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Abstract

Emotions play an important role in human cognition and affect reasoning, judgment,
decision-making, and other cognitive processes. However, there has been little scientific
research 1nto the role emotions play in designing. Rendering enables the visualisation of
conceptual models by providing graphical presentation of design concepts. Such a
presentation can convey not only object information but also emotive information and can
evoke human emotive responses. The work presented in this thesis addresses five main
elements: emotive implications; adoption of Interacting Cognitive System (ICS) to designer
perception; adoption of Kansei Engineering as the analytical tool for the research; testing a

spectrum of existing rendering techniques developed to date; and testing of perception with

academics, students and design practitioners from industry.

This thesis presents a novel study of the emotive effectiveness of different rendering styles
that cover a spectrum of existing photorealistic rendering (PR) and non-photorealistic
rendering (NPR) styles in conceptual design. The study involved a sample of sixty-one
respondents, which included academics, fourth year and fifth year undergraduate and
postgraduate students. The main contribution of knowledge is in the form of insights into
the emotive implications of different rendering styles in conceptual design. The insights can
act as a guide for designers to base their decisions in using the respective rendering
style/emotive implication paradigms when creating designs that elicit desired responses. The

overall idea of gaining the insights is to support the designer in creating and influencing the

emotional impact of a new design.

The results of the study highlight fourteen emotive implications of computer graphic images,
the four underlying constructs that describe the fourteen emotive implications, i.e. affective,
cognitive, functional and motivational, and the patterns of relationships between the
rendering styles and emotive implications. The results show that different kinds of rendering
styles have definite and significant effects. For instance, PR styles are most effective for
conveying affective and motivational content, and NPR styles are most effective for
conveying affective, cognitive and functional content. A survey-based study involving

thirty-three design practitioners from industry was used for the validation of the research

results.
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The thests finishes by presenting the strengths and weaknesses of the research outcome, the
techniques employed and the research methodology utilised to facilitate the work presented

in this thesis. Finally, based on the current research findings, future works have been
1dentified, including extension of the research within actual design practice and further

investigation of an alternative rendering approach for presenting vague information that is

often found in the conceptual design stage.
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Abbreviations, Symbols and Nomenclatures

Unless stated explicitly, the following abbreviations, symbols and nomenclatures are used in
this thesis.

Abbreviation Meaning
APA American Psychological Association
CAD Computer Aided Design
DMEM Design, Manufacture and Engineering Management
HCI Human Computer Interaction
HCS Human Computer Symbiosis
HMD Head Mounted Display
IDA Intelligent Design Assistant
ICS Interacting Cognitive System
NPR Non-photorealistic rendering
PR Photorealistic rendering
SPSS Statistical Package for the Social Sciences

Symbol Meaning
M Mean
SD Standard Deviation
N Sample
p Probability
r Pearson correlation coefficient
Z Test statistic
1t Assumed mean
X Sample mean
HO Null hypothesis
H1 Alternate hypothesis
> Greater than or equal to
z Sum of
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Nomenclature

Highlight

Image
Lighting

Material

Mesh

Object or model

Picture
Polygon
Presentation

Representation

Respondent

Scene

Texture

Rough

Meaning

The lightest tonal or colour values in an image, describing any point or area where
the maximum amount of light is reflected from a surface.

An image is a ‘reproduction or imitation’ or the optical counterpart of an object. In
other words, it is the visual representation of a scene.

The term 1s used to designate the interaction between material and light sources, as
well as their interaction with the geometry of the object to be rendered.

Material is the substance or matter from which something is or can be made, or also
substance or matter for creating an image.

A grid-like polygonal subdivision of the surface of a geometric model. In short, it a
series of polygons grouped to form a surface.

A collection of geometric entities is referred either as an object or a model.

A picture 1s ‘a design or representation’, or a description so vivid or graphic as to
suggest a mental image or give an accurate idea of something.

In the context of 3D modelling, a polygon is a multi-sided object composed of
edges, vertices, and faces.

A presentation is defined as the visualisation of a product, for example, in a
graphical or textual form.

A representation describes an aspect about a product (i.e. the product shape) in a
computer processable form (i.e. the geometry model).

A person who replies to something, especially the one supplying information for a
survey or questionnaire,

A scene is a collection of models comprising everything that is included in the
environment to be rendered. A scene can also include material descriptions,
lighting and viewing specifications.

A tactile impression of a surface as rough, sandy, smooth as conveyed by the
hatching used.

A rapid and loosely worked sketch showing the basic form of an illustration or
design.
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Chapter 1 Introduction

1. Introduction

Cognition is the mental action or process of acquiring knowledge and understanding through
thought, experience and the senses [1]. Cognition has been investigated for decades In
domains of psychology, computer science and engineering design, which resulted 1n a
number of cognitive theories and cognitive models [2-7]. Researchers in design have started

to relate their work to a number of areas of research in cognitive psychology and cognitive

science [8, 9].

Design is an important, all pervading domain of human activity [10]. Even if not often
stated explicitly, the tendency in much cognitive design research is to consider design as a
specific ‘cognitive activity’. Cognitive activity refers to the way in which people realise
their task at a cognitive level [10]. Simon proposed a definition for design in his book
Sciences of the Artificial [11] as:
“Design...means synthesis. It means conceiving of objects, of processes, of ideas
for accomplishing goals, and showing how these objects, processes, or ideas can be
realised. Design is the complement of analysis — for analysis means understanding

of the properties and implications of an object, process, or idea that has already been

conceived”. (Simon, 1999, p.246)

Cognitive design studies' have been developed since the 1960s [10], with focus on cognitive
aspects of design, that is, the actual cognitive activity (for example, design thinking, design
reasoning, design intuition, learning in design and how designers design) implemented by
designers during their work on design projects. Typical approaches to such studies include:
direct observation of the results of designing; protocol studies of individual and collaborating
designers designing; and surveys of designers’ perceptions [12]. The results of such studies
provide insights into the behaviour of designers as they are designing. These insights can

form the basis of the development of computational support tools for designers.

The work presented in this thesis adopts a cognitive viewpoint of desi gn by focussing on the
cognitive activities implemented by designers in conceptual design. During engineering
conceptual design, a designer’s geometric design can gradually evolve from a vague

geometric concept, in the form of paper-based sketches, towards a computer image of the

' The studies of design focusing on its cognitive aspects are termed ‘cognitive design studies’ [10], where
cognitive aspects refers to designers’ cognitive processes and structures (knowledge and representations).
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design in a Computer Aided Design (CAD) system [13]. Computational conceptual design
can be considered as a loop between the cognitive human-computer activities that include:
communication of the designer with the computer (e.g. using sketch input devices),
modelling (generation of the computer model), rendering (graphical presentation of
information), visualisation and interpretation of the displayed image on computer,
comparison and iteration (see Figure 2-5 in Chapter 2). However, when computer-based
systems are used to support conceptual design, sometimes there is a significant difference
between a design as displayed by the computer and the designer’s mental model of the
design concept, which is a hindrance to human computer symbiosis (HCS). The difference
1s because of the variety of mediums involved, for instance paper and computer, and the loss
of representations translating between these mediums. This difference hinders the computer
supported design at the early conceptual stages, and can lead to misinterpretations, and, in
many cases, possible criticism and avoidance of the computer system. Thus, in order to
enhance HCS in conceptual design there is a requirement to:

— Facilitate computer generated presentations that are closer to the mental models of

the design concepts.

— Support the emotive information of the design concepts.

—~ Minimise the loss of information during the design-loop.

Emotions play an important role in human cognition and affect reasoning, judgment,
decision-making and other cognitive processes. In decision-making?, the emotional
consequences of how choices are framed may affect which choices are preferred [15]. There
is indeed considerable evidence’ that emotion affects cognition in a variety of ways.
Although some main theories of cognition do not take into account emotion [2, 18, 19], for
instance theories of vision such as ‘bottom-up’ and ‘top-down’, there are theories such as

Interacting Cognitive Systems (ICS) [20] that account emotions as an integral part of the

human cognitive system.

Of late, the emotions of artefact users are being considered by certain designers, with the aim
to design new artefacts that these users would experience as pleasant or desirable [21-24].
Affective Computing, Affective Design, Affective Engineering, Design and Emotion, and
Kansei Engineering are phrases gaining ground in the study and use of relationships between

artefacts and users’ subjective responses to them. The research on the role of emotion in the

* See [14] for more information on the role of emotion in decision-making,

* See [14, 16, 17] for more information on emotion and cognition-emotion interaction.
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domain of design cognition is just in its early stages [10], especially in computer graphics.
Computer 1mages are characterised by both visual aspects and emotional meaning of a
displayed design. Comparison of the appearance of real world and rendered images is a
topic that has a relatively long history [25-27]. Researchers have conducted studies to
investigate the fidelity of computer generated renderings with respect to the real world [28-
30]. However, the focus of these studies has been on the visual aspects such as reflectance
and 1llumination perception per se, than on the emotional meaning carried by the rendered
images and the emotions elicited by the rendered images. In this thesis, the notion of
‘emotive implications’ 1s introduced and from the research of the work it is suggested that
emotive implications of images are the implicational information of images that imply or
stimulate designers’ emotive responses. Psychologically, rendered designs can maintain
different affordances* and influence perception and interaction. It is important to be able to
investigate the emotive implications of rendered images by assessing the users’ emotive
responses, the insights from the results can provide starting points for creating a new design.
As such, this type of work presents an innovative aspect to conceptual design and

development by understanding how 1mages rendered by different styles provoke emotions

and influencing the emotional impact of a new design.

Inspiration for this research stems from the fact that current research has concentrated more
on technical innovation of sketch input devices (online/offline), improving modelling
capabilities (e.g. [13, 33-39]), collaborative sketch based design support (e.g. [40-43]),
sketch recognition approaches (e.g. [44-51]) and enhancing realistic rendering techniques
(e.g. [52]). In conceptual design, where creativity’ is prevalent, there is lack of a systematic
study of the best way to present concept designs using rendering so that the design as
displayed by the computer matches the designers’ mental model of the design concept. Such
systematic study will lead to an increased understanding of how to present designs in a way
that more fully supports human creativity during computational conceptual design. Thus, the
work presented in this thesis aims to investigate, through a novel study, the emotive

implications of different rendering styles® and, thereby, provide insights of the best way to

* The word “affordance’ was coined by Gibson [5, 31] in the study of visual perception. It depicts a fundamental
aspect of human cognition, that much information needed for perception and action is in the environment as
invariants which can be picked up directly [32). According to Gibson, affordances are relationships. They are
the properties of the world that exist naturally and need not have to be visible, known or desirable.

> Creativity is the quality of humans to conceive new ideas and artefacts [53].

® In this thesis, rendering ‘styles’ are taken to reflect those that are used to present the objects in an image (for

Instance, pen-and-ink, shaded drawing, line drawing and cartoon styles); and rendering ‘techniques’ refer to the
technical generation of those ‘styles’ to produce computer graphic images.
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present concept designs. As such, the work aims to provide a basis to overcome the
inadequacies of existing works on rendering and address the requirements to enhance HCS in
conceptual design. The insights from the study results can provide implications and future
directions for the development of computational support tools to create designs that match
designer intent and expectations in conceptual design. For example, a computer supported
system can be equipped with the inference rules of the emotions elicited by different

rendering styles, so that it could create designs that are reflective of the designers’ mental

model when the designers interact with it.

The work presented in this thesis addresses five main elements: emotive implications,
adoption of ICS to designer perception, adoption of Kansei Engineering as the analytical tool
for the research, testing a spectrum of existing rendering techniques developed to date, and

testing of perception with academics, students and design practitioners from industry.

In this thesis, due to the complexity of investigation of effectiveness of the number of
existing rendering styles, the scope is bounded to investigate emotive implications of these
rendering styles in conceptual design, which is supported by and derived from the analysis of
data gathered from academics and students. However, the validation of the results needs
experienced design practitioners from industry. Due to the time restrictions of the design
practitioners, it was decided to limit the validation of results relating to NPR line styles only

and hence increase the likelihood of their participation.

1.1 Aim and objectives

The overall aim of the work presented in this thesis is to provide insights into the emotive
implications of different rendering styles in conceptual design. In order to achieve this aim,
the following objectives have been identified as needing to be met:

e Establish the design problem in conceptual design and the focus of the research
based on the review of computer supported sketch systems.

e Review the existing rendering techniques to understand their features and their role
during the design process, especially in conceptual design, and derive the key
aspects for the generation of computer graphic images.

 Review cognitive theories to understand the cognitive principles underpinning the
visualisation and interpretation of the generated computer graphic images and derive

the key aspects for visualisation and interpretation.
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» Recognise the inadequacies of existing works related to rendering. The works are

critically reviewed with respect to the derived key aspects for renderning.

e Define the research problem. The research problem is formalised considering the

inadequacies of existing works with respect to the key aspects for rendering.

e Conduct a systematic study, overcoming the inadequacies of existing studies, to

investigate the emotive implications of different rendering styles, which involves:

o Evaluate the characteristics and features of rendering in conceptual design,

including: the nature of rendering, the nature of different rendering
techniques and the limitations with current CAD systems. The insights
gained could be then used during the identification of the emotive
implications of images and the evaluation of the effectiveness of different
rendering styles.

Perform pilot studies to gain insights into the main factors involved in
identifying emotive implications and running experiments for assessing the
emotive effectiveness of different rendering styles.

Identify the emotive implications of computer graphic images. The
identified emotive implications could be then used as a basis for assessing
the emotive effectiveness of different rendering styles.

Evaluate the effectiveness of different rendering styles in conveying emotive
implications, based academics’ and students’ perception and emotive
responses to different rendering styles. The results could then provide

insights into the emotive implications of different rendering styles

e Validate the results with a cross-section of design practitioners from industry.

e Analyse the strengths and weaknesses of the research outcome, research techniques

and research methodology undertaken.

e Identify the avenues of future research based on the current research findings.

1.2 Research methodology

An adaptation of the research methodology developed in the CAD Centre, University of

Strathclyde, by Duffy and O’Donnel [54] was utilised to undertake the research presented 1n

this thesis. This methodology was chosen as the foundation for conducting the research

presented 1n this thesis for a number of reasons, including:

— It was founded on the requirement to conduct effective research into the Intelligent

Design Assistant (IDA) philosophy [55] to attain HCS (see Section 2.3.1 in Chapter
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2). The IDA philosophy refers to the principle focus of the CAD Centre, where this
research was undertaken. The ultimate aim of the research presented in this thesis 1s
to be able to develop a more mature IDA system that supports conceptual design by
being able to develop computer tools to attain HCS.

— Its successful application to a number of previous research studies [56-60] 1n the
engineering design field has verified the methodology as a valid and appropriate

approach on which to facilitate research 1n this area.

