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Introduction

Introduction
Various computer tools have been proposed and are used to support the design of new
technologies, including the design of buildings. In the building industry, much progress has
been made in terms of product quality and process efficiency since the introduction of
computer–aided design (CAD) and computer aided manufacturing systems. Most CAD
programs have extensive functionality that has to be learned through training. They rely on
strictly defined objects that can have many parameters. Because of the geometric precision
that they require they do not seem to be very well suited for early design. Advanced computer
tools thereby typically enter only at a later stage in the design when many detailed decisions
about the design have already been made.
The early stages of architectural design do not require CAD accuracy and functionality. In the
early design stage, most architects therefore still prefer to use paper and pen or scale models
(Gross and Do, 1996). Yet, in order to reduce the time spent on the transition from this stage
to more precise stages, some of the architects use programs like AutoCAD, ArchiCAD, Arc+
in all stages. The down side of this practice is that use of such precise programs in the early
design stage tends to limit the creativity and can encourage poor design (Lawson, 1999). Thus
we can see that, on the one hand, advanced CAD tools are widely used to support later stages
of the design process, while, on the other hand, many designers still prefer pen and paper in
the early stage. This creates a gap in the design process flow, because after the early design
stage the architect has to transfer his/her design into CAD programs. Therefore there seems to
exist an obvious need for a tool (or platform) that supports both the “pen-and-paper” and
WIMP (Windows, Icons, Menus, Pointers) interaction styles. In this way, the flexibility of the
traditional working environment might be combined with the power of computer applications.
The design, implementation and validation of such a tool is the main focus of this thesis.

1.1 Focus of the thesis
This thesis does not attempt to cover the whole early design stage. We will look at particular
steps and activities of the early design stage in order to find where improvements can
1
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potentially be realized and where the place for implementing and testing of our ideas could
be.
Since the main tool for the architect in the early stage of the design is sketching, we set our
goal to develop a sketching environment that aims, from the one side, to closely resemble the
traditional environment, and from the other side allows to introduce new functionality. So,
more specifically, we are interested in developing an interface that could be common to the
traditional design activities and emerging (more computer - supported) activities.
We should note that this design project is part of the E3DAD (Easy 3d Architectural Design)
project. The project E3DAD is a collaboration between three groups: the Design Systems
Group/VR-DIS platform (Prof.Dr.Ir. B. de Vries & Prof.Dr. H. Timmermans: Faculty of
Architecture, Building and Planning), the Visualization Group (Prof.Dr.Ir. J. van Wijk &
Dr.Ir. C. van Overveld, Faculty of Mathematics and Computer Science), and the Faculty of
Industrial Design, User-Centered Engineering group (Dr.Ir. J.-B. Martens & Prof.Dr. M.
Rauterberg). The project involves three related Ph.D. sub-projects. The research problem of
the first project within the Faculty of Architecture, Building and Planning (executed by
N.Segers), "Interactive Architectural Design Tools in Virtual Environment" (at VR-DIS)
focuses on developing a brainstorming tool for architectural design. As part of this project a
prototype tool called the Idea Space System was developed. The Idea Space System (ISS) is a
CAAD (Computer Aided Architectural Design) system that is designed to support an architect
in the early phase of the design process, by reducing fixation in the process and enhancing the
‘flow’ of work. The Idea Space System captures all design data and then uses the words to
provide the architect with new associations and relations between words (real-time), in this
way stimulate the generating of new ideas (Segers, 2002). The second project "Virtual
environment for the support of architects in the early stage of design" (executed by
S.Pranovich) focuses on the next generation drawing system. The user in this system defines a
design in terms of graphic units and relations between them. A special geometric engine takes
care of propagation of user’s manipulations between related graphic units. The tools in the
system are represented as graphic units (geometric objects). For instance, a symmetry axis is
introduced as an object that has a graphic representation, can be manipulated, and influences
other objects. Graphic units in this case allow establishing relations between them, which is
not possible in standard drawing packages, where tools are used instead. Moreover the system
provides a new organization type for a hierarchy of objects (Pranovich et al, 2002).
Our project focuses on the user interface to such systems. In Chapter 7, we will show how our
prototype system of Chapter 6 has been used as an interface to the Idea Space System.
The aim of the thesis is to design, implement and validate a computer support tool for the
early stages of the architectural design.
This aim leads to the following research questions:
What are the characteristics of the early architectural design stage? How can we identify
instances in the architectural design process that can potentially be strengthened and
improved by means of computer tools?
How to define and measure the effectiveness and satisfaction of proposed computer tools for
the early architectural design stage?
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Because of the complexity of the process and the vagueness of the early design stage it is
difficult to derive a priori how computer support tools should behave in detail. In order to
learn about such detailed requirements we will carry out experiments with prototypes. This
iterative prototyping approach can help us to obtain new requirements (improved
communication with the users because users can asses better what the computer support tool
may add).

1.2 Outline of the thesis
In Chapter 2, steps in the design process that can potentially be strengthened and improved by
means of computer tools are identified and requirements for computer aided design tools are
derived. In Chapter 3, we provide an overview of relevant developments and research in the
fields of computer-aided design and augmented reality. The chapter also discusses advantages
and disadvantages of existing design supporting tools, in order to identify more specifically
those aspects that are worth implementing in a new tool. Chapter 4 summarizes the
requirements formulated in Chapter 2 and Chapter 3. Chapter 5 describes the design,
implementation and evaluation of the first Electronic Paper prototype (EP) that was designed,
based on our analysis of the user context and needs in the previous chapters. Chapter 6
describes the second Electronic Paper prototype that was created based on the results of the
first evaluation. Chapter 7 gives examples of how the EP is used and can be used as an
interface for architectural and non-architectural design tools. The final chapter concludes with
a summary of the thesis and proposals for future work.
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Chapter 2

Design process

Design process
The purpose of this chapter is twofold. First, to identify stages in the architectural design
process that can potentially be strengthened and improved by means of computer tools.
Second, to formulate requirements for computer aided design tools. To achieve this, the
structure and properties of the design process in general, and conceptual architectural design
in particular, will be introduced and analyzed.
This chapter contains nine sections. The first section introduces the different stages in the
design process, describes the kind of drawings that designers create in every stage. The
second section discusses the role of sketching and scale modeling. Section three gives some
insight into how CAD is currently used throughout the design process. In order to clarify our
understanding of the domain, we constructed a model of the design practice in early
architectural stage, which emphasizes the activities being undertaken. The fourth section
presents existing models of the design process. Analyzing the existing models we could come
up in section five with our own model. Section six summarizes the main conclusions from the
analysis of the early design stage activities. In order to analyze more closely the early stage of
the design process we carried out the following user studies: a brainstorming session with
architects, an enquiry in the form of a questionnaire with both practitioning architects and
architectural students, and observations/interviews with architectural students and. The
seventh section summarizes the results of these studies. Section eighth presents a scenario that
shows the architect at work in the beginning of the design process. The final section
formulates the most important requirements for a design tool to be developed in future
chapters.

2.1 Stages in the time-lined design process view
The architectural design process has a complex and vague structure. The designer often starts
from an abstract and ill-defined problem and progresses in stages to a blueprint for a solution.
In order to identify instances in the architectural design process that can potentially be
strengthened and improved by means of computer tools, we need to better understand this
5
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design process. More specifically we will identify stages in the design process, typical
activities that designers undertake in these different stages, and specific tasks that they
perform as part of these activities.
Table 2.1 illustrates how different architectural practices split the design process into stages.
Every stage can be characterized by the different types of deliverables (outcomes) and hence
also by the tools required to produce these deliverables. The practices differ in how detailed
they split the process and what terms they use, however if we focus on the types of drawings
that are produced in these stages (see Table 2.1 last column) we can identify four major stages
(Achten, 2000):
1. Sketch design stage (conceptual and sketch drawings)
2. Preliminary design stage (more detailed sketch drawings)
3. Definitive design stage (detailed drawings)
4. Final (shop) design stage (working drawings).
The sketch design stage is rough and vague. In this stage the architect defines concepts and
basic ideas of the construction. They include initial ideas about the shape of the building in
relation to the function that the building will have and the situation in which the design has to
be placed. The architect creates rough and abstract sketches that are freely drawn using soft
media like charcoal, felt-tip pen, and soft pencils. Typically, those hand-made drawings only
consist of some simple elements such as lines, simple geometric polygons (usually ovals or
rectangles), and some text for labeling different functional spaces (Do, 1998). These drawings
mainly aim at conveying the most important ideas that underlay the design (Figure 2.1). These
sketches may also be used to communicate between the architect and the client, between the
architect and his/her colleagues, etc (see section 2.2).

