the body, core part, 
by use of the construction extrusion 
process. Initially a rectangular based prism 
is extruded from which other sections are to 
be subtracted mental subtraction. 

 Then I would probably drill this hole through 
…… 

 

 MS The hole is then "drilled" or subtracted from 
the block Mental subtraction.  Of note is 
the fact that the subject made no mention of 
the fact that the hole is tapered. 

 ……  then I would cut out this section  
 

 

 SP 
MS 

For this process to occur the subject had to 
undertake a process of spatial positioning 
to decide upon the correct position for the 
construction of the section to be removed.  
The wedge shape is produced via a process 
of extruding a new section and subtracting it 
from the existing prism mental subtraction 

 and then round the top corners. 

 

 MS 
MC 

A further process of subtraction is 
undertaken mental subtraction in order to 
produce the 'rounds' on the top corners.  At 
the same time the round on the junction 
between the wedge and the vertical surface 
is constructed but this time through adding 
material. Mental construction.  
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 Verbal protocol Image Code Analysis 
 And Ah from then on its …matter of inserting 

a plane on here …. Probably no I'd use the 
lateral plane on here and do a rotation on that. 

 

RS SP 
MD 
 

Mental spatial positioning occurs in order 
to correctly place the top cone.  Mental 
deconstruction occurs in order to identify 
the half-section geometry needed before the 
cone can be constructed using a rotation 
sweep CAD function 

 And I'd do a rotation on the top one  RS  The construction is imaged via rotation 
sweep. 

 and I would do the same on the side one…… 
I'd put a plane central to there and do a rotation 
on that. 

 

RS SP 
MD 
 

Mental spatial positioning occurs in order 
to correctly place the top cone.  Mental 
deconstruction occurs in order to identify 
the half-section geometry needed before the 
cone can be constructed. The construction is 
imaged via rotation sweep.  Of interest here 
is the fact that the subject has not realised 
that the two cones are the same shape but 
different scale therefore allowing for a more 
efficient construction method via a copy and 
scale function 

 This thing here I would do Ah…    The subject is referring to the 'horn' on the 
side of the model 

 I'd probably use this plane  

 

CL MD 
SP 
MD 

Mental deconstruction has been 
undertaken to decide on a strategy to 
construct the 'horn'.  In this case construction 
is imaged as a  construction lofting  
process.  Spatial positioning is used to 
decide upon a starting point for the 
construction.  Mental deconstruction has 
been used in order to identify the section to 
construct for the first phase of the lofting 
process. 
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 Verbal protocol Image Code Analysis 
 and I would put another one from here on an 

angle to it 

 

 SP 
MD 

Spatial positioning is used to decide upon 
the position for the second section shape for 
the construction.  Mental deconstruction 
has been used in order to identify the section 
to construct for the second phase of the 
lofting process. 

 and put another one up here and loft through 

 

 SP 
MD  

Spatial positioning is used to decide upon 
the position for the third section shape for 
the construction.  Mental deconstruction 
has been used in order to identify the section 
to construct for the third phase of the lofting 
process which is then produced using a 
lofting process  

 them to get that profile to get that shape there 
and that would be about it. 
 

 

 CM The subject is satisfied with the process 
imaged to produce the complete object 
checking/monitoring.  Of further interest is 
that the lofting process imaged will not 
accurately produce the desired shape as the 
sides of this section are flat and not 
contoured as would be produced using a 
process of lofting. 
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Appendix 6 Subject 4 Protocols 

Research Subject Four – transcript of verbal protocols and cognitive process 
 
 
 
 CAD  Processes   Cognitive processes 

involving mental imagery 
 

Code  No. Code  No.
MV Multiple View  MD Mental Deconstruction - 

Parsing 
21 

RO Rotation of Object  CP Core Part Selection  
RS Rotation Sweep (Revolve) 5 MC Mental Construction 2 
RP Rotation on Path 4 MS Mental Subtraction 5 
RIS Rotation of Individual 

Surface 
 SP Spatial Positioning 2 

CE Construction Extrude 10  Metacognitive Processes  
OS Object Resizing 1 Code  No.
CL Construction Lofting 3 PL Planning 1 
MI Mirror Imaging 1 SS Strategy Selection 11 
GID Geometry Identification 20 PC Predicting Consequences 6 
GC Geometry Construction 3 E Evaluation  
   CM Checking/Monitoring   
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 Verbal Protocol Object Object 

Description 
Analysis CAD 

Processes 
Cognitive 
Processes 

Visual 
21 

First I would create a sketch 
first just a two-dimensional 
curve.  Create a revolve because 
we would think about the two-
dimensional curve because we 
could change the shape of your 
sketch… so you need to create a 
sketch first and then to put the 
second feature for the revolve 
there is not only one feature to 
it. 

 

Revolve 360 
with non-
consistent wall 
thickness 

Subject recognises that the object 
has a circular cross-section 
(geometry identification) 
necessitating the choice of the 
rotation sweep (revolve) 
function.  The shape is 
deconstructed into a two-
dimensional shape to be revolved 
around an axis. The wall 
thickness is recognised to vary 
and therefore the complete profile 
needs to be constructed 
(geometry constrction) on the 
sketch. 
Recognition that the shape could 
change indicates prediction of 
consequences. 

GID 
RS 
GC 

MD 
PC 

Visual 
9 

Can I suggest two profiles for 
this?  First you could just do the 
swept function.  Sketch the 
trajectory and then sketch the 
section.  That would create like 
this shape and then the second I 
thought we could just create a 
simple extrusion okay just like 
an “L” bend… create a draft 
(taper) angle and then that's it. 
 