The research presented in this thesis was conducted in accordance with the methodology

1llustrated in Figure 1-1. This figure source came from Lim’s thesis [56] that adopted 1t from

[54, 60, 61].
Research problem

Design problem
identification

Key aspects
identification

Design
Inadequacies in existing practice
works

Research problem
identification

Solution / Investigation

Validation
Key:
>

> O [ O

Information flow  Phase Research outcome Resource

Investigation resuits

Validation results

Figure 1-1: Research methodology (adapted from [54])
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With regard to Figure 1-1, Research problem formalisation, Solution/Investigation and
Validation are contemplated to be the main phases in conducting the research. Design
problem identification, key aspects identification, inadequacies of existing works, research
problem identification, investigation results, validation results and documentation are the

main outcomes of the research. The outcomes from a later phase are procured based on the

outcomes from the earlier phases.

With regard to the overall approach presented in Figure 1-1, from design practice and
pertinent literature, a design problem is identified. Based on the design problem, the
research problem formalisation considers literature based research to identify key aspects
and to identify the inadequacies of existing works based on these defined key aspects.
Thereby, an investigation based on the research problem is conducted by overcoming the
inadequacies of existing works. Literature is considered from the identification of the design

problem to the solution of the research problem. The resulting findings are validated based

on design practice. Finally, the research 1s reported.

Some of the following explanations of the phases are adopted from Lim’s thesis [56] that
adopted the same method with Mantfaat [57]: |

o Literature: Literature serves as a basis for most of the other elements of the
methodology. For example, to define the design problem and resecarch focus, a
literature review of the computer supported sketch systems in conceptual design was
carried out. Further, literature review of rendering techniques was carried out to

identify the key aspects and inadequacies of existing works in rendering.

o Design practice: Desqign practice was considered and involved so that the end result
would prove useful to the industry. Some key elements to identify the design
problem are investigated from design practice and literature. Further, design

practice was used to validate the findings resulting from the study presented in this

thesis.

e Research problem:. In this thesis, the research problem refers to the challenge
concerned with overcoming the inadequacies of existing works with respect to the

key aspects. The research problem was formalised based on the highlighted

deficiencies of the existing works.

o Solution/Investigation: The solution/investigation is aimed at solving the research
problem and overcoming the inadequacies of existing studies. In the work presented

in this thesis, an investigation, involving surveys of academics’ and students’
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perceptions, was carried out to produce novel results concerning the emotive

implications of different rendering styles. The results of such studies provide

insights into the emotive implications of different rendering styles. These insights

can form the basis of the development of computational support tools for designers.

o Validation: Validation of the solution/investigation results, 1.e. assessing how well

the research results are consistent and the generality of the results. In order to enable

the validation of the research results obtained from the study with academics and

students, the investigation was camried out with a cross-section of design

practitioners from industry.

¢ Documentation: The result of the research is documented primarily in this thesis,

and further in some published [62, 63] and unpublished reports [64-66].

1.3 Thesis structure

The remainder of the thesis is structured into three parts, as follows (see also Figure 1-2).

PART — 1: Research problem formalisation (Chapters 2, 3, 4 and 5)

Chapter 2 presents a review of computer supported sketch systems in conceptual

Chapter 3

Chapter 4

Chapter 5

design with the purpose to identify the design problem in conceptual design
and establish the focus of the research.

presents a literature review of different rendering techniques for the
generation of computer graphic images.

discloses a cognitive framework of human information processing between
the wvisualisation of a generated computer graphics image and its
interpretation. The notion of ‘emotive implications’ of computer graphic
images 1s introduced and their potential 1s delineated.

critically reviews existing works related to rendering in order to identify
their inadequacies. Key aspects are identified from Chapters 2, 3 and 4 to
serve as the basis for the critical review. Areas for further research are

identified based on the highlighted deficiencies of existing works. The

research problem is then formalised.
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PART - 2: Solution / Investigation (Chapters 6, 7, 8)

Chapter 6 presents an exploratory study on different characteristics and features of
rendering in conceptual design.

Chapter 7 presents the pilot study conducted as part of the work presented in this thesis
and outlines the Kansei Engineering methodology, which in turn identified
emotive implications of computer graphic images.

Chapter 8 presents the main study in the research for the identification of the most
effective rendering styles for conveying the identified emotive implications.
Kansei Engineering, which has never been used before in the computer

graphics community, is used as a means for evaluating the degree of emotive

effectiveness of different rendering styles. In this chapter, the existing

photorealistic rendering (PR) and non-photorealistic rendering (NPR) styles

are evaluated and the results are presented in the form of impact and

correlations of these rendering styles. -

PART- 3: Validation and discussion (Chapters 9, 10, 11)

Chapter 9 presents a study involving design practitioners from industry to investigate

the validity of the prior findings.

Chapter 10 reviews the main findings from Chapters 6 to 9 in order to summarise and
consolidate the key insights.

Chapter 11 discusses the strengths and weaknesses of the research outcome, the
techniques used and the research methodology undertaken for the work

presented in this thesis. In addition, future works are identified.

Finally, Chapter 12 concludes the thesis by summarising the work and outlining the main

findings and outcomes of the work presented in this thesis.
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Chapter 2 Computer aided sketching

2. Computer aided sketching

The aim of this chapter is to present a review of existing computer-based systems that
support sketching activity in conceptual design. The objectives of the review are to (1)
identify the design problem and (2) establish rendering and visualisation and interpretation

as the research focus (discussed in Chapters 3 and 4 respectively).

Before reviewing computer based sketch-support systems, it is appropriate to give an
overview of sketching in conceptual design. Thereby in Section 2.1, a general introduction
to design sketching and the need of computer aid for sketching in conceptual design 1s given.
Section 2.2 presents a review of existing computer-based systems that support the sketching
activity during conceptual design. In Section 2.3, the vision of human computer symbiosis
(HCS) for creating an intelligent partnership between humans and computers in conceptual
design is introduced and factors that characterise the design problems are identified. In
Section 2.4, rendering and visualisation and interpretation are recognised as the focus for
the research presented in this thesis. The requirements to enhance human computer
symbiosis (HCS) in conceptual design are identified in Section 2.5. Finally, Section 2.6

summarises the chapter.

2.1 Conceptual design sketching

Conceptual design often incorporates ‘ill-structured representations’ that are ambiguous,
fluid, imprecise, intermediate and vague in nature [8]. The term ‘sketch’ belongs to these
representations. Hence, almost by definition of an ill-structured representation, a sketch has

inherent vagueness [8]. A sketch can be considered as:
— A rough, or unfinished drawing or painting, often made to assist in making a more
finished picture [1].
— A brief account without many details conveying a general idea of something, a

rough draft or general outline [1].

— An informal, private drawing that designers use as a medium for graphic thinking in

the exploratory stages of their work [67].

Figure 2-1 shows some typical sketches used in conceptual design. Ferguson [68] classified

design sketches into three types namely, (i) thinking sketch: used to focus and guide non-

12



Chapter 2 Computer aided sketching

verbal thinking, (11) talking sketch: produced through discussion between designers from a
technical background as a means of clarifying complex tasks and (iit) perspective sketch:

used to direct a draftsman in the construction of a final drawing.
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Figure 2-1: Sketches in conceptual design (from [56, 69, 70])

A sketch 1s inexact in nature, thus avoiding the need to provide unnecessary details at

conceptual design. The abstract and ambiguous7 nature of a sketch makes it suitable for the

underdeveloped state of the design at the conceptual stage. Sketches have the characteristics

” Ambiguous: The general definition [1] is as follows:

1: a double meaning that is either deliberate or caused by inexactness of expression.
2: an expression able to be interpreted in more than one-way.
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of being vague: where information and ideas are often approximate and incomplete and
subject to radical changes at all levels [13]. They carry with them a ‘minimum commitment’
approach, where the designer either lacks information to make a given decision or simply
chooses to postpone it [69]. Also, there exists a convenience of exploration of alternatives,
where the designer ‘branches off” at arbitrary points in order to examine alternative solution

approaches [13].

Sketching activity

Sketching 1s a broad term that can mean different things. From a design perspective,
sketching is initially a highly abstract activity that evolves a concept into a more concrete
geometric representation as a design develops towards a definitive design solution [71]. In
the words of Tovey et al [72], 1t 1s a process that allows the designer to give an external
definition to an 1magined or half-imagined form. This externalisation, therefore, acts as a
language for handling multiple possibilities for potential design solutions. Whereas, Schon
[73] refers to sketching as ‘retlection-in-action’, which refers to the ability to allow

contemplation and discovery of ideas. The features of sketching activity, summarised from
the literature [46, 67, 71, 74-76], can be considered as:

— Allowing easy manipulation of ideas at various levels of abstraction.

—~ Archiving the geometric and topologic form of a design without the need to provide
unnecessary details. In short, they help the design i1dea take shape easily.

— Communicating ideas between designers as well as between designers and clients.

— Contributing to the evolution of designers’ ideas, because of the flexible nature of

the information being considered.

— Discovering new interpretations and opening avenues to new perspectives for
solutions.

— Enabling to visualise ideas even if the drawn figures are ambiguous, this speeds the
drawing of a sketch whilst avoiding fixing a particular idea.

— Facilitating creativity, because of the abstract nature of the information being
considered, low degree of commitment to generated ideas and coarseness of detail in
conceptual design.

— Providing chances to re-interpret sketches by simultaneously attending to previously
described sketched elements that have not been attended together before. In this
way, the designers can discover hidden features, configurations and relationships.

— Serving as an analysis tool and to simulate the design.

14
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Indeed, 1n teaching, design sketching is regarded as a means to promote 'free' exploration of

as many raw 1deas as possible [795].

Owing to the above mentioned features, often designers have adopted sketching as an
invaluable part of the design process since it is possible to include sketches of solutions,
layout drawings, names of materials, and illustrations [77, 78]. Hwang and Ullman [79]
commented that 67% of the marks made on paper during conceptual design were sketches.
Furthermore, McGown et al [80] in a series of experiments showed that the sketching
activity has peaks and troughs in the design process. The highest peak being near the
beginning of the design process, the conceptual design. During this stage of the design
process, sketching is considered to be a key activity for designers from various fields [71],

which is illustrated in Figure 2-2.

Detail

Embodiment Design for

Conceptual
design —»| manufacture

design

”  Sketching I
g

Figure 2-2: Sketching support in the design process [56]

Need of computer aid to support sketching

The aim of this section is to describe the need of computer aid for sketching in conceptual
design. Although many CAD programs are available, most conceptual and creative work 1s
still done using traditional media such as paper and pencil [81]. Pencil on paper is more
flexible and easy to use compared to conventional CAD programs. Paper-based sketches
allow a designer to capture the design at the moment of its conception and design details
before they are forgotten. A designer does not require special expertise to draw a sketch on
paper and i1deas can be quickly explored from different angles. Designers prefer to use paper
and pencil because 1t allows imprecision, supports ambiguity and incremental formalisation

of ideas and rapid exploration of alternatives [13, 82]. However, some of the limitations of

paper-based sketches include[83, 84]:

— Cannot re-use an original sketch in other concepts: This implies that the designer

should produce another sketch to express a new or extended concept.
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— Deletion: They do not allow for deleting elements from a compound object easily

and need to start afresh if any changes are to be done.
— Dafficult to store, organise, search and reuse when on paper.

— Modification: They are hard to modify as the design evolves., The designer must
redraw the common features that the design retains.

— Translation: Some of the elements used in paper-based sketches are difficult to
translate to a computer. In the process of translation, some of the inherent
information 1in the sketches is lost.

— Version history: The paper-based sketches may be annotated by a designer but

cannot be easily searched in the future to find out why and how a particular design

decision was made.

The above limitations of paper-based sketches underpin the usage of computer supported
tools that are capable of interpreting design sketches and supporting evolution of ideas right
from the conceptual design stage. With computer aid for sketching, it 1s possible to use
sketches as starting point for the computer-aided detailed design. Beyond tools for making
and editing sketches, the computing environments for conceptual design support some
interesting activities, such as generate alternatives based on the sketched figures and provide
simulations, critiques and annotations. The following section presents the review of

computér-based systems that support the sketching activity during conceptual design.

2.2 Scope of the review

Many researchers have tried to solve the problems associated with sketching during
conceptual design that can be found in many design support systems. Since Sutherland’s
Sketchpad [51], which was the first computer based drawing system, numerous systems were
developed. Several researchers reviewed relevant researcﬁ on computational tools that aim
to support sketching [56, 81, 85]. They generally use the word ‘sketch’ to advocate the idea
of drawing with a pen or having an easy to use interface. Interesting ideas such as using
constraints in a drawing environment, sketch interpretation and virtual reality technology
have been explored in these systems building effort. Based on existing reviews, these efforts
have been classified into three areas, geometric modelling, virtual reality and collaborative
support based systems. This review discusses and assesses some systems within these three
areas, 1llustrating their features and functions. Table 2-1 indicates the review areas, sub-

areas, general features, functions and representative works of the systems in these areas.
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Chapter 2 Computer aided sketching

2.2.1 Geometric modelling

This group of ‘sketch’ based systems refers to the work that focuses on creation (primarily
using sketch recognition) and presentation of the objects that are determined during
conceptual design. The geometric modelling based systems can be classified into the
following three sub-areas, according to the type of input and output:

(a) Systems that support precise input and output.

(b) Systems that support sketchy input and precise output.

(c) Systems that support sketchy input and output.

(a) Systems that support precise input and output

In this group, the drawings are presented as clean and rectified objects [81]. That is, no

sketchy lines, either as input or output, are involved. The typical examples belonging to this
category are Sketchpad [31], Sketchpad III [50], SKETCH [82] and SketchlIT [86]. With
Sketchpad and Sketchpad III, designers draw using a light pen to digitise primitive objects

such as points, lines and circular arcs in two-dimensions (2D) and three-dimensions (3D)
respectively; with SKETCH, designers input a 3D model by drawing three straight line

gestures; and with SketchlIT, designers select objects from a tool palette and place them in a

mechanical drawing.