Figure 2.1 Examples of conceptual drawings (left – Boonstra, 2003; right – Breda, 2003).

At the same time architects often use a mass study. The mass study is a first study of how the
design looks in 3D. It can be done in small-scale model (physical/maquette), it can also be
done in CAD (3DStudio for example). The mass study is about masses and outer spaces (so
no materials, no inner spaces, no details are considered yet). Examples of mass studies are
clay and cardboard models (Figure 2.2).
6
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Table 2.1 The stages of architectural design (Brown and Norton, 1992).
2

3

RIBA plan of DOE
1
work

DHSS

A Inception

1. Pre-design

1. Outline project Outline
Intentions
scheme

C Outline
proposal

2.1. Outline
design

2. Planning
project and first
scheme

D Scheme
design

2.2. Final sketch
design

3. Design and
cost planning

B Feasibility

E Detail
design

Production
material

Final working
drawings

Bills of quantities
pre-render
estimate

G Bills of
quantities
H Tender
action

2.4. Contract
preparation

J Project
planning

3.Construction

4. Contract and
construction

Contract
supervision

3.1. Construction
pre-planning
3.2. Construction
control

3.3. Construction
L Completion completion
3.4. Contractual
completion
4. Postconstruction

5. Commissioning
and evaluation

1

RIBA, Architectural practice and management, RIBA Publications, London, 1965.

2

PSA, Plan of Work A.C. construction and works circular 60/73, 1973

3

Capricode, Hospital building procedure, note number 1, 1974

4

GTDWB internal document standard terms, 1975
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Conceptual and
sketch drawings

Sketch design More detailed
sketch drawings

Cost plan, sketch
plan, equipment
Preliminary
schedule
working
Detailed design
drawings
2.3. Detail design

F Production
information

K Site
operations

Large London Summary on types
4
practice
of drawings

Detailed drawings

Working drawings
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Figure 2.2 Clay and cardboard models.

The preliminary design stage is more precise and drawings contain more details, so that more
detailed issues in the design can be presented (Figure 2.4). Often for the presentational
purpose in this stage architects also create a detailed physical 3D model (Figure 2.3, it also
can be done on a computer).

Figure 2.3 Detailed presentational model

Sketch and preliminary design stages will henceforth be referred to as the early architectural
design stage.
In the definitive design stage, drawings are even more precise (i.e. contain exact shapes such
as straight lines) and include detailed information about dimensions, materials, connections,
etc (Figure 2.5). Often standardized building components are introduced in the design at this
stage.

8
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Figure 2.4 Detailed sketch drawings. Floor plan, vertical section and perspective sketch (Vugt,
2001).

In the final design stage, large-scale drawings (for example, scale of drawings can be 1:10)
that contain even more details about materials, connections and dimensions, are produced.
These working drawings may not be made by the architect himself/herself and are used to
communicate detailed information to the constructor (Figure 2.5).

9
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Figure 2.5 Examples of detailed (left) and working (right) drawings. (Brown and Norton, 1992)

Figure 2.6 shows how the decisions that are made in every stage influence the final design.
Later stages have decreasing impact on the final result since there is less freedom of choice in
each successive stage and the decisions affect a smaller part of the design (more detailed
decisions). In other words, this graph illustrates that wrong decisions made in the early stage
are very difficult to correct in later stages.
Early design stage
Preliminary Design
stage

Definitive Design
stage

Shop Design
stage

Impact decision

Sketch Design
stage

Time

Design process

Figure 2.6 Stages of the architectural design, and possible impact of design decision on the final
result.

2.2 Sketching and scale modeling
Sketching is important for architects in all stages of the design, but especially in the early
design stage. The results of the Brown and Norton (1992) study on Le Corbusier Ronchamp
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drawings (Figure 2.7) shows that the architect produces a lot of sketches in the early design
stage.
The necessity to sketch arises from the need to foresee the results of the synthesis or
manipulation of objects without actually executing such operations (Fish and Scrivener,
1990). In architectural practices the architect usually begins to sketch after reading the brief
(the brief is a list of demands and wishes that the client has). Sketch drawings (early design
stage) are usually created by hand, detailed drawings (definitive design stage) and working
drawings (final design stage) are mostly created using CAD software. CAD software is also
very useful in specifying a design in terms of more-or-less standardized components.

Figure 2.7 Histogram showing the number of drawings of each type produced during the design
process (Brown and Norton, 1992)

Fish and Scrivener list the following important attributes of sketches (Fish and Scrivener,
1990):
1. Sketches use an abbreviated two-dimensional sign system to represent three-dimensional
visual experience and can contain different kinds of information, such as diagrams,
annotations, remarks, etc.;
2. Sketches contain selective and fragmentary information (sketches are never truly ‘done’),
by leaving out information, the focus is on the aspects of the design that are displayed in
the sketch;
3. Sketches contain deliberate or accidental vagueness which is an important aspect of
sketches (sketches are thus to be interpreted in multiple ways). Vagueness is obtained by
blank spaces where the drawing fades away, multiple alternative contour lines, missing
contour lines, wobbly lines, suggestive scribbles and smudges, etc. One reason for such
vagueness is the need to preserve alternatives.
The architect sketches in order to come up with promising ideas, concepts, and themes.
Sketching is also a representation tool. Sketches allow the designer to examine and validate
11
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his/her idea, to keep record of ideas during the design process, and to communicate between
him/herself and others.
Architectural sketches are abstractions. They have different functions, information and
appearance. Designers tend to ‘play’ with the shapes of rooms, walls, roofs, etc. to support
creativity through visual feedback. Architects seek for lines and figures that resemble ideas,
conditions or shapes. They produce, constantly seeking for a good solution, a lot of sketches
and models.
We can say that architects make unintended discoveries by inspecting their own sketches.
Architects put ideas down on paper and inspect them. As they view their own sketches, they
see new relations and features that suggest ways to refine and revise their ideas (Suwa and
Tversky, 1996).
There are different ways to get new ideas, for example 'working on transparent paper'. With
transparent paper (layering paper) the architect can move and rotate the paper as with normal
paper, but also flip to mirror the paper, and thus see the design in many different ways. The
architects also use transparent paper to work on multiple layers. Transparency allows the
designer to build on a design with reference to previous ideas.
Yet, sketches are limited to two dimensions and not all of the ideas can be represented by
sketches. Another important tool for architects is a scale model (building mockups). In order
to create such models architects can use clay, cardboard, wood, etc. There are several
different sorts and applications of model building: urban, surrounding models (landscapes),
building model, inside structure, etc.
Scale models are most frequently used (Piccolotto, 1998):
•
•
•
•
•
•
•

to present the design;
to communicate with oneself and with others;
to check lighting / shading in design;
to check form / aesthetics (e.g. symmetry, repetition, intrusion);
to check how the building will fit in the surroundings;
to check relative dimensions, to form an image view impression;
to check if the form fits the function (parallelism).