Researcher: ... what is there 

Bent tapered 
extrusion 

Two modelling strategies are 
suggested swept (rotation on 
path) and extrude. Subject makes 
the point that the method of 
choice takes into account the ease 
by which possible future changes 
can be made – predicting 
consequences.  The second 
method  “I thought we could just 
create a simple extrusion okay 
just like an “L” bend… create a 
draft (taper) angle and then that's 

RP 
CE 
GID 
GC 

PC 
MD 
PL 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

about that shape that leads you 
to make that decision? 
 
It depends on how many things 
you do after the shape because 
sometimes you want to change 
the shape so you think about 
different methods to create the 
shape. 
Researcher: ... so it is really 
about whether or not you think 
the shape is going to be changed 
later as to what method you use 
in the first place? 
Yes yes we always say it is easy 
to change. 
Researcher: ... so the method 
you would choose there would 
be the extrusion and draft or 
taper because it would be easy 
to change 
Yes yes because you can 
change your taper angle. 

it”  meets this criteria.  The angle 
of the “L”, the length of the sides, 
and the angle of the taper can all 
be quickly modified following the 
use of this technique. Both 
techniques involve geometry 
identification and geometry 
construction on the part of the 
subject. 
 
The subject deconstructs the 
solid shape into an ‘L’ shape 
which is then extruded to give the 
height and at the same time 
tapered.  The subject does not 
specify the method of generating 
the ‘L’.  In a subsequent 
explanation the subject specifies 
that two lines only would be used 
and thickness added during the 
extrusion process – planning This 
is done to save time drawing the 
complete boundary of the ‘L’ and 
to make it easier to modify.  
Recognition of the parallel nature 
of the object makes this method 
possible. 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Visual 
20 

Actually first with this one we 
would create a revolve feature 
for the whole solid and then we 
would use the thickness choose 
(thin option) to make the 
thickness for the wall thickness. 
 
Researcher: ... what was there 
are about the shape that made 
you see that as the possibility? 
 
Actually is it created from the 
round from the first sketch but 
actually we do the sketch first 
then we do the round but you 
can make this shape for (the) 
sketch and then add the round 
for the top angle which makes it 
much easier to maintain your 
curve. 
 
Researcher: ... why that method 
for this one compared it to the 
other one where you created 
both the inside and outside 
profile? 
 
You mean the first one?  It 
depends on because some of the 
model you could have variable 

 

Revolve 360 
with shell 

Subject recognises that the object 
has a circular cross-section 
necessitating the choice of the 
revolve function.  The shape is 
deconstructed into a two-
dimensional shape (geometry 
identification) to be revolved 
around an axis. The subject 
recognises the consistent wall 
thickness of the object.  The 
strategy choice of the “Thin” 
option overcomes the need for: 
Offsetting the original sketch to 
get consistent wall thickness 
Or    
A separate shell command 
Once again the method of choice 
is the simplest (less steps) and the 
easiest to modify later. 
The other subject comments relate 
to the generation of the profile 
geometry in the easiest manner 

GID  
RS 
 

MD 
SS 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

thickness here it is the fact that 
this one had a constant 
thickness enabled me to use this 
technique 
 

Visual 
4 

If you wanted the constant 
thickness you do just the 
rectangular shape and make the 
thickness (shell) on the center 
but if you make it the different 
thickness you have to make the 
cut 
 

 

Single face 
shell 

The object is deconstructed to 
identify the rectangular geometry 
necessary for extrusion. Subject 
recognises that object has 
constant wall thickness.  Proposes 
that the shell command is 
appropriate for this reason.  
Further elaborates on the 
technique to be used if the wall 
thickness is not consistent.  
Deconstructs the model into two 
solids and then subtracts the 
second from the first. 

GID 
CE 

MD 
MD 
MS 

Visual 
8 

Okay this one just create two 
straight lines make the offset 
(thin) for model when you do 
the extrusion for the model 
 
Researcher: ... why would you 
do that rather than draw the 
complete profile and then 
extrude? 
 
No because actually I saw this 
one perfect for this just to do 

Bent vertical 
extrusion 

Subject makes the point that the 
strategy selected takes into 
account the ease by which model 
can be made.  The method  “just 
create two straight lines make the 
offset (thin) for model when you 
do the extrusion for the model.”  
The subject has deconstructed 
the model into two straight lines 
(geometry identification) which 
may then be extruded to give 
height and ‘thinned’ to give 

CE 
GID 

SS  
MD 
PC 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

two straight lines this is quite 
fast and easy to make changes 
to the model 
 

thickness. Confirms strategy used 
in “Visual 9” The angle of the 
“L”, the length of the sides, and 
the angle of the taper can all be 
quickly modified (predicting) 
following the use of this 
technique. 

Visual 
3 

Okay this one has three 
approaches the first one so you 
just draw the straight line and 
then just type in the thin and 
extrude it and finally make the 
taper and make the draft angle.  
And the second approach you 
can use the desktop rectangular 
draw and then extrude and 
make the taper.  And the third 
one you can make the taper 
shape like the section one and 
then extrude 
 
Researcher: ... which one would 
you use by choice? 
 
Actually if for the design thing I 
would use the first approach 
just draw the straight line and 
thin and then create the taper 
easy to change 

 

Rectangular 
extrusion - 
draft 

Subject describes three possible 
strategies however, once again, 
by predicting consequences 
would use the extrude and thin 
option as it is easier to modify 
later. 
The subject has deconstructed the 
model into a straight line 
(geometry identification) that 
may then be extruded to give 
height and ‘thinned’ to give 
thickness. 
The other options (extrude a 
rectangle and extrude a wedge 
shape polygon) described involve 
the generation of additional 
geometry and are therefore more 
time consuming. 