This type of input is more advantageous to a software developer than to a designer. This is
because, by requiring the designer to provide formal/structured input the software developer
avoids the problems of accommodating imprecision, vagueness and uncertainty. However,
the limitations include: freehand sketchy input remains largely unexploited as a means of
interacting with the CAD system and the systems do not accommodate the inherent nature of

design concepts in conceptual design, such as imprecision, vagueness and uncertainty,

(b) Systems that support sketchy input and precise output

This group of systems recognise sketchy, rough drawings and convert them into precise
objects. Taggart’s system HUNCH [70] was one of the early attempts at using information
from a sketch to transform 1t into a precise design. For example, HUNCH converts sketchy
lines into intended straight lines and sketchy curves into pointed corners. Various other

systems, thereafter, have been proposed to solve the problem of sketch recognition.
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Chapter 2 Computer aided sketching

The system developed by Kato et al {47] recognises and tidies 2D primitives such as lines,
circles, flow-chart symbols and some Chinese characters. Spur and Jansen [87] presented a
system for automatic recognition of hand drawn contours. ARCREC [88] recognises
freehand sketches and tidies linear segments, circular arcs, and comners. Sketch-Solid [33]
turns sketchy lines on an isometric grid into 3D objects. Easel [46, 89] describes the rough
sketch in terms of its basic primitives and replaces it with its exact geometric version.
Grimstead and Martin [34] described a method of constructing boundary representation (B-
rep) solid model from a single hidden line removed sketch view of a 3D object. Lipson [90]
described a freehand interactive sketcher where the raw sketch is analysed and the basic
geometric entities (lines, elliptic arcs and corners) are classified and smoothed. Fluid
Sketches [91] tightly couples sketch recognition and morphing to ideal geometric shapes to
create a continuous and immediate form of feedback. Lamb and Bandopadhay’s system [335]
interpret a 3D object from a rough 2D sketch by sequential reconstruction of adjacent faces.
Viking [92] is a system for designing precise dimensioned solid objects using interactive
sketch interpretation. IDes [93] allow the creation of 3D models. Grimstead and Martin [34]
described a method for constructing B-rep solid model from a single hidden-line removed
sketch view of a 3D object. A similar system for constructing B-rep models from 2D sketch
of a single homogeneous polyhedral object was described by Varley et al [94-96]. Akeo’s
system [97] uses cross-section lines of an idea sketch of an object to reproduce automatically
a 3D wire frame model of the object. Quick-Sketch [36] converts a 2D or 3D sketching of
an object into a solid model. Digital Clay [98] derives 3D digital models from 2D freehand
sketches using Hoffmann-Clowes labelling scheme. PENCIL [99] creates 3D objects such
as hexahedron, sphere, cone, extrusion, swept body, revolved body, lofted body and their

assemblies by recognising sketch outlines as formal rigid shapes first.

FFDS (Fuzzy Freehand Drawing System) [100] interprets the vague, imprecise and uncertain
information resulting from sketched input and generates the smooth and precise geometric
primitives that the user intended to draw using fuzzy logic. Qin et al [140] described a fuzzy
logic based system for interpretation of 3D geometry from sketched input and interactive
input. With Electronic Cocktail Napkin [44] designers draw using a pen with varying
degrees of precision, ambiguity and abstraction. It involves a recogniser for frechand
sketches and an end-user programmable visual language parser for configurations. It uses an
internal representation for uncertainty and ambiguity as well as a means to resolve ambiguity

and uncertainty from contextual information [85, 141]. By providing facilities for
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Chapter 2 Computer aided sketching

recognition, the Electronic Cocktail Napkin enables designers to gradually move from

unstructured sketches towards more formal and structured CAD representations.

Moreover, some research works [101, 102] aimed at allowing paper based freehand sketches
generated during the early, conceptual design stage to be transformed into 3D physical
prototypes. Some of the research works concentrated on interpreting freehand scanned
sketches and extracting 3D shape models (e.g. [48, 49]). Whereas, some other works aimed
at generating virtual 3D worlds using the user’s 2D sketch. Interacting with 3D worlds by

sketching 1s an emerging area of research [85]. Typical examples of such works are Sketch-
VRML [103], VR Sketchpad [104] and Harold [105].

It can be seen that the reviewed systems in this group convert sketchy lines to 2D straight
lines and geometric objects, 3D forms, solid models, physical prototypes, or to virtual 3D
worlds. These models in turn can be used as front ends to sophisticated modelling, rendering
or animation environments, with these systems serving as a hand-sketching tool in the

preliminary design phase [36].

The following includes the limitations of this group of systems. Most of these systems in an
attempt to interpret the sketchy, rough drawing input, remove its inherent vagueness. That
1s, the sketchy input is converted into formal and structured CAD representations by making
the inherent approximate information and relationships exact. This may lead to loss of
considerable information in original concepts and the actual design intent. The emphasis has
been on precise modelling of the objects than approximate modelling. In spite of some
systems (e.g. FFDS, Electronic Cocktail Napkin) trying to interpret and maintain the vague,
imprecise and uncertain information in the sketched input, the resulting presentation is,
often, in the form of one formal and structured CAD representation. Formal/structured
presentations do not help designers with their reasoning {81]. The designers’ interpretation
of the presented object could change based on the different design purposes, yet most
systems 1in this group present one standardised description for an object. The computer
system should be able to recognise the vague, imprecise and uncertain informatton 1n a
sketch and present a computational representation that carries not just one class heritance but

multiple classes for different purposes [81, 142]. This is because the vague, imprecise and

uncertain information in a sketch could convey different meanings.
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Chapter 2 Computer aided sketching

(c) Systems that support sketchy input and output
This group refers to the work that recognises sketchy input and outpui;. Within the scope of

this review, sketchy output refers to the ability to capture vague information, generate

alternative representations and maintain sketchy presentations.

GEMCON [37] supports the representation of a vague geometric configuration by refining
the vague intentions of a designer, and produces spatial relationships. However, it requires
precise, concrete and complete specification of the defining elements of a geometric model.
On the other hand, ISOSKETCHER [13] offers designers an environment supporting a
minimum commitment method, in which the designer is not compelled to make any
commitment as to size, location or spatial relationships until desired. IMAGI [38] creates a
vague geometric model and various alternatives associated with the vague shape information
from the freehand sketches. PerSketch [106] presents an image processing approach to
support extracting visual images from freehand sketches as they would be perceived by
people. It creates multiple readings of possible shapes (as perceived by people) and allows
the user to select portions of a freehand drawing. Alex [39] presented a new approach to
transform existing 2D sketches directly into a new kind of sketch-like 3D model and a novel
sketching technique that removes the distinction between 2D and 3D altogether. In that, a
sparse set of 2D sketches provide a novel visualisation of 3D form, with enough information
present to suggest 3D shape, but enough missing that the designer can ‘read into’ the form,

seemg multiple possibilities. This unspecified information enables to think of new ideas.

Transculent patches [107] maintains handwriting and sketchy objects and supports moving

irregular sketched shapes. SILK (Sketching Interfaces Like Krazy) [84, 108, 109] interprets

freehand sketches as interface objects and allows the user to interact with the objects. SILK
preserves the important properties of pencil and paper: a rough drawing can be produced
quickly and the medium i1s flexible. The Right-Tool-Right-Time system {81] supports the
recognition of sketched input, maintains the sketchy presentation and allows manipulation of

freehand sketches by allowing designers to name drawing symbols according to their

personal drawing style and preference.

SKETCH [82], though discussed under the first group of systems, supports some of the
features that come under this group. Following the input of a 3D model by gestures, the user

approximates the complex shapes with aggregates of simpler primitives. SKETCH renders

these approximate models with non-photorealistic rendering techniques to give a sketchy
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Chapter 2 Computer aided sketching

presentation and enable designers to focus on the essence of the problem rather than on
unimportant details. Similar to SKETCH, Teddy [110] is designed for construction of
approximate models using pen-and-ink rendering. Moderato [111] allows designers to
sketch digital lines and polygons in 3D space. The lines are rendered in a number of ways to
mimic, for example, pencil lines or airbrush lines, to make evocative marks in a sketch.
Stmilarly the 3D virtual worlds that are created using the user’s 2D sketch (e.g. Sketch
VRML [103], Harold [105]) are rendered so that they maintain a hand-drawn appearance as

the user navigates through it.

2.2.2 Virtual reality

This group of systems refer to the work that focuses on creation of the objects that are

determined during conceptual design using virtual reality technology with skctchiﬁg as the

primary tool.

This technology 1s inherently spatial by nature and it enables interactive manipulation of the
design. Sutherland [143] demonstrated the basic idea of virtual reality as a prototype head-
mounted stereo display. By 1990 several research and development groups were actively
working on developing this technology [144]. Virtual reality can be immersive or non-
immersive, based on the level of immersion required. Immersive virtual reality [145]
implies when the user’s field of view is completely surrounded by a computer generated, 3D
environment. To create the psychological illusion of being immersed in a computer
generated environment, rather than viewing outside through a screen, usually immersive
display and tracking equipment is employed. Examples of such equipment are head
mounted display (HMD), head trackers or by using a large screen system such as video
projector, data gloves and data suits [146]. Non-immersive virtual reality (Desktop virtual
reality) [147] usually refers to the use of a conventional computer monitor, as the output
device onto which the 3D environment is rendered. The designers view and interact with
entities 1n a 3D environment using stereo-display monitor, stereo glasses, 2D mouse,
although 3D devices such as data gloves or 3D trackers can be used. Additional features

such as audio, haptic and sensory interfaces further enhance immersive or non-immersive
systems [147].

HoloSketch [112, 113] enables quick 3D sketching using head tracked stereo shutter glasses,
6D hand input device and desktop CRT (cathode ray tube) display configuration. The virtual

objects are created with high accuracy and more rapidly than traditional 3D drawing
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Chapter 2 Computer aided sketching

systems. Once created the presentations could be viewed with stereo HMD, stereo LCD
(liquid crystal display) projection display and non-stereo CRT displays thus giving added
flexibility.  VRAD (Virtual Reality Aided Design) [114] system enables 3D architectural
sketching using virtual reality techniques. The system uses voxel®* models that allow
sufficient fuzziness in the conception phase and are accurate enough to proide information
for rendering on a VR output device, which lacks in CSG (constructive solid geometry)
models. DDDOOLZ [115-117] 1s similar to VRAD. It is a 3D voxel sketch tool aimed to
explore the use of virtual reality technology, to offer a sketch like environment in virtual
reality, in early stage design. COVIRDS (COnceptual VIRtual Design System) [118] creates
concept shape design using bimodal voice and hand-tracking based user interface. The
methodology adopted was to stimulate the way in which designers use a combination of
voice commands and hand position to indicate the shape and size of the parts. In this way
the system enables the creation of 3D models on computer by using natural interaction
mechanisms. 3DIVS (3-Dimensioonal Immersive Virtual Sketching) [119] enables the
creation and manipulation of 3D models in a semi-immersive design space using shutter
glasses ‘with integrated head tracking for stereoscopic viewing and gloves with a stylus
device for interaction. Zheng et al [120] used CyberGlove as an input device to use gestures
to conduct various geometric shape operations instead of depending on keyboard and 2D
mouse. Systems described by Fiorento et al {121] and Franz et al [122] employ virtual
reality techniques to obtain 3D virtual line-based models from the virtual sketching strokes.
Diehl et al [123] developed two systems, Phantom based 3D-sketching system and Gesture
based 3D sketching systems, for generating exact CAD product models from 3D raw

sketches using virtual reality techniques.

2.2.3 Collaborative support

Unlike the geometric modelling and virtual reality based systems that support Jonly the
creation of models, this group of systems focuses on collaborative sketch based support.
This technology facilitates the concurrent and co-operative interaction of several designers
working together on a design project, possibly across several physical locations. In essence,

the focus is on the use of sketching for conceptual design by distributed design teams [42].

Designers generally group together to engage in the goal-oriented activity of designing an
artefact. They work co-operatively to perform tasks requiring more than one person.

Inherent in such co-operative work is the communication and co-operation between

® Voxel (VOlume piXEL) is the smallest distinguishable box-shaped part of a three-dimensional image [148].
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designers in geographically distributed environments. Communication modes such as
telephone, express mail or fax are used to communicate with colleagues around the world.
Electronic media such as email and file transfer are used to send drawing files or
spreadsheets to the collaborators at different locations. However, such. communication
modes create management problems. The time difference between remote locations and
version control mechanisms for shared work raise problems. It is therefore desirable to have
a co-operative CAD environment or a virtual space for all parties involved within the design
to visit, review and make changes at their convenience. This need gave rise to the idea
behind the currently developing computer supported cooperative work (CSCW). CSCW 1s
the use of computers to support and enhance work activities of groups [42, 149, 150]. It

allows geographically distributed users to interact either synchronously or asynchronously or

in both ways with a design database.

Initial work in this area includes Videoborard [124], Clearboard [125, 126] and Liveboard
[127] that allows remote participants to draw on a shared 2D drawing space for collaborative
design. On the other hand, some systems (e.g. [40, 128-130]) support collaborative
discussion of 3D models. They provide tools for shared camera views, manipulating,
viewing 3D models, annotating, textual interaction, to point at and refer to a drawing in a
shared virtual space to allow participants to discuss details of the product. Some research
work [131-135] aims at 3D collaborative annotation systems based on sketching. These
systems enable the participants in a design process to view a 3D model and annotate it with
text comments (post-it notes) or by drawing directly on the 3D model. The collection of
annotations can be reviewed by anyone browsing the 3D model and provide alternative
designs for comment. Usually sketch recognisers are incorporated to interpret the pen marks
made on model surfaces. Maher et al [136, 137] have developed and experimented with
designers using computer mediated collaborative environments, which they refer to as a
virtual design studio. Virtual design studio is an emerging area of resecarch. The major
feature of virtual design studio is the development of the design within the collaborative,
multi-user environment. Virtual design studio can range from a simple email for project
communication to a collaborative virtual environment. CALVIN [138] i1s a networked
collaborative environment for designing indoor architectural spaces and requires the use of
virtual reality equipment, as also remarked in [42]. However the aforementioned systems do

not support 3D modelling or the creation of models.
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NetSketch [40] supports collaborative conceptual 3D modelling by proving tools for
creating, manipulating and viewing 3D models in a shared virtual space. The works of Fan
et al [42] and Stork el at [41] developed a sketched based interface for collaborative
conceptual design that combines sketch elements, direct manipulation of 3D objects and non-
photorealistic rendering to result in a 2D sketch-to-3D modelling system. As stated by Diehl
et al [123], SketchAR [139] is a collaborative immersive modelling system that supports 3D
modelling not only in virtual reality but also in augmented reality. It uses input and output
devices such as tracked pen together with a tablet, HMD, head trackers and as well as
lookthrough glasses. Additionally, SketchAR supports collaborative scenarios where
multiple users model different parts of a virtual model and also supports annotations to
document the changes in certain areas of a model and make them visible for participants in a
design review session. Farrugia et al [43] aimed at paper-based collaborative design by
developing a portable, sketch-based 3D modelling tool (mX-SKetch) allowing designers to
rapidly obtain and share 3D CAD models on cameraphones directly from paper-based
sketches. In essence, their system enables users to remotely obtain visual representations of
3D geometric models from freehand sketches by combining the portability of paper with that

of cameraphones [151].
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Chapter 2 Computer aided sketching

2.2.4 Summary

The strengths and weaknesses of the reviewed areas are summarised in Table 2-2.
Geometric modelling based systems create CAD models using formal or sketchy input in
conceptual design. Virtual reality based systems overcome the drawbacks of current CAD
systems that require the designer to specify shape and dimensions to create CAD models at
the concept development stage. Such systems use a variety of mput devices (such as gloves,
HMD, 3D navigation devices and visual/haptic displays) to provide a 3D interface for design
and interaction. Alternative input methods such as voice and gesture are also supported.
Collaboration support based systems represent a departure from the usual perception of
CAD applications as single user tools. In such systems, a new generation of applications

address the needs of designers beyond the creation of models.