2.3 Use of CAD in architectural practices
Architects do not use the same support tools at every stage of the design process. The use of
computer support does however not only depend on the stage in the design, but also on the
size and type of the architectural practice. The distribution and evolution of CAD use in
architectural practices has been researched by Mirza&Nacey Research (1999). At the time of
this study, more than two-thirds of the architectural practices were using CAD in some form.
While CAD use was widespread in larger practices, its use decreased with practice size, so
that only 38% of one to two person practices used CAD (Appendix A, Figure 1).
In those practices that used CAD, it was mainly used as a 2D electronic drawing board, rather
than as a design tool or tool for 3D modeling. Only about half of the architects used CAD for
3D modeling, and less than one-third for visualization (Appendix A, Figure 2). Nevertheless,
over the past few years, the use of 3D design and modeling is increasing steadily, and is
12

Chapter 2 Design process
slowly bridging the gap between the 3D thought process and the 2D capture of information
(Baker, 1998).
Usage of CAD by job type has also been analyzed (Mirza&Nacey Research, 1999). It is most
widely used on industrial projects (84%) and least frequently (36%) on housing projects
(Appendix A, Figure 3). Because CAD use is most widespread on the largest jobs, this means
that, in terms of the cost of work (for insight into the value of commissions received by
architectural practices, see Mirza&Nacey, 1999) done, it dominates (Appendix A, Figure 4).
Most CAD programs contain tools for definitive and precise drafting and modeling, and are
developed for the later design stages (Suwa and Tversky, 1996). The early architectural
design tasks do not require CAD accuracy and functionality. In the early design stage, most
architects therefore still prefer to use paper and pen or scale models (Gross and Do, 1996).
Yet, in order to reduce the time spent on the transition from the conceptual stage to more
precise stages, some of the architects use programs like AutoCAD, ArchiCAD, Arc+ in all
phases. The down side of this practice is that the use of such precise programs in the early
design stage tends to limit the creativity and can encourage poor design (Lawson, 1999). Thus
we can see that, on the one hand, advanced CAD tools are widely used to support later stages
of the design process, while, on the other hand, many designers still prefer pen and paper in
the early stage. This creates a gap in the design process flow, because after the conceptual
stage the architect has to transfer his/her design into CAD programs. As a result of this
observed gap, the early stage of the design process seems to be interesting to investigate for
possible computer support.
Only in recent years, companies like AutoDesk have introduced CAD tools that are indented
to support the early stage of design and that can be used together with more advanced tools
for the later stages of the design. Nevertheless, there remain at least two weak points in these
tools. First, different activities are supported by different tools, while each tool has it own
specific user interface, data format, etc. Second, some activities, like sketching, need to be
supported in a much more intuitive way, which means that the designer has to be able to
design without paying too much attention to the computer tool itself. The computer may never
restrict the architect, but rather must assist in improving his/her design process.
Based on the above argumentations we have decided to concentrate our work on the early
stage of the design. Therefore in the following sections we will more closely analyze the
characteristics of this early stage of the design process.

2.4 Design models
In order to formalize our understanding of the design process, we have constructed a design
model that depicts the identified activities, stages, and flow of the early architectural design
process. This section introduces some existing design models. They will form the basis to
formulate our own model in the next section.
The design process is a creative and iterative (cyclic) problem solving process (Roozenburg
and Eekels, 1995). The process of designing (the design cycle) is a sequence of activities
(steps) that an architect has to take from the beginning of the design until the end product.
Obviously, a large overall design process may include smaller sub-designs that may in turn be
qualified by the different design stages identified in section 2.1.
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There have been several attempts to describe the design cycle as a logical structure of
activities that take place. Here, we introduce and describe those aspects that have helped us to
build up our concept of the design cycle in the early architectural stage.
A
Concrete

C
Communication

S
E

E
(Host Environment)
Analysis (A)

Synthesis (S)

Abstract
Evaluation (E)

Communication (C)

Figure 2.8 Asimow’s iconic model of the design process (Rowe, p. 47-48, 1992).

Asimow model of architectural design (Rowe, p. 47-48, 1992). Morris Asimow
distinguished two aspects to the design process: a sequential phasing of activities, and a
decision-making cycle (analysis-synthesis-evaluation-communication). The latter is common
to all phases (see Figure 2.8). The chronological sequence of phases in the vertical structure
proceeds from feasibility study (design) to production itself. The horizontal structure
represents a cycle that begins with analysis and proceeds through synthesis, evaluation and
communication (Rowe, p. 47-48, 1992). He saw this cycle as iterative, both within and
between the various design stages.
Archer model of product design (Archer, 1965). Bruce Archer proposed a different
‘operational’ model of design (see Figure 2.9). The model distinguishes three interrelated
realms to the process: the external representation, the process of activities, and the problem
solver (the architect). The design is seen as a sequence of activities defined by their
orientation and by the general type of task involved (Rowe, p. 48-50, 1987). The first design
activity is the programming. In this stage, the designer should “receive brief, analyse problem,
prepare detail program and estimate” (Archer, p.16, 1965). There are three entry points in this
activity: one external – the brief (or assignment), and two internal – the training and
experience that the designer has. The next activity is data collection and it involves the
following tasks – “collect data, prepare performance (or design) specification, reappraise
proposed programme and estimate” (Archer, p.16, 1965). These first two activities construct
the analytical phase. Analysis and Synthesis involve preparing an outline of the design
proposal(s) and developing prototype design(s). Analysis, Synthesis and Development form a
creative phase. Development and Communication activities involve preparing (and executing)
the validation studies and manufacturing documentation. The communication activity forms
the executive phase (Archer, 1965).
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Training
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Programming
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Solution

Description
Translation
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Figure 2.9 The Archer’s model of product design distinguishes three realms: external representation
(left), process of activities (middle) and problem solving (right). (Archer, 1965)

Archer pointed out that one of the special features of the design process is that the analytical
phase with which the design begins requires objective observation and inductive reasoning,
while the creative phase in the middle of the process requires involvement, subjective
judgment and deductive reasoning. When the critical decisions are made, the design process
continues with the execution of working drawings, schedules, etc, in an objective and
descriptive form.
Roozenburg and Eekels model of product design. Roozenburg and Eekels proposed a
design model that they called ‘basic design cycle’ (see Figure 2.10). They describe the design
process in a way that is very similar to Asimow (Rowe, p. 47-48, 1992) – a trial-and-error
process that consists of a sequence of empirical cycles, in which the knowledge of the
problem as well as the solution increases in a spiral way (Roozenburg and Eekels, pp. 87-88
1995). The point of departure in product design is the function of the new product. Thus in the
analysis phase the designer forms an idea of the problems surrounding the new product and
formulates the criteria that the solution should meet. The next step is the generation of a
temporary design proposal. Synthesis is the moment of externalization and description of an
idea in different forms (verbally, sketch, drawing, model). Simulation formulates the expected
properties of the designed product by reasoning and/or testing models, and precedes the
actual manufacturing and use of the product. Evaluation is establishing the value/quality of
the provisional design. Then follows the decision to either elaborate the design proposal (or,
if it is the final design, to move to the manufacturing stage) or to try again and generate a
better design proposal (Roozenburg and Eekels, pp. 87 - 93, 1995).
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Function
Analysis
Criteria
Synthesis
Temporary Design
Simulation
Expectation
Evaluation
Value of the design
Decision
Figure 2.10 Roozenburg and Eekels ‘basic design cycle’ (Roozenburg and Eekels, 1995).