CE  
GID 
CE 
CE 
 

SS 
PC 
MD 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Visual 
19 

Okay this one has two 
approaches as well.  First 
approach we would do the 
whole section I mean not just 
the shape and you would create 
the hole as the single feature.  
Locate the second one create a 
revolve and then cut the hole  
 
Researcher: ... why would you 
choose one rather than the 
other? 
 
Why would do the revolve first 
and then cut the hole because 
you can change the hole, it is a 
more effective model. 
 

Revolve 360 
with hole 
Off-set axis 

Subject recognises that the object 
has a circular cross-section 
necessitating the choice of the 
revolve function, however also 
suggests two strategies.  The 
shape is deconstructed into a 
two-dimensional shape 
(geometry identification) to be 
revolved around an axis.  The 
cylindrical hole is achieved via 
one of two processes.  Offsetting 
the axis from the profile or 
deconstructing the model into 
two shapes (geometry 
identification), the second of 
which – the cylinder – is 
subtracted from the first using 
extrude. 
Subject describes two approaches 
one involving two steps and the 
other a single step.  The 
preference in this case is for the 
two-step process.  This is again 
due to the prediction that it could 
be modified easily.  Changing the 
size of the hole in the one-step 
method would change the overall 
dimensions of the model.  This 
would not be the case with the 
two-step method. 

RS 
GID 
GID 
CE 

SS 
MD 
MD 
MS 
PC 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Visual 
26 

This one use the swept function 
you do the sweep for this one 
make the section and then swept 
the curve, the shape, to make 
this one along helix 
 

Sweep along 
helix 

Subject recognises that the shape 
consists of a cross sectional shape 
(circle) swept (rotated) around an 
axis with the application of a 
helical pitch.  Deconstructs the 
model into geometry (geometry 
identification)  consisting of a 
cross-sectional shape, a circle, and 
an axis for the rotation (line). 

RS 
GID 

MD 

Visual 
17 

This one just create four straight 
lines and make the slightly 
rectangular shape first and then 
apply the round for each sharp 
edge and then sweep the profile 
along the path 
 

Swept angular 
profile 

Subject deconstructed this as a 
profile shape (geometry 
identification) 

 
that is then swept along a profile 
consisting of four straight lines.  
The 3D shape is imaged as 
consisting of two separate sets of 
geometry in two planes at right 
angles to one another, one for the 
cross section and one for the path 
it is swept along.   
The second part of the 
explanation concerns the manner 
in which the cross-sectional shape 
is generated – strategy selection.  

GID 
RP 
GID 

MD 
SS 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

In this case a rectangular shape 
(geometry identification) that is 
then deformed into the given 
cross-section. (This may be 
considered a cumbersome method 
when three intersecting circles 
and cutting out the circle sections 
not needed is quicker) 

Visual 
23 

We make the rectangle first…  
this is the solid one this is for 
the reference then create the 
curve the angle curve and use 
the swept function for section 
you need to create the other 
angle plane for the section as 
well for the circle section 
 
Researcher: ... and then what 
feature would use to generate 
the circular section on to the 
rectangular one? 
 
Actually we would use the top 
face of the rectangular block to 
get the angled work-plane and 
then offset 
 
Researcher: ... And then what 
feature would use 
 

Project onto 
inclined surface 

Subject deconstructs this as two 
solids intersecting, one with a 
rectangular cross section and one 
with a curved (circular) cross 
section (geometry 
identification).  The curved 
(circular) section being on a plane 
at an angle to the face of the 
rectangular solid.  
 
 
 
 
 
 
Explains how to generate the 
angled work-plane using the top 
face of the rectangular block as a 
reference for the angle – spatial 
positioning 
 
 

GID MD 
SP 
MC 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Swept feature 
 
Researcher: ... swept feature? 
 
Okay if you just create the 
already created the shape right 
here (the end of the cylinder 
section) just make the simple 
extrude 
Researcher: ... why an extrude 
and not a project? 
You mean the..... 
 
Researcher: ... coming from that 
(indicates end of cylinder) circle 
coming back this way if you 
extrude won't it come right 
through the back 
 
Aha yes yes if you extrude right 
through it will be seen from this 
going through the side 
 
Researcher: ... so how were you 
going to do it in the first place?  
Where you going to develop the 
shape here (indicates end of 
cylinder) and shape there 
(indicates junction with block) 
 

 
 
The subject suggests a method of 
construction that, given the 
particular geometry of the object, 
would result in the cylinder 
protruding right through the 
rectangular section as shown 
below. 

 
Prompting from the researcher 
highlights the problem the subject 
had not foreseen from the video 
of the model. 
The method now suggested by the 
subject to overcome the problem 
is to “just merge [construct] the 
two parts”.  This would be 
achieved via a project function as 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Oh no no we we just develop 
the shape on the circle and just 
merge the two parts.   
 

the end faces of the cylinder are 
not parallel, the lower one stops 
when it contacts the rectangular 
solid. 

Visual 
13 

This one we would use swept 
function - create their first 
shape like the bigger one the 
outside one and we would copy 
the section the core section and 
then just scale it down and 
create another sweep for model 
and subtract that one. 
 

Bent shape 
with offset hole 
 
 

The subject suggests a strategy 
similar to Visual 17 – sweeping a 
profile along a path. The 3D 
shape is imaged as consisting of 
two separate sets of geometry 
[deconstruction] in two planes at 
right angles to one another, one 
for the cross section and one for 
the path (geometry 
identification) it is swept along.   
The subject recognises that the 
hole has the same shape as the 
outside of the profile and suggests 
a strategy using the same 
geometry, copying and scaling 
(geometry construction) rather 
than redrawing.  The subject 
chooses to undertake the 
modelling process in two stages 
by subtracting one part from 
another rather than the possible 
one.   This is consistent with 
previous strategies where the 
prediction of future changes are 
being considered in the initial 
strategy choice. 