From the review of the three groups of geometric modelling based systems, it can be noted
that there are few systems that support freehand sketchy input and output. The emphasis 1s
more on sketch recognition than on the sketchy presentation of the information. This could
be due to limitations in their modelling capabilities and, thereby, more emphasis on problem
solving than on capturing design intent. Rendering is inadequate for sketchy presentations,
instead the rendering capabilities have been explored for the presentation of immersive and
non-immersive virtual environment. Seeing virtual reality based systems only in terms of
creating realistic immersive images of designs fails to take advantage of the inherent vague
information of the design sketches involved. Limiting collaboration support based systems
to general-purpose videoconferencing and a shared white board ignore the cognitive human-
computer activities involved in conceptual design.

In essence, the examination of the computer-based sketch systems has shown that the
emphasis has been on the input. QOutput has focused on realistic rendering and none on the
designers’ perception of the rendered model to meet the cognitive needs of the designer.
There has been a growing interest in improving all aspects of the interaction, such as input
and output, between humans and computers. However, it is desirable that the computer takes
into account the human aspects (i.e. the very nature of the humans such as their perception,
recognition and understanding) to exploit new technologies and insights in service of better

design applications [152]. The examination has highlighted the need for an improvement in
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the computer’s ability to collaborate with the designer, which in turn forms the background

to the human computer symbiosis’ vision adopted in this thesis.

2.3 Human Computer Symbiosis (HCS)

Licklider [153] described a vision for Human Computer Interaction (HCI), which he called
‘man computer symbiosis’, that was later referred to as Human Computer Symbiosis (HCS).
HCS 1s an expected deve]opment In co-operative interaction between humans and
computers. Licklider’s vision of HCS challenges how humans and computers should interact
and communicate. The present certain styles of HCI are being accustomed to using
windows, icons, menu and pointer (WIMP) metaphors, humans giving instructions and are
responsible for all planning and initiation, and the computers responding to the explicit
instructions by conveying status islformation. He predicted the development of computer
software that would allow people to think in interaction with a computer in the same way as
one would think with a colleague whose competence supplements one’s thinking. He opined
that computers should enable humans to co-operate in making decisions and controlling
complex situations without dependence on predetermined situations. A true symbiotic
interaction requires at least the following three elements [154]:

1. Division of Labour: A complementary and effective division of labour between
humans and computers., Computers can do things effectively that are impossible for
humans (such as memory storage, version history, data manipulations, computations,
repetitive and routine works, analysis) and humans are capable of doing things that
are 1mpossible for computers (such as visual perception, intsrpretation, strategic
thinking, ability to learn and make decisions). Thereby, a true symbiotic interaction
should co-operate the strengths of humans and computers.

2. Representing the user: Users have a mental model of the design concepts/tasks. An
explicit representation in the computer of the user’s concepts, beliefs or intentions or
emotions results in a true symbiotic interaction.

3. Non-verbal communication: Communication via natural means. For examples,

gestures convey intentions, beliefs and desires.

? Symbiosis can be defined as a mutually beneficial relationship between different entitics or people or groups

[1]. Indesign and context of this research, symbiosis refers to representing the respective strengths of humans
and computers within the creative conceptual design.
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Similar to Licklider’s vision, Mann and Coons [155] identified the possibility of using

105

computers as “partners in the creative process " to facilitate the hypothesis exploration

process and consequently produce an escalation of ‘scientific creativity’[156]. They stated
[155]:
‘It is clear that what is needed if the computer is to be of greater use in the creative
process, is a more intimate and continuous interchange between man and machine.
This interchange must be of such a nature that all forms of thought that are
congenial to man, whether verbal, symbolic, numerical, or even graphical are also

understood by the machine and are acted upon by the machine in ways that are

appropriate to man’s purpose’.

Closely following Mann and Coons’ vision that considers the computer to be a designer’s

assistant, Dufty stated the following about the ‘team effort’ between humans and computers

in computer aided design [157]:
‘Computer Aided Design involves a combination of attributes of man and computer,
and may be considered as a team effort between the two. These two contributors
have their own special strengths that should be used to the full during the design
process. Humans ability to create, make decisions, deduce, reason, judge- in
essence features of their intelligence- are crucial components in the success of the
design, so is the computers ability to carry out fast reliable processing, with large

memory storage, investigate and explore for better solutions’.

To achieve Lickliders’ or Mann and Coons’ vision requires a fundamental understanding of
the respective creative process as well as being able to develop computer tools to attain HCS
[156]. In essence, it 1s required to have a careful examination of the abilities of the human
and the computer, followed by a fuller presentation of the roles to be played by the designer
and the system [157]. Whitfield et al {156] listed the respective strengths of humans and
computers within the decision-making process (see Table 2-3), which was originally cited by
Cummings [158]. In the context of development of decision support systems, Cummings
[158] opined that it 1s important to recognise the critical role that humans play in complex

decision tasks and allocate decision-making functions between humans and computers

accordingly.

'% Creative process is the process of learning how to accomplish the desired result [155].
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Table 2-3: Strengths of humans and computers in decision-making [156, 158]

Humans are better at: Computers are better at:

Perceiving patterns Responding quickly to control tasks
Improvising and using flexible procedures | Repetitive and routine works

Recalling relevant facts at appropriate time Reasoning deductively

Reasoning inductively .| Handling many complex tasks simultaneously
Exercising judgement

2.3.1 The Intelligent Design Assistant (IDA) philosophy

A characterisation of Mann and Coons’ design assistance philosophy is that of the Intelligent
Design Assistant (IDA) [55]. Figure 2-3 illustrates some key complementary roles that a
designer and an IDA are proposed to play within the scenario of intelligent CAD.

Designer: IDA:

e Control e Adapt

e Define o Calculate
» Direct “Intelligent » Evolve

Interface” Explain

e Inquire
¢ Judge Guide
e Question Learn

o Specify Model

Figure 2-3: An intelligent design assistant (IDA) [157]

Whitfield et al [156] described the roles of a designer and IDA in the intelligent CAD

scenarto as follows:
‘Designers are initiators of a discourse, they retain authority and control over the
progress of the interaction with the IDA, and have the ultimate responsibility for the
correctness of results. They are able to express the nature of the problem, to
describe concepts to be explored, and to justify their judgements. In addition, they
hypothesise, refer to past experience, and apply a range of modelling tools. In
contrast, the IDA is the active partner to the designer. It is a source of design
expertise and past experience that complements a designer’s memory. It is able to
develop an understanding of a problem and description of concepts, assess the

feasibility of concepts, identify the implications of concept changes, suggest possible
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solution paths, and can assume much of the burden of mundane and repetitive

analysis tasks’.

Various implementations of aspects of the IDA wision have been produced (e.g. {37, 56, 60,
159, 160]) that represent different combinations of interactions between the designer and the
IDA. These implementations have in general had specific applications for the focus of
Interaction between the designer and the IDA [156]. In essence, the implementations

demonstrate that the computer provided assistance within specific design problems.

In this thesis the design assistant philosophy is adopted whilst considering both Licklider and
Mann and Coons’ vision of how to leverage the potential of both designer and computer
within this partnership. The ultimate objective of the research presented in this thesis 1s
creating an interactive and intelligent partnership between a designer and computer for the
creative activities involved in conceptual design. To achieve the adopted philosophy
requires an understanding of the creative process in conceptual design as well as being able
to develop computer tools to attain HCS. Although the development of computer tools fits
within the scope of further research (see Section 11.4), firstly the creative process in
conceptual design and the role of the designer and computer is delineated here. This in tum
can serve as a foundation for the development of computer tools, to provide assistance within

specific design problems during the creative activities in conceptual design, in future.

2.3.2 Conceptual design process

As a starting point of understanding the creative process, first the conceptualisation process

in general is investigated and is followed by the specific activities of the designer and

computer in conceptual design.

Conceptualisation process

The conceptualisation process can be considered as a loop formed by steps for

creation/modification and evaluation of concepts [161]. Kuczogi et al [161] described the

loop by the following three partial models in the case of computer supported

conceptualisation (see Figure 2-4):
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— mental model" of the concept: This is the internal representation of the designer’s

ideas, intentions, feelings, or emotions.

— computer model of the concept: The model generated in the computer.

— designer’s view about the computer model: This is the mental model of the

generated computer model.

Designer's

vew about
the computer | ’

model

desiner

Figure 2-4: Evolution of models in conceptualisation process [161]

The evolution of concepts and models could be represented as a spiral. Where the diameter
of the spiral shows how close the three models are to each other semantically [161]. During
the conceptualisation process, each model usually changes, as the design evolves, and gets
closer to the other. The process is considered to be finished when the computer model

matches the design concept such that the designer 1s satisfied with it.

' Mental models: These are internal representations of the world’s structure, used to accomplish cognitive tasks
[162]. Mental models are deeply held internal images of how the world works. They represent a person’s
view of the world, including implicit and explicit understandings. They also provide the context to view and
interpret new material. They represent more than a collection of ideas, memories or experiences. Mental
models have powerful influence on what we do because they affect what we see because they help us to make
sense of the world we see. From the above understanding, mental models, in the context of this thesis, are
defined as internal representations of a designer’s ideas, concepts or intentions, to achieve a cognitive task.
Images are a distinct sort of mental representation. Johnson-Laird [163] opined a relation between images and
mental models. Images correspond to views of models: as a result either of perception or imagination, they
represent perceptible features of the corresponding real-world objects. Images represent objects [163]. That is
the structural relations between the parts in an image correspond to the perceptible relations between the parts
of the objects represented.
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Activities in computer supported conceptual design process

During conceptual design, a designer’s geometric design can gradually evolve from its
original vague geometric concept, in the form of sketches, towards a more detailed design
and eventually to the specification of the final artefact [13]. At the end of this process, these
sketches are often transferred into or directly developed in existing CAD systems to define a
model for refining, detailing, analysing, and passing to downstream processes. In this
process, the computer supported conceptual design can be considered as a loop between the

following activities of the designer and the computer (see Figure 2-5):

: V4 . . \
nd|ng Visualisation _1 Interpretation of display
3 4

Modelling

Computer Designer |

Figure 2-5: Human computer symbiosis in conceptual design

Step 1 Communication of the designer with the computer: The designer’s mental model is
used to initialise a computer model in a CAD system using input devices. Online
methods such a pen and stylus (e.g. [45-47]) or a light pen on a screen (e.g. [50, 51])
or offline methods using scanned sketches (e.g. [48, 49]) or virtual reality devices
(e.g.[112, 113]) are often used for sketch input.

Step 2 Modelling: The initial stage for generation of a computer model is usually modelling,
which consists of production of an abstract description of the sketched concept in 2D
or 3D. Figure 2-6, which shows an example of the modelling process, explains the
typical stages of interpreting a sketched input to generate a computer model. For
example, systems such as Sketch-Solid [33], Grimstead and Martin’s system [34],
Lamb and Bandopadhay’s system [35], Quick-Sketch [36], Electronic Cocktail
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Napkin [44] and PENCIL [99] amongst many others generate a model using the

abstract description from the sketched input.

User sketches on Lines are formed Drawing formed
digitising tablet and tidied and labelled

Hidden parts Linear system is Extra constraints

reconstructed solved created

Solid model
produced

Figure 2-6: Example of a modelling process [34]

Step 3 Rendering uses the description produced by modelling (Step 2) for presenting visual
information. In essence, rendering is the conversion of an object-based description
obtained from modelling into a graphical image for display [164] (see Figure 2-7). It
involves such things as shading, hidden lines and surface removal, textures, colour,
light, animations and other realistic features. That is, the objects can be displayed in
wireframe form, or lighting and surface-rendering techniques can be applied to
shade visible surfaces of the modelled object [164] (e.g. SKETCH [82], Teddy [110]
and Moderato [111]).

Designer sketches Drawing is latched Boundaries and vertices Solid model displayed
objects and tidied labelled, 3d coordinated using rendering
assigned

Figure 2-7: Example of a computer model generated and rendered (from [85])
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Step4 Visualisation'® and interpretation of the displayed image: The displayed image is
visualised and interpreted by designers. This involves interactions of cognitive

processes in the human mind to form an understanding of the visual information

displayed. On mterpreting the displayed image, it is suggested that the designers
form a view of the displayed image in their mind (the mental model of the displayed
image).

Step S Comparison: This view is then compared with the original mental model the
desigﬁers already have in their mind to judge how accurately the displayed image
reflecting their intentions is in accordance with the original mental model. Based on

the view, if their intentions are not accurately modelled in the image generation

process, they may make changes to the computer model to better reflect their mental

model.

Step 6 Iteration: During this process the designer’s original mental model of the design
concept changes as the design progresses due to an evolving understanding during

the process of creation/modification and evaluation of concepts [167]. Steps 1 to S
are followed, until the designer is satisfied with the resulting generated image in the
computer. In essence, as shown in Figure 2-4, the process is considered finished

when the design displayed by the computer image matches the design concept such
that the designer is satisfied with it.

2.3.3 Problems during HCS in conceptual design process

The following are contemplated to be some of the problems during the computer supported
conceptual design process, as shown in Figure 2-5:
1. Loss of information and original intent

~ During conceptual design, the object" information of the design concept is often
approximate or incomplete [168]). Whilst the process of generating a computer
model requires specific and precise mnformation. Thereby, during the design-
modelling loop (Step 2) there is significant loss of information as the vague design
concepts are manipulated according to specific representations of geometry in the
computer. Thus, the refinement of the design concepts in conceptual design in a

CAD system 1nvolves the loss of vague information and the original design intent
[56].

' Visualisation is the act or process of interpreting in visual terms or of putting in visual form [165, 166].

'> Object is the representation that concerns shape, size, location and orientation in an artefact.
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Realistic rendering (Step 3) requires a precise geometric model to convert into a
graphical image for display. Thereby, the CAD systems require the vague design
concepts to be defined into precise models whilst allowing rendering. This involves
loss of information and design intent as such rendering conveys precision and a
sense of exactness and do not reflect the true nature of the design concepts in
conceptual design.

Duning visualisation and interpretation (Step 4), there 1s loss of information and
design intent, when there 1s a significant difference between a design displayed by

the computer and the designer’s mental model of the design concept.

2. Mismatch between mental and computer models

One of the obstacles to symbiotic interaction is the mismatch between designers and
computers in their modes of operation. The mental model is often vague, abstract,
and incomplete. Whereas, the representations of geometry in a CAD system 1is
precise and specific. Hence, there 1s a mismatch between the designer’s mental

model of the design concept and the design displayed by the computer.

3. Generation of inappropriate images

When the images reflecting the designer’s intentions are not in accordance with their
mental model, or when the designer’s intentions are not accurately modelled in the

model generation process, result in generation of inappropriate images.