2.5 Early architectural design cycle
Based on the above mentioned studies we constructed our own model, that summarizes our
understanding of the early stage of architectural design and identifies activities. The resulting
activities (steps) involved are presented in Figure 2.11. This model contains aspects of all
three models discussed before. Every step in the model presents a type of activity that the
architect undertakes (Segers, 2000).
Architectural design starts from reading or making a brief. In a small assignment the brief is
usually done by the architect in cooperation with the client, but in large projects, it is possible
that another firm composes the brief. The brief is a list of demands and wishes that the client
has. The content of the brief changes during the design process, because by visualization of
the design, things become more and more clear. Amongst all the information contained in the
brief, two points are essential to the architect for making a start in designing: the function of
the building and the site in which the design has to be located (in some cases the location of
the building can be undefined). The very first thing an architect has to do is to identify the site
and the function of the building s/he is going to build.
After reading the brief the architect usually begins sketching in order to come up with
promising ideas, concepts, and themes. While sketching, the architect also writes a lot of text,
mostly annotations. In the diagram, the writing is not separated from the sketching. The role
of writing in the sketching process will be discussed in the next section. In Figure 2.11, the
sketching process is shown as one of the steps. This is an idealization, because in reality, the
sketching process is a part of nearly every step. Yet, not all of the ideas can be represented by
16

Chapter 2 Design process
sketches. Another way to represent and test ideas is by way of modeling (building mockups).
Modeling is a method to represent the eventual form of the design when it will be an artifact
in the real world (on a reduced scale), made e.g. from foam or cardboard (see figure).
Through the model the architect can see relationships such as light and shadow positions, get
insight in the spatiality and composition of the shape of the building (both inside and outside),
etc.
Function
Observation
Measurement
Inductive
Reasoning

Analysis

Analysis
Criteria

Read/make brief
Find info
Reasoning
Brainstorming

Synthesis
Synthesis

Evaluation

Evaluation
Judgment
Deductive
Reasoning
Decision

Temporary

Sketch/Mockup
Looking around

Simulation
Expectation

Description
Translation
Transmission

Evaluation
Value of the

Verify results
Communication
Presentation
Reflection
Decision

Communication
Decision

Asimov

Archer

Roozenburg &
Eekels

Early architectural
design activities

Figure 2.11 Design cycle for the early stage of design

At the same time the architect works on finding information. This can be technical
knowledge, information about the site (positioning of the building on the site, its orientation,
visualized with a solar schema), architectural knowledge, technical constraints, rules, etc.
Reasoning is the processing of all this information based on expertise and training.
Brainstorming is assumed to be closely related to the sketching process. The architects
trigger themselves to have more and better ideas, by repeatedly sketching and looking at the
sketch. Brainstorming is one of the most effective creative techniques that promotes the
generation of analogues and metaphors (Broadben, 1998). Looking around is a process
where the architect looks at architectural examples, work of the other architects, art, etc.
Looking around is done throughout the design process, parallel to all other design steps.
When the architect feels that s/he has a valuable idea, s/he tests it against the brief (for
example with the area that is needed), with technical requirements and rules (verify results).
Reflection can be divided into two parts: the architect himself reflects on the results and the
reactions and opinions of the client and colleagues are collected. The architect often
communicates with the client through a presentation. The whole design cycle can be
repeated several times before the final decisions are made.
We have to point out that the presented model is an idealization, because there is no such
thing as the design process in the restricted sense of an ideal step-by-step technique. Rather,
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there are many different styles of decision-making, each with individual details and common
characteristics (Rowe, 1987, p. 2).

2.6 Conclusions from design models
This section summarizes potential benefits of using computer tools in the identified activities
of the early architectural design cycle of the previous section:
1. During the design, a computer tool can help to keep track of changes and compare them
with the brief (maybe calculate some aspects of the brief, for example, determine area to
be used and visualize this in the plan).
2. For the Brainstorm, Reflection and Reasoning activities, computer tools can give feedback
on the design by means of association, abstraction or reflection. They can suggest ways to
continue and can keep an overview of steps that have already been taken. Feedback can be
deduced from words and images that the architect generates and uses during the design
process.
3. Electronic databases with fast and easy search and access to large amounts of relevant
data can help in the Find info and Looking around activities.
4. For Sketch and Mockup activities, a computer tool can provide a fast and easy way to save
and restore work, can help in managing the design, and keep track of changes; can help to
transfer early design into advanced CAD tools.
5. A computer tool could potentially automate some of the verifications, could help to test
the design for lighting, heating, circulation, safety etc. conditions. Thus it could help to
detect problems with design aspects in the Verify results stage.
6. A computer tool can enable cooperation, collaboration and communication with remote
sides (through the network), other parties, disciplines, etc., hence improving the
Communication stage.
A computer tool can help in preparing the presentation, and can enhance the presentation
itself. For example, with 3D modeling, it is possible to simulate a walk through the building.

2.7 User study
In order to define the user requirements for a system that is intended for the early design
stage, we carried out the following activities: 1) a brainstorm session with professional
architects, 2) an enquiry in the form of a questionnaire with practitioners and students from
the architectural department, and 3) observations and interviews in the architectural students
workshop. This section summarizes the main results from these studies.
2.7.1

Brainstorm

In the beginning of this project we carried out a brainstorm session. Four practitioners with
different amounts of experience (5, 6, 15, 50 years) were involved in the session. The goal of
the organized brainstorm session was to get opinions, ideas, etc. from architectural design
practitioners on aspects such as:
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•

Can you imagine design (sub)tasks that could be performed better, faster, more
pleasantly, etc., with assistance from the computer? (do not only consider design tasks
performed by a single architect, but also group discussions, etc.)

•

What would be the role of the computer in these tasks?

•

How would you like to interact with the computer (what would be your preferred input,
and what would you expect as output from the computer)?

These opinions were intended to help formulate the goals and functionality of the
architectural design tool(s) to be developed.
Figure 2.12 shows the design process according to the architects in the brainstorm session.
The design process starts from making/reading the brief. The brief is one way of
communicating between architect and client, the other way is through presentation. When the
architect comes out with the first conceptual idea of the design, s/he can present it to the user
in order to evaluate it or to clarify some of the aspects of the brief, or to convince the user to
change some points in the brief. For this presentation the architect can use different
representations and means such as the section, the plan (organization), a small scale model
(3D view), text and words (explaining concept), sketches (atmosphere and idea), etc.
Knowledge and
Ideas:
Technical
knowledge
Costs
Rules
Site

The brief
Architect

Presentation

User / Client

Steps
Means
Thoughts
Design

Figure 2.12 Design according to architects

During the design, the architect uses his/her knowledge and ideas, s/he thinks about
conditions, site, shapes, esthetics, concepts, function, etc. The design process itself is chaotic
in the beginning and contains the following:
•
•

•

Function analysis and location of functions in building design and site;
Materialisation (which materials to use, how it will look) with respect to the
surroundings of the design; the first idea is drawn by hand, but after there is some
intuition or notion of the design, it will be further worked out in the computer. For
example, the mass models are entered in the computer, in order to experience the depth
and height of the design.
Ideas are tested for required area, technical feasibility, site-conditions, etc.

Sketches, mass studies, collages are often used to test and convey these ideas.
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During the brainstorm session, architects made the following statements:
•
•
•
•
•

•

Testing of ideas is done by hand on paper, since the computer is too much trouble to
control.
Sketching is in fact much faster and more direct than using the computer.
Sketching is a very good way to find the right ideas and shapes while making a design.
The double lines are multi-interpretable. They are not very clear and will therefore be
open to interpretation.
The pitfall of using the computer early on is that perspective gives more information
than sections and plans, but people expect that everything is in the image, so
misunderstanding is the consequence.
There are several types of clients, ranging from private over semi-professional to
professional clients that have to be approached in different ways. For instance, a sketch
might be sufficient for a private client, while a professional client might expect a 3D
visualization.
The architect gets background information and inspiration by looking at other
buildings, experience, analysing works of others and by coincidence.