RP 
GID 
GC 
 

MD 
SS 
MS 
PC 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Visual 
32 

Actually this one just do the 
revolve first for maybe 180 
degrees and then do the section 
cut for the face profile 
 
Researcher: ... is the another 
way of doing it? 
Okay this one made you make 
the whole shape and then make 
the cut 
 
Researcher: ... you wouldn't 
think of making three work-
planes and sketches and using 
the loft feature? 
 
You mean the offset work-
planes?  I need to see the 
section because in some cases 
the shape is not like regular 
because you have the curve so 
we need to define the curve so 
if we make the shape like this is 
set how do we adjust it.  We can 
make a free section but you 
cannot control the angle off the 
curve. 
 
Researcher: ... so that is why 
you chose that other method? 

 

Loft of semi-
circular 
sections 

The subject deconstructs this into 
a two part process involving 
revolving a cross-sectional shape 
(geometry identification) as 
achieved in “Visual 21, 20, 19”. 

 
and then cutting away 
(subtracting by extrusion)  the 
curved section from the face. 
 

 
An alternative method when 
suggested by the researcher.  This 
strategy selection is rejected due 
to difficulty in accurately defining 
and change the shape of the 
‘cutaway’ curve. 

RS 
GID 
CE 

MD 
SS 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

 
Yes 

Visual 
24 

This one use the free section to 
create a swept actually because 
the mid level of the part you can 
see the difference shape 
between the top and the bottom 
shapes 
 
Researcher: ... now by a free 
section you are talking of the 
loft? 
 
Yes yes it is not the swept it is 
the loft 
 

Loft in single 
direction 

Subject recognises that the cross-
sectional shape changes as it 
progresses up the object 
(geometry identification).  For 
this reason the subject suggests a 
free section swept strategy (later 
clarified to mean a loft). Subject 
has deconstructed the object into 
a series of three separate cross-
sectional shapes to which the 
‘loft’ feature is applied. 

GID 
CL 

MD 

Visual 
33 

You have two approaches the 
first approach you can do the 
revolve, revolve subtract first 
you create the rectangle and 
then to the revolve subtract.  
And second you can do the 
revolve again with a free 
section (loft) top bottom and 
middle section and then 
subtract. 
 

 

Revolved 
subtraction 
from block 

Subjects suggests two strategies. 
Subject deconstructs the shape 
into two separate shapes 
(rectangular block and circular 
cross-section shape - geometry 
identification) the first is 
extruded one of which is then 
subtracted from the other. The 
circular cross-section shape is 
then deconstructed into a profile 
that is revolved. 
Subject also suggests an 
alternative method of obtaining 
the circular cross-section shape by 

GID 
CE 
GID 
CL 
 

SS 
MD 
MS 
MD 
MD 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

deconstructing it into three 
separate profiles (geometry 
identification)  and lofting 
between them. 

Visual 
25 

This one we've got the free 
section (loft) top middle and the 
low one and the one of the 
trajectory curve like that shape 
to create loft 

 

Loft through 
inclined work-
planes 

Subject recognises that the cross-
sectional shape changes as it 
progresses up the object 
(geometry identification).  For 
this reason the subject suggests a 
free section swept strategy (loft). 
Subject has deconstructed the 
object into a series of three 
separate cross-sectional shapes to 
which the ‘loft’ feature is applied.  
The trajectory curved refers to the 
loft definition line as illustrated 
below 

 

GID 
CL 

MD 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

Visual 
30 

Okay will do the first part either 
the small one or the larger one 
and then do some scaling down 
and copy the feature for the 
whole of the feature because 
you can see they have the round 
maybe they have a draft 
because then you can copy the 
group to scaling down the 
model or enlarging the model.  
This is because they are similar 
in shape and similar in feature 
only different in scale. 
 

 

Scaled solid Subject recognises that the two 
parts are similar in all aspects 
except size.  Rather that generate 
two separate objects suggests a 
strategy of generating one, 
copying and then changing its 
scale object resizing. 

OS SS 

Visual 
22 

First you create the rectangle 
first and again make the angle 
axis for the cylinder section and 
the cylinder section we would 
give the dimension for the go 
through of the rectangular 
section 
 
Researcher: ... and what feature 
would you used to generate that 
(indicates cylinder) 
 
Just the extrude feature because 
it goes right through 

Extrude onto 
inclined surface 

Following the explanation for 
“Visual 23” the subject recognises 
that the cylindrical section 
protrudes through the rectangular 
section.  In this instance the 
model is deconstructed again 
into two separate solids to be 
added (mental construction ) to 
one another.  Deconstructed  into 
geometry (geometry 
identification)  -one to be 
generated from rectangular 
geometry and the other from a 
circle on an angled work-plane 
(spatial positioning ).  The 
cylindrical section is then 

GID 
CE 

MD 
MC 
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 Verbal Protocol Object Object 
Description 

Analysis CAD 
Processes 

Cognitive 
Processes 

extruded as the two circular faces 
remain parallel. 

Visual 
29 

Just make one then copy 

 

Copied solid Subject selects a strategy based 
on recognition that the two parts 
are the same therefore only one 
needs to be constructed and then 
copied. 

 SS 

Visual 
7 

Use to feature is the first feature 
is the rectangular section to 
extrude the model and the 
second is to subtract the ellipse 
shape to cut the model 

 

Rectangular 
vertical 
extrusion 
Elliptical 
through hole 
Single 
extrusion from 
vertical plane 
using both 
profiles 

Subject suggests a similar strategy 
to “Visual 4”.  Deconstructs the 
object into two solids (square 
shape and Ellipse geometry 
identification) one of which is 
subtracted or taken away from 
the other. 
The reason for this two-part 
strategy rather than a single 
extrusion is not explained. 