4. Misinterpretation, non-convergent design steps and rejection of the computer tool

When computer based systems are used to support creative design, there is
significant difference between a design displayed by the computer, and the
designer’s mental model of the design concept. This difference hinders the
computer supported design in conceptual design, and can lead to misinterpretations,

non-convergent design steps and possible rejection of the potential of the computer

tool.

5. Insufficient support for the emotive information

One of the problems in the symbiotic interaction between humans and computers is
insufficient support for the emotive information in design concepts. Design
concepts are characterised by both object information and emotive information.
Such emotive information is difficult to express and is based on the emotions of the
designer that could be characterised by the level of e.g. presence, excitement,
comfort, recognition and detection. However, when the computer-based systems are

used to support creative design, they primarily take into account modelling of object
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N

information in a sketch, using sketch recognition approaches. Consequently, the

designer’s intentions are not accurately modelled in the model generation process.

2.4 Research focus

There have been important steps taken in computer supported design systems to make input
more intuitive by providing, for example, sketching input (online/offline) to generate
computer models and improving the capacity of modelling (Step 1 and Step 2 in Figure 2-5).
Section 2.2 provides an extensive summary of this prior work. However, there has been no
systematic study of the best way to present concept models so that the designers’ perception
of the design displayed by the computer matches their mental model of the design concept.
As seen in Figure 2-5, rendering acts as a mediator between the computer world (data of the
computer model) and the perception of the displayed computer graphics image (output as
seen by the designer). Consequently, given the significant challenge and potential in this
area, the focus of the research presented in this thesis (see Figure 2-8) was on rendering
(Step 3) and visualisation and interpretation (Step 4), for symbiotic interaction between

designers and computers.

focus of the work
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Figure 2-8: Research focus
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2.5 Requirements to enhance HCS in conceptual design

In the preceding section, it was pointed out that the focus of the research presented in this
thesis was on rendering (Step 3) and visualisation and interpretation (Step 4), for symbiotic
interaction between designers and computers (see Figure 2-8). Therefore, in order to
enhance HCS, by overcoming the problems during the conceptual design process (sce

Section 2.3.3), based on the principles of rendering and visualisation and interpretation,

there is a requirement to:

(1) Facilitate computer generated presentations that are closer to the mental models of the
design concepts to minimise the gap between the design displayed by the computer
and the designer’s mental model of the design concept. Thereby, minimising
misinterpretations, possible criticism and avoidance of the computer tool.

(11) Support the emotive information of the design concepts. This is because sometimes in
conceptual design, a designer may express emotive information through the qualities
of objects to stimulate emotive responses to the viewers.

(111) Minimise the loss of information and original design intent, especially during
refinement of vague information in a CAD system and during visualisation and

interpretation. Thereby, minimising the gap between the design displayed by the

computer and the designer’s mental model of the design concept.

Based on the research focus, the following two aspects are addressed for developing

symbiotic interaction between designers and computers:

1. Sketch rendering
The existing systems that support sketching during conceptual design have been
reviewed in Section 2.2. The strengths and weaknesses of each group with respect to
sketching are summarised in Table 2-2. From the review it was deduced that there was
less emphasis on the freehand computer generated sketching output. The main purpose
of these systems was either on creating models, using sketch recognition and virtual
reality technology, or on collaborative support. Furthermore, existing research on
modelling has concentrated on refining vague information from a rough sketch, possibly
because recognising and understanding a sketch is often regarded as a key difficulty in
computer support for sketching. Rendering (Step 3 in Figure 2-8) provides graphical
presentation of an image. It has been inadequate for sketchy presentations of the design.

Psychologically, sketch-rendered designs maintain different affordances, wherein
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sketched images appear preliminary, unfinished, and therefore variable to both the
designer and the client to communicate design 1deas [169, 170].
2. Cognitive Science

The essence of visualisation (Step 4 in Figure 2-8) is to utilise human cognitive skills in
interpreting information and discovering new insights in the generated computer graphic
images. To form an interpretation of the generated computer graphic images, it 1s
necessary to re-appraise how information is represented and understand the cognitive
principles. In this sense, cognitive science attempts to understand the capabilities and
operation of the human mind in terms of its ability to process information [171].
Researchers in design have started to relate their work to a number of areas of research
in cognitive psychology and cognitive science. There is a considerable amount of
research in sketching activities in literature in cognitive psychology and cognitive
science [172-174]. Purcell and Gero [9] provided an extensive summary of this prior
work. They reviewed the role of sketching to three of these areas such as working
memory, imagery interpretation and mental synthesis. Radcliffe et al [175] proposed a
cognitive model in which the role of sketching in the design process has been illustrated.
Similarly cognitive science can be related in the context of rendering to contribute to the
visual interpretation of the images displayed. It can also be utilised to realise the
potential of rendered images in influencing the perception of the designers. To achieve
effective symbiotic interaction there is need for the computers to take into account the
emotive information in the design concepts. Cognitive science can be considered to

realise how emotions can be recognised and expressed through human computer

interaction based on the principles of rendering.

2.6 Chapter summary

The chapter has presented a review of existing computer-based systems that support
sketching activity in conceptual design. The sketch support systems were divided into three
areas; geometric modelling, virtual reality and collaborative support based systems.
Examination of the literature on sketch support systems has highlighted the need for an
improvement in the computer’s ability to collaborate with the designer, which in turn formed
the background to HCS vision adopted in this thesis. An overview of symbiotic interaction
between humans and computers in conceptual design 1s presented in Section 2.3.2. This
facilitated the understanding of the (1) cogmtive human-computer activities in conceptual

design (see Figure 2-5), which include: communication of the designer with the computer
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(using sketch input devices), modelling, rendering, visualisation and interpretation of the
displayed image, comparison and iteration, and (1) problems during HCS in conceptual

design.

In Section 2.4, rendering (Step 3) and visualisation and interpretation (Step 4) were
established as the research focus for the work presented in this thesis (see Figure 2-8).
Thereby, Chapters 3 and 4 are organised according to Steps 3 and 4. That i1s, Chapter 3
~presents a review of different rendering techniques for the generation of computer graphic
images (Step 3) and Chapter 4 presents a cognitive framework of human information
processing between the visualisation of a generated computer graphics image and 1ts

interpretation (Step 4). In addition, a set of requirements to enhance HCS was established 1n

Section 2.5.
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3. Sketch rendering

In Chapter 2, the focus of the research was stated and justified as being aimed at rendering

and visualisation and interpretation (Step 3 and Step 4 in Figure 2-8).

While Chaf)ter 4 addresses visualisation and interpretation of the generated computer
graphics image (Step 4 in Figure 2-8), the focus of this chapter 1s to present a review of
rendering techniques for the generation of computer graphic images in conceptual design
(Step 3 in Figure 2-8). The objectives of the review are to (1) establish the key aspects for
the generation of comﬁuter graphic images (discussed in Chapter 5), where the key aspects

provide a basis for a critique of existing rendering systems in Chapter 5, (2) establish the

basis of different characteristics and features of rendering for investigation (discussed in

Chapter 6), and (3) establish the basis of different rendering techniques for evaluation
(discussed 1n Chapter 8).

Before reviewing rendering techniques, it is appropriate to give a general introduction to
rendering and the different kinds of realism conveyed. Thereby, rendering 1s outlined 1n
Section 3.1 and the notion of ‘soft-functional’ realism of images is introduced in Section 3.2.
In Section 3.3, the existing rendering techniques and their features are summarised. A new

concept, ‘Vague rendering’, 1s introduced in Section 3.4. Finally, the chapter 1s summarised

in Section 3.5.

3.1 Rendering and realism

In computer graphics, rendering refers to the process by which a virtual scene 1s converted
into an 1image for viewing [176]. In this definition, a scene refers to a collection of models
comprising everything that i1s included in the environment to be rendered (for instance,
material descriptions, lighting); and an 1mage refers to the visual representation of a scene

[177]. It enables the visualisation of images that was not previously possible using

traditional modelling techniques.

Hand drawn and computer renderings are different types of rendering in the design process.
Many architects would argue that the traditional method of hand rendering gives the drawing

a human touch, whereas the computer rendering tends to look somewhat artificial. However,
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with computer rendering the drawings can be changed, stored, duplicated and modified as
the design evolves with relatively little effort and timely manner compared to hand drawn

renderings. In addition, the designers can revert to the original image if not satisfied with the

changes made.

Zwicker et al [178] surmised that the computer rendering process is divided into four steps,
namely scene description, discretisation, representation and rendering. They classified
rendering methods into two paradigms, namely geometry-based and image-based. Image-
based modelling and rendering have received much attention as an alternative to traditional
geometry-based rendering [179]. In this paradigm, instead of geometric primitives, a
collection of sample 1mages i1s used to render novel ideas. Table 3-1 presents the properties
of geometry-based and image-based rendering by specifying a characteristic property
corresponding to each of the four steps. Most of the rendering techniques make use of
properties associated with either of the two paradigms. It has been noted that for either
paradigm, conventional systems perform only the image synthesis stage in real time, which
is indicated by the grey shading in the table. The discretisation, which transforms the 1nitial
scene description to the internal representation that will be fed into the rendering procedure,

is usually done in a separate pre-processing step.

Table 3-1: Properties of rendering paradigms [178]

Desrpion i s o geomety s
g o apumised vih

Depicting realism" has been the focus of research in the computer graphics community
resulting in significant advances in modelling, rendering and display algorithms. The

different methods of depiction provide different kinds of realism in which certain properties

'4 Tesselation: In geometry-based rendering, the term tesselation is commonly used, which means that the
surfaces are discretised into triangular meshes [178].

'> Realism is the quality or fact of representing a person, thing or situation accurately or in a way that is true to
life [1].
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of a scene are accurately represented and others are approximated, abstracted or omitted
[177, 180]. Often the evaluation of computer graphic images is based on the realism in
images, where selected properties of a scene are presented to the viewer with varying
degrees of realism. In essence, the presented image can be realistic in some aspects and not
in others. Different applications require different kinds of realism. Each kind of realism

uses different criteria to determine if the image is realistic and thereby place different

demands on the image generation process.

Hagen [180] focused on the geometric aspects of scenes in computer graphic 1mages to
depict realism. Chiu and Shirley [181] categorised two kinds of realism, namely:
perceptual realism and visceral realism. Similarly Ferwerda [177] categorised three

varieties of realism, such as physical realism, photorealism and functional realism.

Perceptual realism: An image is perceptually realistic if a viewer of the image forms a
mental image similar to that formed by the virtual viewer'°. For example, parts of a scene
too dark to be visible to the viewer should also be too dark in the image. The process of
producing an exact match of the internal image involves: a physically accurate renderer to
compute the light that would enter the eye of the virtual viewer and the display device would
then send the exact light into the eyes of the viewer. Since both viewers receive the same
light, they will perceive the same image. Applications such as safety engineering,
architectural simulation, or set design require perceptual realism. Although modelling
perceptual realism has not been achieved to the full extent, some perceptual models have
been developed that produce weaker forms of perceptual realism [181-187]. This is because
of the limitations with the present display devices to produce an exact match of the internal

mental image. The display devices have a limited dynamic range, such as colour range, and

do not provide full field-of-view.

Visceral realism:. A viscerally realistic image creates a deep, intuitive sense in the viewer
that the objects in the image actually exist, even if they are improbable. For visceral realism,
complexity in forms such as material, geometry and texture is more important than physical
accuracy. The images need to be rich in detail for the viewers to believe that what they are
experiencing is real. These images are necessary for training simulators, entertainment

industry or artistic applications. However, visceral realism is difficult to be achieved

'® According to Chiu and Shirley [181] the term viewer refers to the real person viewing the displayed computer

graphics image, and the term virtual viewer refers to the imaginary person from whose viewpoint the image
was generated.
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because of the limitations in its 1image generation. There are limitations with modelling

issues such as adding complexity to the images.

Physical realism: A physically realistic image provides the same visual simulation as the
scene. The process of generating such images involves: the modeller should contain
descriptions of shapes, materials and illumination properties of the scene; the renderer should
be able to simulate the spectral and intensive properties of the light energy from a viewer’s
viewpoint; and finally the display device should be able to reproduce the rendered light
energies. The physically accurate images can be used in a wide range of design and
engineering applications domains illumination engineering, material science and
manufacturing [52, 177, 188]. Despite generating physically accurate images has been the
most popular goal of computer graphics community, there are a number of limitations.
Firstly, the existing display devices cannot reproduce the rendered light energies, secondly
generation of physically realistic images 1s computationally expensive, and finally, physical

realism 1s too rich in detail just for creating images for human observers.

Photorealism: A visually based definition for photorealism is that the image has to be photo-

metrically realistic. Wherein, photometry 1s the measure of the eye’s response to the light
energy. Hence, a photorealistic image produces the same visual response as the scene.
These 1images can be used 1in a wide range of design and engineering applications. However
the disadvantage includes such realism leaves little flexibility for interpretation and to

visualise different options. More details on photorealism can be found in Section 3.3.1.

Functional realism: The functional definition for realism is the fidelity of the information
the image provides. Information means the knowledge about the meaningful properties and
relations of objects In a scene, which allows making visual judgements and performing
useful visual tasks. Hence, a functionally realistic image provides the same visual
information as the scene. Application of these images is in entertainment or computer game
industry and also in flight simulators. Functional realism admits a wide range of rendering
styles from physically based simulations through photorealism, to abstract approaches such
as non-photorealistic rendering [189-191]. It has been observed that potentially many

different rendering styles produce images that provide functional realism than physical

realism or photorealism to human observers [177, 180].
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Summary

Sketch rendering

A summary of the different kinds of realism, their features, limitations and applications is

presented in Table 3-2, in chronological order. The grey area in the table indicates the

notion of ‘soft-functional’ realism introduced in this thesis to the list of realisms already

existing. It is used to indicate that the work described in the thesis is on ‘soft-functional’

realism, which refers to the emotions and feelings of the designer, in computer graphic

Images.

Table 3-2: Different kinds of realism in computer graphic images

Perceptual

Visceral

Physical

Photorealism

Functional

Soft-functional

Viewer of the image forms a
mental image similar to that

formed by the virtual viewer.

Physical accuracy of light.

Creates an intuitive sense in the
viewer that the image actually
exists.

Accuracy of material, geometry
and form.

Provide same visual simulation
as the scene.

Renderers stimulate the spectral
and intensive properties of light
cnergy.

Produce the same visual response
as the scene.

that s
from a

Create an 1mage
indistinguishable
photograph.

Provide same information about
the properties and relations of
objects as the scene.

Focuses on less tangible issues
such as emotions, feelings and
experiences of the designer with
the images.
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With displays devices:

- To produce exact match
of the internal mental
image.

- To provide
range, such as
range.

- To provide full field-of-
ViEew.

dynamic
colour

- With modelling tssues
such as adding complexity
to images.