The brainstorm session did not provide clear answers to the three main questions formulated
above. This outcome can be explained by the facts that (1) these kind of questions are difficult
for the people who are not particularly interested in (the forefront of) computer interfaces
(design); (2) it is hard to envisage new tools, especially when architects are more or less
satisfied with the current situation; (3) they have been taught to use particular techniques and
tools and have been using them for several years, so that these tool, are natural for them
through intensive learning.
The brainstorm did however give us an inside view in the current way of designing, itspitfalls
and important characteristics.
2.7.2

Enquiry

In order to identify more specific user requirements, we carried out an enquiry in the form of
a questionnaire. Ten students from the TU/e (the Eindhoven University of Technology)
architectural department and ten practitioners participated in the questionnaire study.
Questions for the questionnaire were formulated based on the results of the brainstorm session
and a literature study. The questionnaire consisted of three parts. The first part contained
questions about the current way of designing in the conceptual stage (for example activities
that architects do, computer and non-computer tools that they use, etc.). The second part
contained general questions about CAD programs for the early stage of design and questions
about different functionalities that are useful in such tools. The last part of the questionnaire
had more specific questions related to design tool requirements. The questionnaire contained
different types of questions: scaling questions (from 1 to 7), yes/no questions, open questions
where we asked the participants to express their opinion, multiple choice questions, etc. (see
Appendix B). A full list of the questions and summarized results is provided in Appendix B.
The most important outcome of the enquiry is summarized in Table 2.2.
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Table 2.2 The important results of the questionnaire
Percentage of respondents

P(%)

S(%)

T(%)

Use both the computer and sketch on paper during design

100

100

100

Start to sketch before starting to use a computer and continue to sketch
while working with a computer

100

100

100

Consider transparent paper as an important tool for sketching

100

100

100

Consider images/photos as most important inspirational material, and 3D
models and text as next important material

100

90

95

Create 3D models of buildings on a computer

80

80

80

Consider sketching to be more important than scale modeling

70

50

60

Often create building models (mockups)

60

60

60

Often reuse ideas from previous projects, and within one project

60

40

50

Start to use the computer from the beginning of the design process (the
rest start to use it from the preliminary stage of the design)

40

30

35

Use computer tools for sketching

30

-

30

Do you …

P – practitioners; S – students; T – total.

The enquiry also revealed that in the beginning of the design the most often-used programs
are Adobe Photoshop, word processors and AutoCAD. Usually these programs are used for
visualizing the ideas, creating presentations and collages, etc. These presentations help to
explain the ideas to others and help to trigger new ideas for the architect.
Therefore one can see that architects usually start designing form the sketching on paper and
continue to sketch while working with CAD. On the additional question – “why do you
continue sketching while working with CAD”, most of the respondents answered that the
sketching is a quick and easy way to try out new ideas before implementing them into CAD.
Another advantage that was pointed out is a mobility of the pen and paper, the architect can
sketch in different environments such as office, home, outside (for example on site), in a bar,
etc (Gross and Do, 1996). Pen and paper also allow easy communication with the client and
other architects.
Architects also often reuse ideas and materials from previous projects, which means that
functions like the ability to easily store and manage created materials can be useful for that
purpose.
The enquiry also showed that transparent paper, text (writing) and images are important tools
for the designing. An image can inspire the architect. Sometimes it displays materials or an
atmosphere that the architect likes, or it displays a certain composition of proportions, which
appeals to him/her in an esthetical way. Text is used as annotation, explanation or as
keywords. Sometimes it is used in schemes or in a description of the conceptual ideas.
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Therefore the architects usually work in a very rich environment, surrounded by different
visual and textual information and with a wide variety of tools and materials (Carter, 1993).
2.7.3

Observations and interviews in the architectural students workshop

Above it was pointed out that creating mockups is also important in early architectural design.
As a part of the “How to apply innovative technologies” course for the USI (user-system
interaction) master program, students performed some observations and interviews in the
architectural students workshop. A workshop is a place where students create different kinds
of small-scale models.
Based on these observations, interviews and student’s works on the assignment we have
summarized the advantages and disadvantages of the traditional versus the CAD software way
of creating small-scale models. These results are presented in Table 2.3 and Table 2.4.
Table 2.3 Advantages and disadvantages of the traditional way of creating small-scale models
Advantages

Disadvantages

Observations
Direct, natural, easy manipulation, use of two
hands.
Not very precise, easy to try different things
More modalities used
Work with different kinds of material
Simplicity of constructing models
Can be easily viewed from different points of view
(real 3D)
Appealing to work with hands (interaction with
material)
Artistic environment
Work with many people at the same time (the
creative atmosphere of a workshop)
Can work together with several people on the
same model

Cannot ‘go’ inside, no change of scale
Hard error recovery
Expensive materials/equipment
Storage, transport, back up, distribution
No re-use of components
Time consuming
Difficult to create a site (environment)
Difficult to test different possibilities
(creativity)
Space consuming

Interviews
Work with materials
Touch material
Artistic
Easy to learn how to work with equipment

Small parts difficult to make
Hard error recovery
Time consuming
Space limitations
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Table 2.4 Advantages and disadvantages of the computer for creating scale models.
Advantages

Disadvantages

No additional material needed to construct model
Easy to remove parts (make them transparent)
Easy to look from any given point of view
Real parameters can be used (further on real
specifications for builders can be made)
Easy to change and edit any parameter
Most of the parameters can be set (mass,
material, color)
Small workspace needed (computer only)
Any material can be used, costs don’t matter
since it is only simulation
Can be very precise
Easy to communicate with remote parties

Special training needed, sometimes takes a
long time and a lot of effort
Not true 3D, but 2D picture
No feeling of material
Very precise from the start (not needed)
Hard to make rough sketch and try different
combinations
Too many parameters to fill in for simplest
case
Very expensive equipment needed for realtime rendering
Hard shape forming
Usually solo work

In general the observations showed that the advantages and disadvantages of the traditional
way of creating scale models are mostly related to the fact that a physical object needs to be
created. If a physical object is created it is difficult to test different alternatives, to recover
from an error, to re-use components, etc. In contrast, computer models do not have theses
disadvantages. However the down side of computer models is that there is no feeling of real
materials, it is not truly 3D, it is very precise from the beginning, etc.

2.8 Scenario
This section presents a scenario that shows the architect at work in the beginning of the design
process.
A designer gets a new assignment to design a family house and holds a meeting with the client
to discuss the assignment. She draws up a brief as a result of the meeting, the main constraint
for the design is that the location and the size of the site is strictly predefined. After the
meeting, she visits the site. When she arrives there she already has some ideas in mind. On
the site she makes several photos and sketches. After that she returns to the office. Her
workspace consists of a large drawing board and a worktable with a computer on it; she
shares the office with three other architects. She prints the photos of the site and places the
sketches that she has made on the drawing board. In order to find inspiration and useful
information for the new assignment she looks on the computer at her personal database which
contains materials (photos, sketches, etc.) from her previous projects. She has some new
ideas, and remembers that she has seen something similar in the work of an other architect,
so she shows the sketch that she made to one of her colleague and asks him does he remember
the name of the architect who created the similar design. Then she browses through few books
with pictures of the work of other architects in order to find photos with a similar design.
After that, particularly interesting materials are printed/copied and collected on the
worktable. She arranges the available materials on the worktable and hangs some of the
pictures on the drawing board. After that she starts to sketch on transparent paper using a
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sketch that she made on site as a background image. While sketching she uses different kind
of pencils with variable colors. She also writes some notes, related to the design and some
additional requirements that she wants to check with the client. At the end some useful ideas
have been created and assembled.

Figure 2.13 Traditional environment of the architect

Next day, she starts designing again. Today she creates some sketches related to the site. First
she checks the sketches that were made the previous day. After that she collects several of the
sketches and combines them together with a site scheme in order to construct a new design
alternative. After that she takes transparent paper, one interesting sketch and a scheme of the
site and merges them together, than she starts sketching by overdrawing some parts of older
sketches. Than she decides to create several more or less precise perspective sketches so she
uses a ruler for aid in drawing. With more or less concrete ideas in mind, she browses trough
different architectural photo books to trigger herself for new ideas.
When she is satisfied with the preliminary design she consults with the client and clarifies
some aspects of the future building. So she holds another meeting with the client where she
shows her ideas of the design (using created sketches) to the client. The client particularly
likes one of the proposed designs, so she decides to explore it further. She returns to the office
and creates more concrete drawings of the floor plan using a ruler in order to consider the
spatial constrains (size of the site, rooms, etc.). After that she runs ArchiCAD program and
redoes her final design there in order to continue the design in a more strict and precise
environment. While using ArchiCAD she has new ideas, which she quickly tests using pen and
paper, and then implements them into ArchiCAD (Figure 2.13).