GID MD 
MS 

Visual 
28 

Just create a shape at left or 
right side like the swept shape 
right here and then the scaling 
down of the section and subtract 
the material and then doing the 
mirror to finish off the model 
 

Mirrored solid Subject recognises that the two 
shapes are a mirror image of one 
another therefore selects a 
strategy only one needs to be 
constructed and then mirrored.  
Describes a model generation 
process as used for “Visual 13” 
using a rotation on path. 

MI 
RP 

SS 
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Appendix 7 Student Workbook 

CAD Workbook 2004 
 
Name:________________________________________________________________ 
 
Example 1 

 

 

Example 2 

 

 

Example 3 

 

 

Example 4 

 

 

Example 5 

 

 

Example 6 
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Example 7 

 

 

Example 8 

 

 

Example 9 

 

 

Example 10 

 

 

Example 11 

 

 

Example 12 

 

 

Example 13 
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Example 14 

 

 

Example 15 

 

 

Example 16 

 

 

Example 17 

 

 

Example 18 

 

 

Example 19 
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Example 20 

 

 

Example 21 

 

 

Example 22 

 

 

Example 23 

 

 

Example 24 

 

 

Example 25 
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Example 26 

 

 

Example 27 

 

 

Example 28 

 

 

Example 29 

 

 

Example 30 

 

 

Example 31 
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Example 32 

 

 

Example 33 

 

 

Example 34 

 

 

Example 35 
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Example 36 

 

 

Example 37 

 

 

Example 38 

 

 

Example 39 

 

 

Example 40 
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Example 41 

 

 

Example 42 

 

 

Example 43 

 

 

Example 44 

 

 

Example 45 

 

 

Example 46 
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Example 47 

 

 

Example 48 

 

 

Example 49 

 

 

Example 50 

 

 

Example 51 
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Example 52 

 

 

Example 53 

 

 

Example 54 

 

 

Example 55 

 

 

Example 56 

 

 

Example 57 
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Example 58 

 

 

Example 59 

 

 

Example 60 
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Appendix 8 CAD Background Questionnaire  

 
 
Name:  ______________________________________________ 
 
Student Number: _____________________ 
 
CAD session attended:   Morning     Afternoon:   
 

 None Very 
Little 

A little Some A fair 
amount 

A lot 

1. My computer use prior to 2004 
would best be described as …… 

      

2. My use of 2-dimensional CAD prior 
to this courses would best be 
described as ………. 

      

3. The amount of instruction in 2-
dimensional CAD prior to this 
courses would best be described as 
…………. 

      

4. My use of 3-dimensional CAD prior 
to this courses would best be 
described as ………. 

      

5. The amount of instruction in 3-
dimensional CAD prior to this 
courses would best be described as 
…………. 

      

6. My experience with solid modelling 
prior to this courses would best be 
described as ……. 

      

7. The amount of instruction in solid 
modelling prior to this courses 
would best be described as 
……………. 
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Appendix 9 Intervention Program Student CAD Exercises 

 
Extrude 1  
 
Simple sketch 
Variable height 
Line to arcs 
Arc/fillet 
Trim 

 
Extrude 2   
 
Alternative (frontal) 
work-plane 
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Extrude 3 
 
Through holes 
Offset lines 

 
Extrude 4 
 
Through holes 
Alternative work-plane 
Offset lines 
 

 



299. 

Extrude 5 
 
Multiple extrusions 
New work-planes 
New sketches 
Subtraction 

 
Extrude 6 
 
Extrude symmetrical 
Add 
Subtract 

 



300. 

Extrude 7 
 
Extrude – thin 

 
Extrude 8 
 
Extrude – taper 
Extrude  - taper – 2 
sketches 
Extrude – thin – taper 
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1Round 1 
 
Single 
Multiple 

 
Round 2 
 
Surface 
Feature 
Variable 
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Chamfer 1 
 
Single  
Multiple 

 
Chamfer 2 
 
Surface 
Feature 
Unequal setback 

 



303. 

Shell 1 
 
Single face 

 
Shell 2 
 
Through 
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Shell 3 
 
 
Multiple face 

 
Shell 4 
 
Variable offset 
Through 
Stopped 

 



305. 

Draft 
 
 
Single face 
Multiple face 
Split at work-plane 
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Revolve Profile 1 
 
 
Simple solid profile 
Line to spline change 

 
Revolve Profile 2 
 
 
 
With Hole 
Torus 
Variable wall 
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Revolve Profile 3 
 
 
Constant Wall 
Shell 
Line Offset 
Thin 

 
Sweep 1 
 
 
Along straight path 
Along curved path 

 



308. 

Sweep 2 
 
Sweep profile along 
edge – add 
Sweep profile along 
edge – subtract 
Sweep profile along 
sketch on face 

 
Sweep 3 
 
Sweep - thin 

 



309. 

Sweep 4 

 
Loft 

 



310. 

Project 
 
To surface 
When shelled 
Wrap 

 
Feature Modification - 
Deform Face 

 



311. 

Feature 2 - Mirror 

 
Feature 3 – Pattern 
objects 
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Feature 4 – Pattern 
holes 

 
Graphics 1 
 
Constraints 
Move 
Offset 
Translate 
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Graphics 2 
 
Lock 
Dimension 
Angle 

 
Graphics 3 
 
Mirror 

 



314. 