- Introduces unintentional
channel of information,
which leads the viewers to
infer unwanted details.

- Display devices cannot
reproduce the rendered

light energies.

-Computationally
expensive.

-Time taking.

- High computational
requirements.

Safety engineering
Architectural simulation

Training simulators
Entertainment industry
Artistic applications

Quantitative analysis for
design and engineering
domains

[lumination engineering
Material science and
manufacturing

Quantitative design
analysis in design and
engineering problems

Entertainment or
computer game industry

Product development
industries (e.g.
automotive, construction,
costume, packaging)
Computer game industry
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3.2 Soft-functional realism

So far physical, photometric or functional appropriateness have been the focus for the
generation of computer graphic images. There are less tangible issues such as emotional
bonding of designers with the images generated, cultural perceptions and social value
systems. These intangible issues provide insights to help expand knowledge and
understanding of the designers’ needs beyond the physical, photometric or functional. Such

1ssues can be termed as ‘soft-functional’, which is a specific form of functionality that deals

with intangible and emotional aspects [192].

In product development, the need of less tangible 1ssues for a product success was identified
and designers started to focus on consumer products that are characterised by both functional
and soft-functional values [192]. Such soft functionalities are difficult to express objectively
and are based on the emotions of the designer that could be characterised by the level of e.g.

presence, excitement, comfort, recognition and detection.

Applications focusing on emotions are mainly in product development industries ranging
from automotive, construction machinery, house construction, costume, and cosmetics to
packaging and very few in computer game or entertainment industry (e.g. [170]). In these
applications, the emotions of the users are considered for developing a new product or for
the methodological improvement of existing products. In computer graphics, there has been

insufficient support for the soft-functional aspects to depict realism.

Given the potential of soft-functional realism, in computer graphics, such realism could be
introduced as a type of realism and incorporated during the generation of images. Since such
soft functionalities are difficult to express objectively, they could be expressed by rendering
styles through psychological means. For instance, the demands on the image generation
process for achieving this type of realism could be based, similar to product development, on

the emotions or feelings of the designer (viewer) that could be characterised by the level of

e.g. presence, excitement, comfort, recognition and detection.
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3.3 Existing techniques

The literature reviewed 1n this section is concerned with the existing rendering techniques for
the generation of computer graphic images, photorealistic rendering (PR) and non-
photorealistic rendering (NPR). The word ‘photo’ 1s derived from the Greek word ‘phos’
meaning light or produced by light and ‘realistic’ means depicting or emphasising what is
real and actual, rather than abstract or ideal [176]. The term non-photorealistic has been
adopted by the computer graphics community to denote forms of rendering that are not
inherently photorealistic [176]. This review discusses the existing techniques and their sub-

categories (see Table 3-3), with respect to their features, the conventions used to represent

such techniques and the representative works.

47



[€€T] swenpip

S rAYAR-IHER

pue uuewi31PS ‘[1¢z]
usygo) pue L3100 ‘[0€T
-8TT ‘6811 I® 10 yooon

uonessnjji
|ea1uyoa |

i ked
m.:mu:.mm _uﬁ,m O—.EU@Q

‘l9zz] 31290 pue |ssoy

‘Izl

E._ON ﬁ—ﬁ :nwENﬁum
‘[¥zz] solf1gaury
‘[€£22] e 10 ueisoyIey
‘lzze] 1219 nsy

‘lizz] smun)

‘lozz] uuewsseng
‘l612] 1232 208
‘lo61]

Iyseyeye ] pue 0}IeS
‘1812

‘L12] 1® 12 Aingsijeg
‘lo1Z]

Emu_ﬂm wcw :u&&ﬂmv—ﬂm 3
‘[s12] 1219puss-yorong

uonessn||)
MUl-pue-uad

34

[y12] weyy

‘[e12] 12 12 MOysyo0)
‘[Z12] yrws

‘lire]

[[EH pue 3ssoLo[[0))

‘lo1z ‘607]
1[1oqoeH pue ueleyueH

‘(80T] uuewizOY

‘(£07] 9999,
‘(902 ] 1saueng

Apajuied

'[soc] @97 pue nsy
‘I+02] uoo L1ey)
‘leoz] utpnessqg

‘lz0z] ewioy
‘[10Z] 1832 232 ]

Buipeys uoouen

'100Z ‘6611 ALVAID

‘[861] A1 “[261] pontym “[961] 18828 “[s61
‘bo1] uayod ‘[g61] 00D “[zs] ADNVIAVYA

Aysoipey

S3}I0M dATRIUSsaIdal JISY} pue sa11039)eI-qns ‘sonbruyoay Sunsixy :¢-¢ 1qe]

aoeil) Aey




Chapter 3 Sketch rendering

3.3.1 Photorealistic rendering (PR)

Computer graphics has concentrated more on the problem of photorealism and has been the
focus of research in the computer graphics community. The general notion of a theoretically
perfect rendering from a computer model is that it would be indistinguishable from a
photograph of the realised object [234]. There are plenty of applications of photorealism,
including special effects in films and design visualisation especially in automotive industry
and architectural design. In photorealism the driving force is the modelling of physical
processes and behaviour of light. Ray trace and radiosity are established techniques for

producing good photorealistic and photometric images [176, 235]. In both cases the physical

behaviour of light is simulated.

Before the advent of ray trace and radiosity, the first and common method is to use an
empirical simulation of light-object interaction in conjunction with polygon mesh objects
(Gouraud [236], Phong [237]). However, the disadvantage of this method is that the objects
are considered to exist in 1solation with respect to a light source and no account is taken of
light interaction between objects themselves [238]. Although the reflection of the light
incident on an object from a light source is simulated, the light that originates, by reflection,
from any other object is ignored. Thus, the common phenomenon that depend on light
reflecting from one object onto another, such as shadows and objects reflecting with each
other, cannot be produced by such models. Such models are called local reflection models.

On the other hand, global reflection models attempt to follow the path of light reflecting

from one object onto another. Ray trace and radiosity are two types of such global

illumination models [237].

Ray trace [193, 197] simulates global interaction by explicitly tracking thin rays of light as
they travel through a scene from object to object. It works on the principle of tracing all the
light paths through the scene including reflections and refractions [235]. It operates on points
in the scene. Ray trace deals with scenes consisting of shiny, mutually reflective objects
[238]. On the other hand, radiosity [194, 195] considers light reflecting in all directions
from the surface of an object and calculates how light radiates from one surface to another as
a function of the geometric relationship among the surfaces-their proximity and relative
orientation. Radiosity 1s better for handling reflections and shadows. Further in contrast to

ray trace, radiosity operates on finite areas called patches. It deals with diffuse or dull

surfaces and is used mostly to simulate interiors of rooms [238].
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Transparency'’, reflections and shadows'® are examples of global illumination, in which they
use information from other objects than the one being illuminated [164]. A transparent
surface, in general, produces both reflected and transmitted light. The relative contribution
of the transmtted light depends on the degree of transparency of the surface or whether any
light sources or illuminated surfaces are behind the transparent surfaces [164]. Effects such
as reflections and shadows contribute greatly to increasing the realism in a rendered image.
The user also uses them as visual cues to determine spatial relationships. The basic ray trace
algorithm [240] also provides for visible-surface detection, shadow effects, transparency and
multiple light-source illuminations. Many extensions to the basic algorithm have been

developed to produce photorealistic displays [164].

PR limitations

In order to achieve photorealism, there is a need to simulate, for instance the interactions of
light, 1n more detail and greater precision {234]. Ray trace displays can be highly realistic,
particularly for shiny objects, but they require considerable computation time to generate.
The basic precondition to achieving such realistic displays is physically based lighting

simulation, which is computationally demanding [241]. Current research in computer

graphics is attending to, amongst many others, lighting, partial shadowing and effect of
micro-structure materials on reflection. Each of the advances in current research requires a
more refined model and a greater increase in time taken to render a scene [234]. The
economics of computer rendering depends on the complexity of the model, usually estimated
by a polygon count, and on the sophistication of the optical simulation. However,
photorealism demands a complex model, full of detail. It involves choosing viewpoints,
assigning the optical properties of surfaces, placing lights, and defining and placing
structures. The process of producing a rendering from such a detailed model is time-

consuming and unwieldy.

'" The quality of a material that transmits light and can be seen through.

'* Shadows: Shadows are important elements in creating realistic images and in providing the user with visual
cues about object placement [239]. Hidden-surface methods can be used to locate areas where light sources
produce shadows. By applying this method, the shadow areas are determined based on which surface sections
that cannot be seen from the light source [164]. In some cases, texture mapping is used for creating fast
shadows and lighting effects [196]. Mapping is the process of associating (a group of elements or qualities)
with an equivalent group, according to a particular model or formula [1]. Texture mapping is to map texture

patterns onto the surfaces of objects [164]. It is used for adding surface details and deals with materials that
have some sort of patterning.
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3.3.2 Non-photorealistic rendering (NPR)

NPR has received much attention as an alternative to traditional PR, by employing the
judgement and skill of the designer. It does not have a precise definition, and is used as a
blanket term for the methods that are not driven by the pursuit for realism, but more usually
by human perception and processes employed by a designer [176]. In recent years, NPR has
received lot of attention for both art and scientific applications. Typical applications of NPR
include architectural sketches, illustrations in medical text books or technical manuals and
cartoons {226]. It is used in animations and for the development of real-time techniques in
the computer game industry [242]. Computer-assisted cartoon animation is widely used in
television and feature films. Further NPR had been extended, in an immersive and
interactive context, for virtual heritage applications (e.g. [200]) to assist the process of

interpretation and help visualise multiple different hypotheses.

Often NPR creates images and illustrations that do not mimic physical reality but the style
and quality of human artist renditions. Often these styles are reminiscent of painting (e.g.
[243-246]) or various styles of artistic illustration (e.g. pen-and-ink {205, 216, 222],
technical illustrations [190, 229, 231], cartoon type shading [247]). The strength of these
styles lies in their scope to convey shape, spatial structure and artistic expression rather than
the aesthetics of the design. NPR techniques can be different from traditional computer
graphics in two aspects, in that they introduce a broader variety of styles and they offer
original human-computer interaction. These techniques typically have some set of rendering
parameters associated with them that vary the style of the resulting images. The choice of
rendering parameters has a strong effect on the style of the resulting images. The users

select the rendering parameters that add emphasis and clarity to the aspects of visualisation

that they are interested in.

Several researchers reviewed relevant research on NPR (e.g. [176, 208, 229, 248, 249]).

Depending on the type of simulated media, NPR can be categorised into the following [242]:
— (Cartoon shading

— Painterly rendering
— Pen-and-ink illustrations

— Technical illustrations
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Cartoon shading

Cartoon shading (also called ‘hard shading’ or ‘toon shading’) ranges among the first
stylised shading techniques that have been explored in the context of computer graphics
[202]. This is attnbuted to the fact that it is simple to implement and visually attractive.
Cartoon shading creates a cartoon like rendering using material colour and shadow colour.
Often in cartoon shading, the part of a material that is in shadow is shaded with a colour that
1s a darkened version of the main material colour. The boundary between shadowed and
1lluminated colours is a hard edge that follows the contours of the object or character. This
technique 1s known as hard shading [201]. The cartoon shading techniques render in a
variety of different styles by varying the base or main material colour, shadow colour and
highlight colour. The choice of colours has a strong effect on the appearance or style of the
cartoon. This type of shading presents lighting cues, shape and context. Lake et al [201]
presented real-time methods to emulate cartoon styles and, additionally, techniques for

emphasising motion of cartoon objects by introducing geometry into the cartoon scene.
They integrated these rendering techniques with a character animation system and a

multiresolution mesh to provide scalability. Ruttkay and Noot [204] developed an

interactive system, CharToon, to design and animate 2D cartoon faces.

Painterly rendering
Perhaps the most prominent and widely used NPR systems are paint systems (e.g. [205, 212-

214, 220, 243-246, 250]). Automatic, computer-generated, photograph-to-painterly
rendering techniques have been available now for over a decade. A painterly effect is
produced by forming a set of brush strokes upon a canvas at predetermined spatial intervals
[211]. Attributes such as colour and orientation are often derived from the original image.
In theory, painterly rendering is the process of turning an accurate depiction of reality (for

example a photograph) into a more rich and stylised painting.

The development of paint renderers gained momentum with Haebreli’s interactive paint
system [209], which presented a variety of techniques to aid painting, including the use of
an underlying source image to determine stroke properties during painting. Hanharan and
Haeberli [210] provided a tool for painting textures directly onto 3D objects, whose idea has
been implemented in several commercial products. Salisbury [246] introduced orientable
stroke textures, as a part of pen-and-ink image processing system, in which the user specifies
stroke types and orientations. Painting methods have been adapted for painting 3D images

with depth butfers, containing material and depth information, in Piranesi system [206] and
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by Teece [207] to allow a user to paint a 3D scene to generate still images or animations.
Hertzmann [208] presented a method for creating an image with a hand-painted appearance.
He generated a variety of painting styles such as impressionist and expressionist, by
combining the expressivity and beauty of natural media with the flexibility and speed of
computer graphics. He presented a technique for painting an image with multiple brush sizes
and long, curved brush strokes that are chosen to match the colours in the source image.
Collomosse and Hall [211] presented an automatic NPR technique capable of rendering 2D
images in a painterly style by using image salience and gradient information to determine the
ordering and attributes of individual brush strokes. This approach overcomes the problem of

loss of detail during painting.

Pen-and-ink illustrations

There are a number of advantages of illustrations [216], 1.e. they can convey information
better by: (1) omitting extrancous details, (11) focusing attention on relevant features, (111)
clarifying and simplifying shapes and (iv) expressing parts that are hidden. In addition, they
often consume less storage than realistic images and more easily transmitted and reproduced.

Illustrations are also effective for conveying information at different levels of detail.

Tone", texture and outline are the conventions used in pen-and-ink illustrations [216],
which are created by using pen strokes. The major properties that distinguish pen-and-ink
illustrations from other art media {217] include: (i) every stroke contributes both tone and
texture and (i1) strokes work collectively. In theory no single stroke is of critical importance,

instead they work together to express tone and texture. A stroke can be produced by placing
the nib of a pen 1n contact with the paper, and allowing the nib to trace out a path. The
thickness of the stroke can be varied by varying the pressure on the nib [216]. Tone is
typically created by defining different stroke textures for varying intensities or by creating
multiple strokes or textures until the desired tone is achieved [216, 217, 219, 246]. Tone and
texture can also be defined by using multiple strokes or parametric curves [219, 251] and
contour lines [219]. Texture is defined by the type, thickness, orientation, placement and
quantity of strokes. Outline can be created using edge detection [190, 219] and strategic
placement of skeleton strokes [205, 219]. The medium of pen-and-ink is ideal for creating

outlines with an incredible range of expressiveness. Outline strokes are used not only for the

contours of an object but also for delineating the essentials of its interior.