2.9 Specific requirements for the project
The user and literature studies reveal that there is a gap between the early stage of the design
and later stages. We believe that this gap is caused by two major problems. The first problem
is the necessity to switch between pen/paper and CAD programs. Use of advanced CAD
programs from the beginning of the design process introduces a limitation to the creativity
and quality of the design (Lawson, 1999). We believe that a design tool that is developed
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especially for the conceptual stage of design could help to bridge this gap. The second
problem is that potentially useful tools for the early stage of the design have been introduced
(see next chapter), but that the user interfaces to these new functionalities are based on the
existing WIMP paradigm. Usually these tools fail to support the level of abstraction,
naturalness and vagueness required for the conceptual design stage.
This project does not try to cover the whole early design stage. We will look at particular
steps and activities in order to find where improvements can potentially be realized and where
the place for implementing and testing our ideas can be. More specifically we concentrate on
the natural and seamless support of basic designer activities, like sketching. Our interests are
not to introduce new functionalities to the design process but rather to build a user interface
that can potentially bridge the gap between the user and useful functionalities.
Based on the results of the literature study, brainstorm session, enquiry, and observations we
have selected general requirements for a conceptual design-supporting tool, on which we have
decided to focus:
1. The architect must be able to sketch, write, model and search for images, or other
information in an easy and intuitive way. Intuitiveness in using a tool is important in
order to enable the architect to focus on the design problem and not on how to use the
program (interaction ‘through’ rather than ‘with’ the tool). Intuitiveness can be
provided to the architect by a tool that is natural to him/her.
2. The tool should be able to handle all information that is useful to the architect. This can
be information concerning the assignment, the situation of the building envisioned,
her/his vision on architecture, inspirational material, often pictures, etc. It is important
that the tool can handle multiple representations at the same time, meaning sketches,
images, text, and 3D models (Segers et al, 2001)
Several more specific requirements for the design environment can also be formulated:
1. The architect should be able to sketch in an easy and quick way (one way to
accomplish this is through keeping an environment close to the traditional).
2. Transparent media should be available to the architect.
3. The architect should be able to use additional materials like images and text.
4. The architect should have an easy and quick access to the materials that have been used
or created during previous projects.
5. The architect should be able to create rough 3D models in an easy and direct way.
6. The tool should support mobility.
Because of the vagueness of the design process it is difficult to determine beforehand how
computer support tools should behave in detail. However this list of requirements can be used
as a starting point and can serve as a guideline throughout the development. In order to learn
about more detailed requirements an iterative-cyclic prototyping approach is necessary
(Rauterberg et al, 1995b).
Figure 2.14 summarizes our design philosophy towards the development of the computer
design supporting tool. This chapter studied the architectural domain, stages, goals and
context of the architectural design. We also decomposed the early architectural design stage
into basic tasks and activities.
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Chapter 3
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Chapter 4
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requirements

Electronic paper prototype

Chapters 5 and 6
Evaluation
Figure 2.14 Our design approach

In the next chapter we present an overview of the development and research that have been
done in the field of computer aided design systems, and natural/intuitive user interfaces. We
discuss what kinds of functionality and interaction techniques can be introduced by these
tools to the design process. We also discuss what are the added values and pitfalls of these
tools (Figure 2.14).
Chapter 4 summarizes the requirements formulated in Chapter 2 and Chapter 3. Chapters 5
and 6 describe the design, implementation and evaluation of the first and second Electronic
Paper prototypes that were designed, based on our analysis of the user context and needs in
the previous chapters.
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Chapter 3

Design and computers

Design and computers
As pointed out in Chapter 2, current computer tools in architecture mostly support the
architect in the later stages of the design. Most existing CAD programs are not well suited for
the conceptual stage, since they do not support the quick and abstract nature of conceptual
design. Consequently, if a designer starts to use CAD from the beginning it can limit his/her
creativity. On the other side, if s/he starts from sketching, s/he will have to translate the
design into CAD later on. A computer tool for early design is potentially useful in reducing
the time needed for converting the design from the early to the later stages and can introduce
new useful functionality early in the design process, but should not do so at the cost of
barriers in the creative process (compared with designing on paper).
One possible approach towards creating such a new design support tool is through the use of
augmented reality (AR). Augmented reality allows to preserve the characteristics of traditional
media, while at the same time augmenting them with access to new functionality. Thus it can
potentially make computer-based interactions more intuitive. Intuitiveness in using a tool is
important in order to enable the architect to focus on the design problem and not on how to
use the program.
In this chapter, we provide an overview of relevant developments and research in the fields of
computer-aided design and augmented reality. This overview helps to identify important
requirements and the potential added value of the computerization. This chapter also
discusses advantages and disadvantages of existing design supporting tools, in order to
identify more specifically those aspects that are worth supporting in a new tool.
The chapter contains four sections. The first section describes different design tools. The
second section introduces Augmented Reality and Tangible User Interfaces, while the third
section discusses interface requirements for the early architectural design, with a focus on
sketching and analyzes the described design tools based on identified requirements. The last
section summarizes the overview of relevant developments and research.
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3.1 Computerized tools for designers
Much research and development has been done in computer-aided design. Some of these
studies have influenced the direction of our own research. These studies also introduce
different potentially useful functionalities for the early design. In this section we give an
overview of some of the design tools that are currently available or under development, and
which have guided us. The tools can be subdivided into two distinguishable groups: 1) tools
that automate some of the tasks, for example help to test the design for lighting, heating,
circulation, safety, etc.; 2) tools that aim to improve a particular part of the design process by
introducing new functionality for example by enhancing the communication by adding an
ability to collaborate over a network, or improve the speed of sketching by helping with
‘difficult’ sketching elements. Another way to divide these tools is by scope, i.e. on tools that
support one particular part of the design process such as sketching, and tools that aim to
support the design process as a whole.
A number of these tools, which represent different approaches to design support, will now be
described in detail.
First we will describe the Napkin and DDDoolz as examples of tools that aim to improve one
particular aspect of the design process.
Electronic Cocktail Napkin. In 1994 Mark Gross (Gross and Do, 1996) has created the
Electronic Cocktail Napkin. The Electronic Cocktail Napkin is a pen-based, freehand drawing
environment for design. Its goal is to support the kind of informal drawings that designers do
during conceptual design. The Cocktail Napkin supports making, editing, and managing
diagrams and freehand drawings. Figure 3.1a shows the Cocktail Napkin drawing board, with
command buttons (left), tabs to select and manipulate layers (right), and previously set aside
layers (top). Figure 3.1b shows the program’s Sketchbook for storing and retrieving
collections of drawing.

Figure 3.1 Cocktail Napkin drawing area (left); Sketchbooks for storing interesting sketches (right)
(Do, 1998).

The user draws on a digitizing tablet or other input device, and marks appear in the Drawing
Board or Sketchbook window. The Cocktail Napkin retains and displays the as-inked
representation rather than automatically cleaning up the drawing (although this option is
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available). The user can edit the diagram, selecting, moving, resizing, and rotating drawing
elements. The Napkin provides support for recognizing configurations in a drawing, with
user-defined patterns and graphical rewrite rules. For example, a designer working on a floor
plan might draw a configuration of four boxes around a larger box, which (an appropriately
prepared) Napkin could recognize as an instance of a ‘dining table’ configuration. In the
context of drawing floor plans of rooms, a small box is interpreted as a chair, a larger box as a
table (Gross and Do, 1996).
A disadvantage of the Napkin is that the display and drawing surface do not coincide, which
can introduce eye-to-hand coordination problems. This disadvantage could be avoided by
using a sketch tablet with LCD screen. The major advantages of the tool are the principles of
working with layers and the non-generic recognition system (defined patterns and graphical
rewrite rules).
DDDoolz. DDDoolz is an example of 3D drawing tool (Achten et al., 2000). The premise is
that the designer should be able to directly create objects in a 3D environment without system
interference.
Using DDDoolz the user can create 3D objects composed of small boxes (Figure 3.2). Boxes
can be drawn by moving the cursor over the side of an existing box. The selected box will be
copied next to the existing one into the drawing direction. If the system cannot catch up with
the drawing speed it will continue creating boxes until it will reach the current cursor position.
Boxes can also be rotated, moved and deleted. The tool also allows a higher level interaction,
namely Edge Drag (Vries and Achten, 2002). With edge drag, one cube can be moved while
at the same time moving all cubes left and right or above and below, depending on the
dragging direction. As a result, an edge is dragged while maintaining connectivity with other
edges (Vries and Achten, 2002).