Graphics 4 
 
Duplicate  
Rectangular 
Circular 

  
Graphics 5 
 
 
Scale 
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Appendix 10 Web Examples 

 
Example 35 
strategy 

 

 

Extrude profile from front, 
use origin point for circle centre –  
keyway may be included or extruded 
separately depending on likelihood of 
change  

Extrude symmetrically and 
thin non-symmetrically using sketch 
on lateral work-plane – simplifies 
geometry makes change of dimensions 
easy locates section correctly on first 
section 

Apply all same radius fillets 
– reduces operations makes global 
change possible 

Apply remaining fillets 

Extrude slot 
 
 



316. 

Example 36 
 
 

 

Extrude base with holes then 
round corners – makes change to radius easier 

Extrude cylinder 

Project front support – use thin simple 
geometry stops at surface – thickness change easy 

Draft faces of front support – angle 
change easy 

Apply rounds to front support – 
allows global change 

Extrude or project rear support –use 
thin from centre line – allows change of thickness 

 Extrude front web then top boss with 
hole use symmetry about work-plane 

Extrude slot and hole separately – 
allows changes; hole last to remove part of top 
boss extrusion 
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Example 37 
 
 

 

Extrude block below work-plane – 
saves creating a new work-plane for subsequent 
cut-outs 

Extrude and subtract both same 
depth cut-outs 

Extrude and subtract next cut-out 

Round corner – easy to change 
later 

 
 
 

Example 38 
 
 

 

Extrude cam centre top circle on origin 
to allow accurate placement of top shaft 

Extrude shafts separately – centre 
bottom shaft sketch on bottom cam centre 

Mirror about face – saves 
creating work-plane 
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Example 39 
 
 

 

Sweep profile along path – easy 
shape and profile change 

Draft face – easy to change angle 

Extrude boss 

Round corners 

Extrude and subtract hole 
 
 

 
Example 40 
 
 

 

Revolve profile – diam of hole 
may be set by distance away from origin.   
Alternative and possibly better is to extrude and 
subtract the hole to allow for change more easily 

Extrude single tooth – use line of 
original profile to create an angled work-plane 

Pattern feature – change to 
single tooth changes all 
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Example 41 
 
 

 

Sweep profile along path – thin 
non symmetrically to outside only 

Extrude and thin flanges 
For bottom flange use initial sketch and thin non 
symmetrically  
For top flange projected inside edge onto new 
work-plane and sketch then extrude non 
symmetrically 

 
 

Example 42 
 
 

 

Extrude cylinders use off-set 
work-planes – top cylinder extruded 
symmetrically  

Mirror cylinder about work-
plane 

Extrude yoke – line off-set 
geometry 

Extrude holes – diameters easily 
changed 
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Apply rounds 

 
 

Example 46 
 
 

 

Extrude block 

Extrude initial cavity 

Pattern cavity – why? change 
initial cavity and update 

 
 
 

Example 45 
 

 

Revolve profile – allows change 
in profile as well as change in diameters.  Extrude 
hole 

Extrude 1st impeller – single 
feature extrude and thin 

Pattern feature using outer edge 
of profile – change to profile retains position of 
impellers 
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Example 47 
 
 

 

 Revolve profile – allows change in 
profile as well as change in diameters.  Extrude 
hole 

Extrude and subtract initial 
segment 

Pattern feature using edge 

Round edges – select all similar 
edges, both sides for single round 

Example 48 
 
 

 

Extrude cylinder – use frontal 
work-plane and symmetrical extrusion  

Separate sketch – use centre of 
circle for mirror line – extrude symmetrically  
Symmetrical extrusion allows change of thickness 

Apply rounds as single feature 
 
 
 

Example 49 
 
 

 

Extrude initial profile 
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Shell from inclined face 
Example 50 
 
 

 Construct initial figure – locate 
origin radius away from side 

Duplicate figure in circular 
fashion 

Delete additional lines of 
geometry and extrude 

 
 
 

Example 53 
 
 

 

Extrude cylinder 

Generate geometry and 
extrude single tooth 

Pattern original tooth using 
edge of extrusion – number and angle of 
separation can be varied 
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Example 54 
 
 

 

Draw one cavity – offset lines 

Construct centre lines 

Mirror  

Mirror both – changes to 
cavities linked. 

Join lines and extrude 
 

Example 58 
 
 

 

Object is symmetrical – 
create initial sketch and extrude symmetrically 

Create slot – single line – 
thin 

Create sketches for angle 
sections and extrude 
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Example 59 
 
 

 

Revolve boss – start sketch at origin 

 
 
Extrude flat section – draw half and mirror - 
single line – thin symmetrically 

 
Round edges 

 
Extrude and subtract holes 

 
  

Example 60 
 
 

 

Sweep profile around elliptical path – thin 
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Appendix 11 Post Treatment Test 

 
Please press the “F9” function key before proceeding. 
 
Construct a “design file” of the object shown below.  Please complete this task as efficiently as 
possible bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
Save the file to the “Desktop” as “Task 1”  
 
Get the next task sheet from the researcher. 
 
 

 
 

Expert Strategies 
 

• Develop solid by extruding a line and 
adding thickness (makes geometry simple, 
allows ease of change for all dimensions 
and overall shape 

• Select three faces and draft (angle of face 
easy to change) 
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Please press the “F9” function key before proceeding. 
 
Create two design files, one similar to the plate shown below and one with a shaft that will exactly 
match the shape of the hole in the plate.  Please complete this task as efficiently as possible bearing in 
mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
Save the design files as  “Plate” and “Shaft”. 
 
Get the next task sheet from the researcher. 
 
 

 
 
 
 

 Expert Strategies 
 

• Copy geometry from ‘plate’ to ‘shaft” 
(ensures accuracy of profile; saves time)  
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Please press the “F9” function key before proceeding. 
 