!9 Tone refers the amount of visible light reflected towards the observer from a point on a surface.
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Line art is one of the most common illustration styles. Line drawings can be found in many
contexts, such as cartoons, technical illustrations, and architectural design. Several
researchers [190, 223, 229, 252-254] have examined the type of lines to be drawn in
computer generated images to maximise the amount of information conveyed. Lines
communicate information more efficiently and precisely than photographs [225]. The appeal
of line drawing depends on expressiveness and abstraction [255]. In addition, line drawing
can prevent clutter, focus the attention on relevant part and omit superfluous data. Despite
its simplicity, line drawing permits a variety of styles. The line styles can be varied by

changing the medium (such as pen-and-ink, pencil) and the attributes of the strokes (such as

thickness, tone and texture).

Strassmann [220] developed a method, Hairy Brushes, for drawing lines as brush strokes
using an object-oriented approach. He tried to simulate the physical behaviour of a brush.
Hsu et al [222] presented a vector-oriented approach, Skeletal strokes, for drawing lines with
special effects, which 1s based on the deformation of predefined images. Winkenbach and
Salesin [216] demonstrated a system for generating line drawings of polygonal and
parametric surfaces. In particular, they introduced the idea of ‘control-density hatching’ for
conveying tone, texture and shape by using traditional texture mapping techniques [251].
They used stroke textures to create depth and shape in line drawings of parametric surfaces.
The hatching methods of Salisbury et al [217] are to hatch the visible surface according to
texture, shading and orientation. They described an interactive system [246] for automatic
conversion of gray-scale raster images to pen-and-ink textures. This involved the system
automatically extracting an outline from the original gray scale 2D image (target image),
with the user specifying the direction of each strokes drawn in each region and tones. Gray
scale values in the target image are used to compute the tone of illustration. Strothotte et al
[215] implemented a system called ‘Sketch-renderer’ for rendering sketches that are similar
to the drawings drawn with a pencil. With the ‘sketch renderer’ system they provided
interaction facilities to design lines and hatchings in a flexible way on two levels: the object
level where line styles can be defined and attached to objects in the scene and global level
where the users can change line styles interactively in the line drawing. Leister [256]
developed a special ray tracing method to generate graphics similar to copper plates.
Markosian et al [223] proposed an approach for improving the performance of pen-and-ink
drawing in order to make 1t real-time. They presented a technique based on the economy of
line, with the idea that information can be conveyed by very few strokes. Curtis [221] used

3D models to generate loose and artistic sketches and animations, LinesStyles [224] focused
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on the presentation of 3D models. This method can be applied to the output of an analytical
renderer to create illustrative effects in line drawings. Hertzmann and Zorin [225] developed
rendering techniques for automatic generation of line-art illustrations of smooth surfaces.
Rossl and Kobbelt [226] presented an interactive system for computer-aided generation of
line art drawings to 1llustrate 3D models that are given as triangulated surfaces. Grabli et al

[255] gave a procedural approach to line drawing from 2D models.

Technical illustrations

In technical manuals, illustrated textbooks and encyclopaedias, the illustration conventions
used are quite different from computer graphics methods. Such conventions fall under the
umbrella term technical illustrations [228]. They do not represent reality because the level of
detail of different objects in images is changed to express the importance of an object in the

picture. In technical illustrations, important 3D properties of objects are accented while
extraneous detail is diminished or eliminated [229]. Despite wide variety of techniques and
styles found in technical illustrations, the common conventions include: black edge lines,

cool-to-warm shading colours, single light sources, rare usage of shadows, matte objects are

shaded with intensities far from black or white and metal objects are shaded as if anisotropic.

Several user perception studies [228, 257-259] have concluded that respondents can
recognise 3D objects well, when edge lines are drawn versus shaded images. It was
concluded by Christou et al [228, 259] that ‘a few simple lines defining the outline of an
object suffice to determine its 3D structure’. Lines enable to distinguish and differentiate
different parts of an object and draw attention to details that may be lost in shading. Saito
and Takahashi [190] used a variety of techniques to show geometric properties of objects,
but their objects do not follow many of the technical illustration conventions. Some works
concentrated on additional aspects of technical illustrations such as layout, object
transparency and line style [231, 232]. Williams [228, 233] developed technical illustration
techmques including some warm-to-cool tones to approximate global illumination and
drawing conventions for specular objects. Sometimes illustrators might choose a white line
instead of black edge line for discontinuities or silhouettes [260]. Gooch et al [189, 228-230]
have developed several methods for technical illustrations, where the primary contributions
are a new lighting model that mimics artistic shading and conventions for line drawing,
surface shadowing and interactive rendering. The model uses both luminance and changes

in hue to indicate surface orientation, reserving extreme lights and darks for edge lines and
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highlights. It allows shading to occur only in mid-tones so that edge lines and highlights

remain visually prominent.

3.3.3 Summary

From the review it can be observed that sketching (Section 2.2) and rendering lie on opposite
ends of the spectrum with respect to user interaction. The former offers (natural input)
freedom to draw, given certain primitives. The latter read in a geometric model and

generally produce an image whose appearance is difficult to modify, except in post-

processing (output) [261, 262].

Table 3-4 provides an overview of the reviewed existing PR and NPR techniques. It has
been adopted from [176] and updated to reflect the sub-categories of existing techniques,

their features, the conventions used to represent such techniques and the applications of

existing techniques.
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Chapter 3 Sketch rendering

Comparison of existing PR and NPR techniques

Although both PR and NPR address the presentation of computer graphic images they differ

in a number of issues including (but not limited to):

Abstraction: Abstraction mechanisms available to the designers include ‘level of
detail’ and ‘focus attention’ to stress the important parts of a drawing or enrich an
image with additional visual information and effects [226]. PR techniques provide
little abstraction, so the resulting PR images tend to be more confusing than the less
detailed NPR technical illustrations. NPR techniques vary greatly in levels of

abstraction. Their higher level of abstraction tends to put emphasis on the important

information of an illustration.

Opportunities and possibilities to create new styles of images: Computer graphic
images created by PR techniques tend to look finished; thereby at times do not
encourage opportunities and possibilities to create new styles of images. On the
other hand, the appeal of NPR 1mages lies in its expressiveness and abstraction, and
the final impact of the NPR process depends on how the styles used to represent the
objects in the image are interpreted [263]. In this sense it provides opportunities and

possibilities to create new styles of a visual image.

Presentation: With NPR styles, the information considered most important in the
images can be emphasised by vaniation in drawing styles. For example, less
important regions can be depicted with fading lines, while relevant parts with bold

lines. Although the resulting NPR image is realistic, it differs from PR presentation

in shape, colour, texture, light and shadow.

Support in conceptual design: It 1s normal to experiment with several designs during
conceptual design. PR images require high level of details, e.g. materials, lighting
effect. In the early stages of design conception, when such high level details are not
required, too much time and effort would be spent in modelling. The demand of PR
for a detailed model limits this technique to the later stages of the design and also
limits the opportunity of a designer to imagine better possible options of a design.
Therefore, this technique 1s typically effective towards the end of the design and not
as the tool to communicate design i1deas and experiment with different designs in
conceptual design. Whereas, NPR 1s better suited as 1t can convey the feeling of an
unfinished look, which can encourage the design iteration process. This enables the
designers to better communicate their vision and the clients to focus on the important

aspects of a concept. Images that show the ‘concept’ of a design are more likely

58



Chapter 3 Sketch rendering

- enable the designers to open discussions with the clients, as opposed to PR images

that may appear ‘finished’ and thereby could stifle constructive discussions [261].

Limitations of existing PR and NPR techniques

Most of the work in PR is to create an image that is indistinguishable from a photograph of a
scene. That 1s, the main focus is on simulating the behaviour of light to match the
appearance of a real scene. Designers often perceive the unerring photorealism of 3D
rendering as a problem as they need to address high-quality imagery, which means high-
complexity in terms of detail and precision during modelling and rendering [234]. A number
of schemes have been investigated by researchers in this field with the intent to minimise the

precision of information used during modelling and rendering [238].

Most of the work in NPR is on emulating artistic styles so as to give a hand-drawn
appearance to the images. That is, the main focus is on simulating the behaviour of physical
media. Examples of this trend are a rendering technique that produces images that appear to
be drawn with ink and pens, pencils and paintbrushes on canvas. NPR creates visually
attractive hand drawn images by integrating artistic effects into the 3D rendering pipeline.
That is, all these effects are applied to the output of a renderer (post-processing) to create
1llustrative or human hand drawing effects in the images to emulate the design concepts in
conceptual design. Examples of this trend (post-processing output from a 3D renderer)

include:

— conversion of scanned images to pen-and-ink style (e.g. [246]),
— create illustrative effects in line drawings to the output of a renderer (e.g. [224]),

-~ deformation of predefined images to give a rough look (e.g. [222]),

— 1ntroduce imprecision in rendering by adjusting a plotter pen to wiggle when being
moved to achieve similar wiggles of a human drawing hand (e.g. {262]), and

— turn an accurate description into stylised painting or painting on 3D objects to create

images with hand drawn appearance (e.g. [208]).

Such NPR techniques present challenges from an algorithmic and artistic point of view to
improve or emulate human renditions. However, they miss the opportunity of maintaining

and presenting the actual vague information of the conceptual design concepts held within

the computer.
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The common feature of the reviewed geometry-based PR and NPR techniques is that they
are based on a modeller 1n order to extract the image to be rendered. That is, they read in a
geometric model (obtained from modelling) and produce an image, whose appearance is
difficult to modity except by post-processing. Such PR and NPR techniques involve the loss
of information and design intent and do not reflect the true nature of the design concepts in
conceptual design, as the renderers require the vague design concepts to be defined into
precise models. Such techniques convey a sense of precision and exactness and do not
preserve vague information. Lack of an appropriate rendering technique, which can reflect

vague information of the conceptual design concepts, is a significant problem in this field.

3.4 Chapter summary

This chapter has presented a review of existing rendering techniques, PR and NPR, and
hence, has identified the need for a more relevant rendering that reflects the true nature of the
design concepts, such as inherent vagueness, in conceptual design. In addition, the
examination of different kinds of realism conveyed through computer graphic images

(Section 3.1) has highlighted the insufficient support for soft-functional aspects, which are

based on the emotions and feelings of the designer, to depict realism.

Sections 3.1 to 3.3 described in this chapter provide a basis (1) to establish the key aspects
for the generation of computer graphic images (presented in Chapter 5), where the key
aspects provide a basis for a critique of existing rendering systems in Chapter 5, (2) for the
investigation of different characteristics and features of rendering in conceptual design

(discussed in Chapter 6), and (3) for the evaluation of different existing PR and NPR styles
(discussed in Chapter 8).
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4. Visualisation and interpretation

Chapter 3 presented a review of different rendering techniques for the generation of
computer graphic images (Step 3 in Figure 2-8). The focus of this chapter is on visualisation

and interpretation of the generated computer graphics image (Step 4 in Figure 2-8).

The aim of this chapter 1s to present a cognitive framework of human information processing
between the visualisation of a generated computer graphics image and its interpretation.
Based on the understanding of the cognitive processing, the objectives are (1) to establish the
key aspects for visualisation and interpretation (discussed in Chapter 5), where the key
aspects provide a basis for a critique of existing studies in Chapter 5, and (2) to provide the

basis for the identification of emotive implications of computer graphic images (discussed 1in
Chapter 7). '

In Section 4.1 a general introduction to cognition i1s given. The existing cognitive theories
are briefly delineated in Section 4.2. In Section 4.3, a cognitive theory, Interacting Cognitive
System (ICS), which 1s a foundation for the research presented in this thesis, is introduced.
Section 4.4 presents the cognitive principles underpinning the visualisation and interpretation
of the generated computer graphics image. In Section 4.5, the notion of ‘emotive

implications’ is introduced. Finally, the chapter 1s summarised in Section 4.6.

4.1 Cognition

There 1s often confusion regarding cognition and perception, as both of them are closely
related. As stated in Chapter 1, cognition is the mental action or process of acquiring

knowledge and understanding through thought, experience and the senses [1]. With this

definition, cognition is seen as the:

— Action of knowing: The study of cognition is the study of processes: the ways in

which we become acquainted with things.

— Faculty: It has been common to divide the mind into faculties that represent the

different mental activities of which we are capable.
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On the other hand, perception is the ability to become aware of something through the
senses. In other words, it is the process of acquiring, organising and interpreting sensory
information [1]. In this definition perception is seen as:

— Awareness: That 1s acquiring information through the five senses (see, hear, smell,

taste or feel).

—~ Interpretation: A mental impression or understanding caused on becoming aware of

sensory information, analysing and processing.

To some degree, perception may be considered as part of cognition or that it influences
cognition. The word ‘cognitive’, in cognitive science, refers to perceiving and knowing
[264]. Thus, cognitive science can be considered as the science of the mind. It encompasses
varied disciplines as anthropology, cognitive psychology, computer science, engineering
design, linguistics neuroscience and philosophy. The expression of cognitive science is used
to describe a broad integrated class of approaches to the study of mental activities and

processes and of cognition in particular [265].

It 1s necessary to understand the cognitive theories that can explain how graphical
information displayed in the computer is processed and interpreted by humans. One form
that the understanding of human information processing takes is cognitive theory, at various
levels of detail, that speculate mechanisms by which the observed phenomenon can be
explained. Because of the large number of observations available, differences in
methodology and different approaches to modelling, there is no single theory of cognition
[171]. It 1s obviously not possible to give a complete overview for all the various theories
that describe human perception and cognition. However, the theories that have found to be

applicable from the perspective of rendering are discussed in the following section.

4.2 Existing theories

The theories of cognition fall into two broad groups such as microtheory and macrotheory

[266]. Microtheory is concerned with the explanation of phenomena within some restricted

scope. Macrotheory, on the other hand, attempts to provide a framework in which the

operation of different microtheories can be situated and organised.

Theories of vision such as the following come under the microtheory category:
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~ ‘Bottom-up’ or data driven [267]: According to this theory, perception involves
immediate feature extraction from the retinal image before any selectivity on the part
of the perceiver. The information flows from a basic, ‘bottom’, level up towards
higher, more integrated levels. The Gibsonian idea of perception [5, 268] is that the
perceptual system of humans has evolved and leamnt to perceive certain ‘invariances’
or ‘affordances’ within the visual scene directly, without much processing or
interpretation,

— ‘“Top-down’ or goal directed [267]: According to this theory, perception involves the
use of prior knowledge and experience in the construction of a model of the world.
In contrast to the ‘bottom-up’ theory, higher, global, abstract levels of analysis affect
the operation of lower processes. Gestalf’® principles of perception [269] (such as
figure and ground, similarity, proximity or continuity, closure, area, symmetry,
whole/parts and continuation) fall under this constructivist approach to perception.
The Helmholtzian view [270] is that perception is an exploratory process in which

the visual sensory information is evaluated against the viewer’s expectations about

the scene; it i1s a ‘top-down’ rather than a ‘bottom-up’ process.