Figure 3.2 3D sketch was created using DDDoolz (Vries, 2003)

Currently, a standard PC interface (mouse, keyboard and monitor) is used for controlling
DDDoolz. The main advantage of DDDoolz is the possibility to create 3D models directly
and quickly.
The Sketchpad+ and Architectural studio are examples of tools that aim to support the design
process as a whole by resembling the traditional environment of the architect and introducing
new functionalities.
SKETCHPAD+. Allows drawing on the surface of a large design table that is both a penbased digitizer and computer display. These freehand strokes, drawn directly onto the
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computer display, are projected into the application’s virtual space to become the primary
elements of a sketch model – a 3D drawing. The pen-based digital table resembles the
traditional design environment. The designer can sketch into photo-realistic simulations of
architectural spaces. They can iterate through design variations by sketching, rendering, resketching, and re-rendering models. Sketchpad+ also allows the translation of a design into
commercial CAD programs, so that it can be easily embedded into the traditional design
cycle. The tool also supports collaborative work by allowing several designers to work
simultaneously on one model (Piccolotto, 1998).
The main advantage of Skechpad+ is that it resembles the traditional environment of the
architect and removes the gap between conceptual and later stages of the design by providing
a transformation of the design into advanced CAD programs. However, in the traditional
environment, the designer uses both hands. This important aspect of the sketching process is
missing in the Sketchpad+ tool.
Architectural Studio. Architectural Studio includes tools such as pencils, markers, erasers,
and tracing paper. The screen, like a conventional desk, can be filled with imagery from many
sources: scanned photographs and hand-drawn sketches, drawings imported from other
projects, stacks of alternative concept sketches, renderings, etc (Figure 3.3). With the tracingpaper tool, architects can overlay a translucent "trace" and develop new variations of a design
while preserving old ones. Sketches made within this environment look much like sketches
that have been hand-drawn, scanned, and imported. This tool also allows exporting of the
design into advanced CAD programs (Novitski 2002). The advantages and disadvantages of
this tool are very similar to those reported for Sketchpad+.

Figure 3.3 Architectural Studio (screenshot from Architectural Studio release 3.0)
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EsQUIsE and IDEA-l are examples of tools that automate some of the tasks.
EsQUIsE. EsQUIsE is an experimental computer-based tool for capturing and interpreting
architectural sketches, by locating its architectural concepts: border line, functional space and
topology (Leclerq, 1999). The tool aims to compose the spatial semantic representation of the
architectural drawing in order to provide different architectural simulators (such as heating
and lightning conditions, construction cost, acoustics quality, etc. (Leclerq, 1999). The tool is
currently in an early stage of development.
IDEA-l. IDEA-l is a prototype of a natural lightning design tool for the early stages of the
design process (Geedelen and Neuckermans, 2000). The prototype aims to compute
illuminance levels and daylight factors, to help the user to interpret results, identify
weaknesses, etc., at a point in time where major changes to the design are still possible. The
tool is currently under development (Geedelen and Neuckermans, 2000).
Since early design in different domains (architecture, industry, web, etc.) has a lot of common
properties (for example sketching), Table 3.1 provides a short description of a number of nonarchitectural computer tools that support early design. More specifically, the table specifies
which design task(s) are being addressed by the corresponding tool.
Denim and Satin are pen-based tools for conceptual web design, and aim at 2D sketching (Lin
et al., 2000). Teddy (Igarashi et al., 1999) and Alice (Conway et al., 2000) also support
conceptual web design, but they aim at quick and easy creation of freeform 3D models and
scenes. MDS concentrates on product design, and allows explorative search in a database
collection (Stappers and Pasman, 1999). TRI is a design environment that supports different
ranges of interaction (sketching, organization and presentation and presence for inspiration
and information (Keller et al, 2000).
Summarizing the different aspects of the available design tools we can formulate a list of
possibly useful functionalities that can be introduced into the conceptual design with
computerization:
•
•
•
•
•
•
•
•
•
•
•

help in moving from the conceptual design stage to more definitive design stages
(Architectural Studio, Sketchpad+)
memory (retrieve, re-use, tracking of changes, archiving and reviewing the process)
(Napkin, Pegasus, Alice, DDDoolz);
editing (minimize re-drawing, copy/paste, manipulation) (Napkin, Denim);
collaboration over a network (SKETCHPAD+, Architectural Studio);
computer assistance in the design process, such as constraint management
(SKETCHPAD+, Architectural Studio, URP, TRI, MDS);
help in a creating 3D shapes (DDDoolz, FBM, Alice, Teddy, SKETCHPAD+);
3D modeling/rendering (DDDoolz, FBM, SKETCHPAD+, Architectural Studio);
help with ‘difficult’ sketching elements, such as straight and parallel lines, ellipses,
circles, curves) (Pegasus);
help in organizing impressions (Architectural Studio, TRI, MDS);
integrating different kinds of sketches (Napkin, Denim, SKETCHPAD+);
enhancing with multimedia context (Alice, Ariel, TRI) ;
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•

helping in the creation of a 2D/3D representation (Teddy, Pegasus, Napkin,
Architectural Studio).

Table 3.1 Short description of computer tools that support conceptual design, beyond the
architectural domain.
Tool

Designs Task

Features

Denim

Early web design DENIM supports sketching input, allows design at different refinement
levels, and unifies the levels through zooming (Lin et al., 2000).

Satin

Toolkit designed SATIN (Sketch And Transformational Infrastructure) is an infrastructure
to support the
supporting pen-based interactive applications (Lin et al., 2000).
creation of
informal penbased interfaces.

Pegasus Rapid geometric
design

The user can construct precise geometric diagrams without using
complicated editing commands (Igarashi et al., 1998).

Teddy

Design of 3D
model for
character
animation

Sketching interface to quickly and easily design freeform models such
as stuffed animals and other rotund objects. The user draws several 2D
freeform strokes interactively on the screen and the system
automatically constructs plausible 3D polygonal surfaces (Igarashi et
al., 1999).

Alice

Interactive 3D
Tool for describing the time-based and interactive behavior of 3D
animations for the objects. By writing simple scripts, Alice users can control object
appearance and behavior, and while the scripts are executing, objects
WWW
respond to user input via mouse and keyboard (Conway et al., 2000).

MDS

Database search MDS is a tool that aims to help in explorative search in a database
collection. The dialogue between user and database is mediated
through a small, evolving set of sample objects, which are presented
visually by a real-time multidimensional scaling algorithm. Queries are
posed by indicating positions between the samples in order to find an
object having like similarities to the displayed objects (Stappers and
Pasman, 1999).

TRI

Design
environment

The platform "Three Ranges of Interaction" (TRI) is a body scaled
interactive medium to support the designer in the conceptual phase.
The term TRI refers to three ways in which a designer interacts with the
environment on different scales. The TRI setup aims to support
sketching (small range scale), virtual and physical organization and
presentation (medium range scale), and to provide a sense of presence
for inspiration and information (large range scale) (Keller et al, 2000).