Create a design file of the shapes shown below.  Please complete this task as efficiently as possible 
bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
 
Save the design file as “Shapes” 
 
Get the next task sheet from the researcher. 
 
 

 
 
 
 

 

Expert Strategies 
 

• Copy and scale sketch or solid (both shapes 
are similar but of different sizes;   
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Please press the “F9” function key before proceeding. 
 
Create a design file of the nonagon (9 sided figure) shown below.  Please complete this task as 
efficiently as possible bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
Save the design file as “Nonagon” 
 
Get the next task sheet from the researcher. 
 
 

 
 
 

Expert Strategies 
 
• Select all top edges, deselect one and 

chamfer (all chamfers easy to change, 
quicker to select all and deselect one than to 
select seven edges individually)  
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Please press the “F9” function key before proceeding. 
 
Produce a ‘sketch’ of the geometry shown below.  Please complete this task as efficiently as possible 
bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
Save the file as “Geometry” 
 
Get the next task sheet from the researcher. 
 

 
 Expert Strategies 

 
• Create one shape and mirror  then mirror 

both (ensures all are the same; change one 
change all) 

 
Or 
 

• Create one shape and rotate copy (ensures 
all are the same; change one change all) 
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Please press the “F9” function key before proceeding. 
 
The model below is an architect’s initial concept for the fore-court of a new building in which the 
client specified the use of plain cylindrical columns.  Construct a design file for the concept.  Please 
complete this task as efficiently as possible bearing in mind that the design may need to be changed in 
the future. 
 
When you have completed the model please press the “F10” function key 
Save the file as “Building”. 
 
Get the next task sheet from the researcher. 
 
 
 

 
 
 Expert Strategies 

 
• Create one column and pattern (change one 

change all; changes to column spacing easy) 
• Set top on work-plane on top of column 

(change height of column top repositions) 
• Project base geometry to roof (links shapes 

so change in base is reflected in top)  
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Please press the “F9” function key before proceeding. 
 
The model below shows an initial concept for a simple gear.  Please complete this task as efficiently 
as possible bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
 
Create a design file and save as “Gear” 
 
Get the next task sheet from the researcher. 
 
 

 
 
 
 Expert Strategies 

 
• Create one tooth as a solid and pattern 

(changes in shape of tooth and number of 
teeth easy to make) 
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Please press the “F9” function key before proceeding. 
 
Construct a design file of the block shown below.  Please complete this task as efficiently as possible 
bearing in mind that the design may need to be changed in the future. 
 
When you have completed the model please press the “F10” function key 
 
Save the design file as “Block”.  
 
Get the next task sheet from the researcher. 
 
 
 

 

 

 
 
 
 

Expert Strategies 
 
• Develop solid by extruding a line and 

adding thickness (makes geometry simple, 
allows ease of change for all dimensions) 

• Shell solid with variable offsets (changes 
easy to make) 
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Please press the “F9” function key before proceeding. 
 
Construct a design file of the model below.  Please complete this task as efficiently as possible 
bearing in mind that the design may need to be changed in the future. 
When you have completed the model please press the “F10” function key 
Save the design file as “Model”. 
 
When you have completed all tasks Save the Session (File – Save Session) using your name as the 
filename. 
 
Do not close down – let the researcher know you have finished. 

  

  
 

Expert Strategies 
 
• Position original profile sketch to enable existing 

work-plane to be used for side knobs (saves time) 
• Extrude the body symmetrically (allows existing work-

planes to be used for top knob and mirror of side 
knobs) 

• Make initial solid angular and apply fillets (easy to 
change later) 

• Copy and scale knob geometry (saves time) 
• Mirror side knobs (change one change both, saves time 



334. 

Appendix 12 Examination 

 
 
Question 1. 
 
Using the file below as a guide produce a design file of the following object. 
 
 
 

 
 

 
 

• Save the files on the disk provided.  
 

• Use your name as the file name followed by question1.  Eg Joe Briggs 
Question 1 

 
• Print your design file – put your name on it. 

 
• Complete the next section of Question 1 
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Question 1 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Develop solid by extruding a line and 
adding thickness (makes geometry simple, 
allows ease of change for all dimensions 
and overall shape 

• Select three faces and draft (angle of face 
easy to change) 

• Select all top edges, deselect one and fillet 
(all fillets easy to change, quicker to select 
all and deselect one than to select seven 
edges individually)  
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Question 2. 
 
Using the drawing file below as a guide produce a design file of the following object.  
 

 
 
 

 
 

• Save the files on the disk provided.  
 

• Use your name as the file name followed by question1.  Eg Joe Briggs 
Question 2 

 
• Print your design file – put your name on it.  

 
• Complete the next section of Question 2 
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Question 2 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Place circle for boss on origin (avoids the 
need for additional work-plane generation) 

• Develop solid by extruding a line and 
adding thickness (allows for ease of 
thickness change) 

• Extrude the body symmetrically (allows 
change of width easily and permits locking 
width to boss diameter) 

• Generate fillets (rounds) as a group (allows 
change more easily 
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Question 3. 
 
Using the drawing file and the album files as a guide produce a design file of the 
following object.  An approximation of the overall shape is required, dimensions are 
not important. 
 

 
 
 

 
 

• Save the files on the disk provided.  
 

• Use your name as the file name followed by question1.  Eg Joe Briggs 
Question 3 

 
• Print your design file – put your name on it.  

 
• Complete the next section of Question 3 
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Question 3 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Create hole by shelling right through 
• Create hole using offset shell (overcomes 

the need for the development of additional 
geometry; shell allows easy change of wall 
thickness 
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Question 4. 
 
Using the drawing below as a guide produce a design file of the following object.  
An approximation of the overall shape is required, dimensions are not important. 
 