The above-mentioned microtheories are low-level visual processes. This is because they are

limiting the application of perceptual psychology to focus on the physical levels, thereby

excluding the cognitive levels of explanation (i.e how information is processed and

interpreted by humans).

Broader approaches of cognition have been developed that speculate the capabilities and
operation of the mind in terms of its ability to process information. Strothotte [271], for
example, gave a description of Weidenmann’s scheme [272] for picture understanding that
is based on the concept of mental models. Kieras and Meyer [7] developed a cognitive
model, Executive-Process/Interactive Control (EPIC), for human information processing that
accurately accounts for the detailed timing of human perceptual, cognitive, and motor
activity. It provides a framework for constructing models of human-system interaction that
are accurate and detailed enough to be useful for practical design purposes. One approach
that 1s becoming known in the computer graphics community 1s the Interacting Cognitive
System (ICS), which was developed by Barnard [3] and his colleagues. ICS is one particular
approach to macrotheory that provides a framework in which the operation of different

microtheories (such as ‘bottom-up’, ‘top-down’) can be situated and organised. It is one of

20 Gestalt is the German word for ‘form’, ‘shape’, or ‘whole configuration’.
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the more developed theories that account for human information processing and explains a

broad range of phenomenon, including task performance and aspects such as visual

perception, cognition, emotion and inference.

Applications of ICS

ICS has already been used in the context of HCI and Computer Graphics to explore the
usability of gestural interaction [273] and multimodal techniques [169]. It enables
phenomena such as change blindness [270] and the craft principles of film editing [274] to
be interpreted with a common framework, supporting extrapolation to computer graphics.
Barnard and Teasdale had extended and applied ICS to the interaction of cognition and
emotion [20]. One more application of this approach is in the minimal graphics area [266].
The goal for minimal graphics is based on a model of information (for instance, a geometric
model of a scene) that should produce images that are simple, strive for a minimum level of
complexity for a task and convey the intended amount of information to the observer.
Recent work on haptics interface design adopted the ICS approach (e.g. [275]). With regard
to the application of ICS in a design context, it describes properties of a cognitive activity at
some level of approximation in a particular domain. It incorporates components that
describe attributes both of mental processing and of knowledge used in it. It, therefore,
provides an abstract, but explicit, representation of what is going on in the mind of the user.

From this, it should be possible for a designer to link the psychological issues associated

with design in a particular domain.

Given its comprehensibility in human information processing, the provision of a framework
in which the operation of different microtheories of cognition (such as ‘bottom-up’, *top-
down’) can be situated and organised, its broad range of applicability, and in particular 1ts re-

appraisal in the context of rendering (e.g. [169, 170]), ICS was chosen as the foundation for

the research presented in this thesis.

The following sections present the cognitive framework of ICS that provides some insights

into the cognitive levels of information within the visualisation process.
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4.3 Interacting Cognitive System (1CS)

In contrast to a computer system, ICS considers the information processing mechanism with
no ‘central processor’ or ‘limited capacity working memory’ [3]. It adopts a systematic
approach in which information flows within a parallel and modular architecture of
distributed cognitive resources [275], in which behaviour arises out of the co-ordinated
operation of the constituent parts. In ICS, the behaviour of the constituent parts can be
thought in much the same way as the behaviour of a team, where the individual members of
the team are each doing something different but their conjoint activity is co-ordinated and
constrained by common rules. As behaviour rises out of the co-ordinated operation of its
constituent parts, a major advantage of ICS is that cognition and affect can be considered

within an overall psychological context, therefore making it ideally suited for reasoning

about perception.

Architecture of 1CS

The basic architecture of ICS is illustrated in Figure 4-1. The theory assumes that human

mental architecture is composed of nine functionally independent subsystems. Each of the

subsystems specialise in storing and processing a qualitatively different type of information.
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The subsystems can be classified into peripheral and central [276]. There is a key

distinction between peripheral and central subsystems (see Table 4-1 for the type of

information handled by each of these).

Peripheral subsystems exchange information with the world via the senses (sensory
subsystems) or the body (effector subsystems). There are five peripheral subsystems.

— Sensory subsystems take input information derived directly from the external world

by sense specific transducers. Three subsystems, acoustic (ac), visual (vis) and

body state (bs), are specialised for sensory information.
— Effector subsystems take inputs from other subsystems and map their outputs in the

form of motor instructions to the relevant musculatures. Two subsystems, limb (lim)

and articulatory (art), are specialised for effector action.

Central subsystems (structural and meaning subsystems) exchange information only with
other subsystems. These subsystems take inputs from other subsystems and produce outputs
that can be used by other subsystems. Basically these subsystems interact with other
susbystems. There are four central subsystems.
— Structural subsystems handle abstract structural descriptions. Two subsystems,
morphonolexical (mpl) and object (0bj), are specialised for structural information.
— Meaning subsystems handle different levels of meaning. Two subsystems,
propositional (prop) and implicational (implic), process different levels of meaning.
Propositional meaning can be thought of as specific, “cold” and “rational” whereas

implicational meaning 1s both generic and potentially “affect-related” [3].
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Table 4-1: Types of information in ICS [3]

Subsystems Type of information '
Peripheral
a) Sensory
1. Acoustic (ac): Sound frequency, timbre and pitch from the ears.
Subjectively, what we ‘hear in the world’,

2. Visual {vis): Wavelength and brightness of lLight, hue, colour, etc from the
eyes. 1.e., information about colour, and shapes of objects in the |
image. Subjectively, what we ‘see in the world’ as patterns of |
shape and colours. |

3. Body state (bs): Stimulation (pressure, temperature, muscle), location and
intensity. Subjectively, bodily sensations of pressure or pain,
positions of parts of the body, as well as tastes and smells |

| b) Effector |
J , : . .

4. Limb (lim): Force, target position and timing of skeletal musculatures.
Subjectively, ‘mental’ physical movement.

5. Articulatory (art): Force, target position and timing of articulatory musculatures

\ Subjectively, subvocal speech output.
Central
| c) Structural

6. Morphonolexical (mpl): Language in sound space, specifically word order and identity
information; words, lexical forms.

7. Object (obj).: Objects in visual space, in particula identificaion of objects
boundaries, the relationship of objects to other objects and
attributes of objects, mental imagery, shapes etc.

Subjectively, our ‘visual imagery”.

d) Meaning
8. Propositional {prop): Relationships and identities of objects (visual or auditory) in
semantic space.
Subjectively specific semantic relationships (knowing that). This
involves the referential knowledge, that is ‘facts about the
world’, including properties and relationships between entities
9. Implicational (implic) This is the most difficult form of information to describe and

represents very high level of abstraction.

Ideational and affective content. This information is concerned
with schematic models, recognises affective content with
environmental contexts.

Subjectively, holistic senses of knowing (e.g. ‘familiarity’ or
‘casual relatedness’ of ideas), or of affect (e.g. apprehension,
desire). These holistic senses become aware through their
semantic (proportional), and structwral (object/morphonolexical)
refinement, or through feedbacks from their psychological
consequences (body state) and effects in the world.

Working mechanism

The subsystems differ in their input and output, but have the same internal structure (see
Figure 4-2) resulting 1n the same working mechanism. The basic working mechanism is that
all the incoming information arriving in a subsystem (input array), is copied into an image
record and, in parallel, is transformed (transformation process) for use in another subsystem
[277]. The notation ‘A-B’, here and in the remainder of the chapter, is used to denote the
process in the subsystem ‘A’ that transforms its input for subsystem ‘B’. The input for a

later subsystem is procured based on the output from the earlier subsystems.
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——— —

II Image record

COPY
Input array » € Transformation
Outputs
A » € Transformation B

Figure 4-2: The internal structure of each subsystem [276]

A primary copy process in each subsystem copies all its incoming information from the input
array to its own image record, which acts as a memory ‘local’ to the subsystem. The
copying of information to memory gives rise to a sense of awareness of information. At
each stage in the flow of information, the transformation processes within the subsystem
may recruit this stored knowledge, derived from previous experiences, to enrich the
incoming information [276]. Overall behaviour of the cognitive system is determined by the

possible transformations between the subsystems and the demands of a particular task.

4.4 Cognitive processing during visualisation and

interpretation

ICS may be used to reason about the flow of information through the human cognitive
architecture between the visualisation of the image and its interpretation. For example, if a
designer is presented with a computer generated image (such as to obtain as much
information as possible about the image displayed) a characteristic flow of information, see

Figure 4-3, may be predicted using ICS. In the text, each subsystem is identified by an

acronym shown on the figure.
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orop - implic| 3 Key:

vis.  Visual

obj: Object
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Figure 4-3: Cognitive resources during interpretation of an image (adapted from [266])
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(a) ‘Bottom-up’ paths - Understanding meaning from visual information
The first path involves (1) vis-obj: extracting visual information (such as colour and
shapes of objects) from the retinal image, (2) obj-prop: identifying the semantic
(propositional) relationships from the information extracted (such as interpretation or
identification of object boundaries, relationships of objects to other objects in the image)
and (3) prop-implic: interpreting the implicational meaning relative to environmental

contexts (such as affective content) from the identified semantic relationships.

In parallel, there is (4) vis-implic: extracting implicational meaning directly from the
visual information, in addition to the interpretative and propositional route. There are
certain aspects of visual field that give rise to direct implicational responses. For

example, sharp objects or shapes may imply threats or hazards.

(b) ‘Top-down’ path - Construction of object level representation from
meaning
In addition to these ‘bottom-up’ processes that take visual information to implicational

meaning, there are ‘top-down’ processes (5) (implic-prop and prop-obj) that interact to

construct an object level representation from meaning or understanding.

(c) Blending
Various streams of data that arrive into any subsystem (either from ‘bottom-up” or *top-
down’ processing or both) blend to produce a composite representation. For instance,
the object representations that the visual subsystem produces (vis-0bj) combine with the

‘top-down’ flow of representations being output by the propositional subsystems (prop-

obj) to produce an integrated, object-based level of representation.

ICS enables the formulation and comprehension of important aspects in the visual

interpretation of computer graphic images.

One important aspect is the interplay between ‘bottom-up’ and ‘top-down’ processing. This
interplay is important in visual interpretation for two reasons. Firstly, the ‘bottom-up’
processing in resolving ambiguities or uncertainties in the representations. Secondly, ‘top-
down’ in utilising the prior experience and knowledge of the designer in forming

interpretation of images. The following can be explained in terms of this interplay:
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— An existing mental model of what a designer expects to see (‘top-down’) 1s
mtegrated (blended) with a consistent model of an 1image that the designer 1s actively
viewing (‘bottom-up’) to form a rich composite interpretation of an image. This
interplay mfluences the processes of visual interpretation, as the interpretation 1s not
hindered by any ambiguity or uncertainty because of the designer’s mental imagery

(prior knowledge).

Another aspect 1s the role of “top-down’ processing:

—  Generalising knowledge and matching patterns 1s a basic human trait in re-using
prior experiences [278]. When prior knowledge 1s used, often knowledge of similar
attributes 1s clustered (grouped) as a process of learning or as an aid to manage the
complexity and re-use of prior knowledge [159, 278, 279].

—  When a rendering system generates an image, the designer’s ‘top-down’ processing

ability 1s required to extract information from the images.

4.4.1 Cognitive levels of information

Based on the understanding of cognitive processing during visualisation and interpretation
(see Figure 4-3). the relationship between sensory, structural and meaning subsystems 1s
lustrated in Figure 4-4. This gives an overview of the different cognitive levels of

information inherent in the generated computer graphics image.
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Figure 4-4: Cognitive levels ot information |17}
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From the incoming stream that arrives at the sensory subsystem (1) vis-obj: a structural
description is derived, which is transformed into a (2) obj-prop: propositional meaning (by
identifying semantic relationships from the information extracted), which then produces (3)
prop-implic: implicational meanings (by interpreting the emotional meaning relative to the
semantic relationships identified). In addition, from the incoming stream at sensory

subsystem (4) vis-impliC: implicational meanings are derived directly.

As seen in the figure, the cognitive processing from sensory to meaning subsystems indicates
that the ‘understanding’ of an image 1s not just based on surface phenomena, e.g., the visual
clements of the image, but rather involves deeper levels of relationship across different
levels of meaning. Sensory and structural pertains to surface levels of cognition and
meaning involves deeper levels of relationships across different levels. In addition, as seen
in the figure, the prop meaning subsystem does not receive information directly from
sensory subsystems, but mediates the flow of information between the structural subsystems
and the higher-level meanings of the implic subsystem. This implies that prop subsystem
constitutes low-level meaning compared to implic subsystem. The overall flow diagram

illustrates that implic subsystem constitutes the most generic level of the ICS subsystems.

Further deliberations on implicational meaning

As seen 1n Figure 4-4, implicational meaning subsystem captures processes and co-processes
across both propositional meaning and sensory experience. In essence, it includes
constituents derived from the referential, semantic meaning (via prop-implic) as well as
from the external sensory world (via vis-implic). The generic implicational meaning can be
altered either by changing the value of elements related to specific meanings or sensory
elements. The information which comes through the meaning-derived subsystem (via obj-
prop) is quite distinct from that received directly from the sensory subsystem (via Vvis-
implic). The former indirect information convey considered, or inferred, affective content,
while the latter direct inputs from sensory subsystems concern ‘gut reactions’ to the sensory
information. Examples of such ‘gut reactions’ are excitement, curiosity, fantasy and
enjoyment. Therefore, at the implicational level both cognitive and affective concerns come
together [17]. The form and content at this level constrain judgement, decision-making and

overt behaviour [276]. Its broader function 1s to capture high-level meaning about the world

rather than specific details.
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4.4.2 Role and impact of implicational information

The aim of this section is to delineate the role and impact of implicational information in

different contexts.

Sketch renderings of architectural design provoke an improved dialogue, compared to
photorealistic renderings, between architects and clients [261)]. This is because sketchiness
conveys a sense of openness to change and modification. This effect is not just a matter of
perception, but also involves levels of cognition connected with judgement and articulation
[171]. In psychological terms, the sketch rendered image has an affective content, separate
from its structural detail. Cartoonists use implicationally derived data such as sharp/threat,
round/friendly paradigms in their drawings to convey emotions [266], apart from structural
object information. Evidence that abstract, affect-related information is available separate
from structural object information can be found in a number of experiments (e.g., [171, 280-
283]). Two examples (each from an early and a recent experiment respectively) of emotive

responses based on such affect-related information are summarised below:

Provins et al {282]: When asked to glance at a drawing of a radar display (Figure 4-3) and

quickly identify which group (circles or triangles) of aircraft are hostile forces, nearly all

respondents 1dentified the triangular symbols.

Figure 4-5: Radar