 
 

 

 

 

 
• Save the files on the disk provided.  

 
• Use your name as the file name followed by question1.  Eg Joe Briggs 

Question 4 
 

• Print your design file – put your name on it.  
 

• Complete the next section of Question 4 
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Question 4 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Develop one side of the solid and mirror 
(quicker and able to change efficiently) 

• Place profile for sweep on origin (allows for 
ease of later mirror) 

• Generate flange by extruding a line and 
adding thickness to one side (allows for ease 
of thickness change) 

• Extrude the flange symmetrically (ensures 
the solid is developed around a single plane) 
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Question 5. 

 
Produce the necessary design files to produce the post and post support shown 
below. The two parts when complete should be capable of assembly. 
 

 
 
 
 

 
 

• Save the files on the disk provided.  
 

• Use your name as the file name followed by question1.  Eg Joe Briggs 
Question 5 

 
• Print your design file – put your name on it.  

 
• Complete the next section of Question 5 
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Question 5 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Copy post base to post support (saves time; 
ensures they match) 

• Place post profile on origin (enables 
existing work-plane to be used for path of 
sweep (saves time by not having to generate 
an additional work-plane) 

• Place post support circle on origin (enables 
use of existing workpanes for fin later) 

• Extrude the post base up and cylinder down 
(saves the need for an additional work-
plane) 

• Extrude post support fin symmetrically 
(places it on the centre axis of the cylinder) 

• Pattern post support fins (ease of 
generation; allows change to all later by 
changing one) 

• Generate pipe sections first and shell 
(allows ease of wall thickness change; 
avoids shelling of base) 
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Question 6. 
 
Using the album files as a guide produce a design file of the following object.  An 
approximation of the overall shape is required, dimensions are not important. 
 

 
 

 

 

 

 
• Save the files on the disk provided.  

 
• Use your name as the file name followed by question1.  Eg Joe Briggs 

Question 6 
 

• Print your design file – put your name on it.  
 

• Complete the next section of Question 6 
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Question 6 continued   ……………………. 
 
 
Use annotation on the illustration and/or in the space below outline the CAD 
strategies used to construct the model. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Expert Strategies 
 

• Create and mirror initial shape (ensures 
symmetry) 

 
 

• Place initial shape so that it can be copied 
and rotated accurately to complete geometry 
without having to trim lines 

• Select all edges of face for chamfer (saves 
selecting 16 individually) 

• Use edge of base to create geometry for top 
(saves time; links the two so that changes in 
the base are automatically translated to the 
top) 

• Create one ‘candle’ and pattern (saves time; 
allows change to one ‘candle’ to be 
reflected in all) 
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Appendix 13 Frequency Tables 

Total expert strategy divisions 
 
 Total 

Strategies
Frequency Valid 

Percent 
Cumulative 
Percent 

Divisions 

Valid 0 1 3.8 3.8
  1 2 7.7 11.5
  2 4 15.4 26.9
  3 2 7.7 34.6
  4 5 19.2 53.8

 
‘Low’ expert 
strategies 

  5 5 19.2 73.1
  7 2 7.7 80.8
  8 2 7.7 88.5
  10 1 3.8 92.3
  13 1 3.8 96.2
  16 1 3.8 100.0

 
‘High’ expert 
strategies 
 

  Total 26 100.0  
 

Prior Computer experience divisions 

 
    Frequency Valid Percent Cumulative 

Percent 
Divisions 

Valid None 0 0 0  
 Very Little 3 10.3 10.3 
  A Little 2 6.9 17.2 
  Some 9 31.0 48.3 

‘Low’ 
computer 
experience 

  A fair 
amount 

9 31.0 79.3 

  A lot 6 20.7 100.0 
  Total 29 100.0  

‘High’ 
computer 
experience 

 
 
Prior 2D experience divisions 
 
    Frequency Valid Percent Cumulative 

Percent 
Divisions 

Valid None 10 34.5 34.5 
  Very Little 7 24.1 58.6 

‘Low’ 2D 
experience 

  A Little 3 10.3 69.0 
  Some 4 13.8 82.8 
  A fair 

amount 
4 13.8 96.6 

  A lot 1 3.4 100.0 
  Total 29 100.0   

‘High’ 2D 
experience 
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Prior 2D instruction divisions 
 
    Frequency Valid Percent Cumulative 

Percent 
Divisions 

Valid None 14 48.3 48.3 
  Very Little 4 13.8 62.1 

‘Low’ 2D 
instruction 

  A Little 4 13.8 75.9 
  Some 4 13.8 89.7 
  A fair 

amount 
3 10.3 100.0 

 A lot 0 0 100.0 

‘High’ 2D 
instruction 

  Total 29 100.0    
 
 
Prior 3D experience divisions 
 
    Frequency Valid Percent Cumulative 

Percent 
Divisions 

Valid None 17 58.6 58.6 ‘Low’ 3D 
experience 

  Very Little 3 10.3 69.0 
  A Little 3 10.3 79.3 
  Some 5 17.2 96.6 
 A fair 

amount 
0 0 96.6 

  A lot 1 3.4 100.0 

‘High’ 3D 
experience 

  Total 29 100.0   
 
 
Prior 3D instruction divisions 
 
    Frequency Valid Percent Cumulative 

Percent 
Divisions 

Valid None 17 58.6 58.6 ‘Low’ 3D 
instruction 

  Very Little 3 10.3 69.0 
  A Little 2 6.9 75.9 
  Some 6 20.7 96.6 
 A fair 

amount 
0 0 96.6 

‘High’ 3D 
instruction 

  A lot 1 3.4 100.0  
  Total 29 100.0   
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