3.2 Augmented reality and Tangible User Interfaces
In this section we argue that augmented reality (AR) may be a promising approach towards
creating a design support tool that complies with the “context of use” requirements
formulated in Chapter 2.
The main idea of AR is placing virtual objects into real scenes, or equivalently, augmenting
the physical world with virtual data. To understand how AR fits into the larger world of
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virtual reality, it is helpful to look at the work of Milgram (1994). Milgram proposed a
taxonomy of what he named Mixed Reality types, which he described as the RealityVirtuality continuum (Milgram and Kishino, 1994) (see Figure 3.4).
Mixed Reality
Real
Augmented
Augmented
Virtual
Environment Reality
Virtuality Environment
Virtuality Continuum
Figure 3.4 Mixed reality (Milgram and Kishino, 1994)

In this continuum, the real world and a totally virtual environment are at the two extreme
ends, while the middle region is called Mixed Reality. Augmented virtuality is used to
identify systems that are mostly synthetic, with some real world imagery added such as
texture mapping video onto virtual objects. AR is nearer to the real world. In AR, the real
world of the user is being augmented with graphical or virtual information in order to enhance
the users real world. One of the important design principles of AR systems is that they try to
make optimal use of the well-developed human skills of interaction with real objects. The
realization that people are often communicating with their environment while performing a
task is another important design aspect that is respected in AR. Therefore, AR allows
preserving the characteristics of traditional media, while at the same time augmenting them
with access to new functionality.
The following four general design guidelines (Subramanian and IJsselsteijn, 2000) for AR
platforms can be formulated:
•

The action and the perception space should coincide. (Rauterberg et al., 1997;
Fitzmaurice et al., 1999;)

•

Two-handed interactions should be preferred over one-handed interaction. The users
know where their hands are relative to one another and this can help to develop
interactions that are less demanding of visual attention (Wuthrich, 1999).

•

Minimal use of intrusive devices, such as head-mounted displays, should be preferred
(Seymour, 1996). Such devices stand in the way of the human-human communication
mentioned above.

•

Wireless props should be preferred over wired ones since they are less likely to hinder
the user’s motions (Gribnau, 1999). A prop is a physical device that allows the user to
interact with the computer.

A number of existing computer augmented environments in which real objects are sensed and
used to modify the user's interactions with the computer will be described. These
environments represent different approaches towards AR.
DigitalDesk (Wellner, 1993). The DigitalDesk is a desk with a computer-controlled camera
and projector above it. The camera sees where the user is pointing, and it reads portions of
documents that are placed on the desk. The projector displays feedback and electronic objects
onto the desk surface. The DigitalDesk adds electronic features to physical paper, and it adds
physical features to electronic documents. The system allows the user to interact with paper
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and electronic objects by touching them with a bare finger (digit). Instead of “direct”
manipulation with a mouse, this is tangible manipulation with fingers (Wellner, 1993).
Build-It (Rauterberg et al, 1997). BUILD-IT is a planning tool based on computer vision
technology. This system enables its users to cooperate in a virtual environment for planning a
real-world setting, such as a room, a factory, etc. Grouped around a table and using wireless
tangible physical bricks, users can select and manipulate virtual models. The tangible physical
bricks are detected from above using a camera. Two projectors are used to create a horizontal
workspace on the table and vertical workspace on the wall.
MetaDesk (Ullmer and Ishii, 1997). The metaDESK system is an AR platform that supports
physical interaction with digital information through the manipulation of physical objects.
The metaDESK gives physical form to graphical user interface (GUI) devices, physically
instantiating icons, windows, menus and controls as physical icons, lenses, trays and
instruments. The main distinguishing feature of the metaDESK is that it uses different
physical objects, rather than one or few unified physical objects to manipulate with different
virtual objects.
Ariel (Mackay and Fayard, 1998). The tool augments engineering drawings, turning them
into the interface to multimedia communication system. It uses an A2 graphic tablet with top
projection to capture commands, gestures made by the user, and provide a user with visual
information. A hand-held scanner is used to capture hand-written annotations (Mackay and
Fayard, 1998). The tool has several special features like allowing to link multimedia
annotation to drawings, detecting the position of user hand on the drawing, drawing
identification, virtual paper window (a computer window is projected on to a white piece of
paper with a switchable LED attached; the computer tracks the position of the virtual window
and projects the computer window on top of it) (Mackay and Fayard, 1998). The advantage of
Ariel is that it enhances engineering drawings with additional information and functionality,
while at the same time the tool resembles the traditional work environment by using physical
paper as a computer interface.
Urp (Underkoffler, 1999). Urp is an AR platform for working with different architectural
elements in the context of urban planning and design. The I/O Bulb on which the application
is based, allows physical architectural models placed on an ordinary table surface to cast
shadows accurate for arbitrary time of the day; to throw reflections off glass façade surfaces;
to affect a real-time and visually coincident simulation of pedestrian-level wind flow; and so
on (Underkoffler, 1999).
ActiveDesk (Ullmer and Ishii, 2001). The Active Desk is a large horizontal desktop surface
which has a rear projected computer screen underneath the writing surface. Modeled after a
drafting table, the dimensions of the surface are roughly 4.5' by 3.0' inches on a slight 30
degree angle. The projected computer screen inset has a dimension of roughly 3' by 2'. A
Scriptel transparent digitizing tablet lies on top of the surface and a stylus device may be used
for input. Graspable objects (wired bricks) above the table can be traced using the Ascension
Flock of Birds(TM). These objects contain 1 inch receivers that constantly send positional (x,
y, and z) and orientation information to the workstation. Currently two active bricks are
supported that operate on top of the Active Desk (Ullmer and Ishii, 2001).
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VIP (Aliakseyeu et al, 2001). The hardware configuration of the VIP (Visual Interaction
Platform) is similar to the hardware configuration of the commercially available BUILD-IT
system. The VIP uses a video projector to create a large computer workspace on the
horizontal surface of a table. The user can interact (perform his/her actions) with the VIP
system using physical objects such as small bricks. These bricks are coated with infraredreflecting material and there is an infrared light source located above the table next to the
projector. A camera located next to the infrared light source and the projector tracks the
movements of the interaction elements. The user interacts with the system by modifying the
location(s) and orientation(s) of these brick(s). The VIP can also project a second image on a
(vertically oriented) wall. This optional second image is most often used to supply the user
with more extensive visual feedback for increased spatial awareness, or to communicate with
remote participants.
LivePaper (Robinson and Robertson, 2001). The LivePaper system augments ordinary pieces
of paper with projected information. Pages, cards and books are placed on an instrumented
tabletop to activate their enhancement. Projected annotations track the orientation and
location of pages as the user moves them on the desktop. A piece of paper that is removed,
but then returned to the desk, regains the same features that it previously exhibited. The
LivePaper system accomplishes this by using features extracted from written material on the
page, not from glyphs or other artificial marks (Robinson and Robertson, 2001).
The underlying concept of all described AR systems is the idea of Tangible/Graspable User
Interfaces (TUIs). TUIs allow direct control of electronic objects through physical artifacts,
such as bricks. A tangible object is an object composed of both a physical handle (i.e., one or
more physical artifacts attached) and a virtual object. The physical part acts as a specialized
input device and is tracked by the computer. The physical object can be connected to the
computer through wires or can be wireless. The most common approach to track the objects
wirelessly is using computer vision, radio frequency tracking, and ultrasonic tracking. The
computer is capable of constantly receiving object related information, such as position,
orientation and status of the interaction objects. This information can be relayed to application
programs and the operating system. From the user's perspective, the physical object act as
physical handle to virtual objects and offers a rich combination of physical and virtual
affordances (Fitzmaurice et al, 1995; Ullmer and Ishii, 2001).
There are different ways of coupling physical objects to virtual objects. In the first, so called
“generic”, approach, any physical object can be coupled with any virtual object. Physical
objects are often identical in this case, for example in BUILD-IT (Rauterberg et al, 1997) and
ActiveDesk (Ullmer and Ishii, 2001). In the second, non-generic, approach physical objects
have different shapes and each specific physical object can only be coupled to specific virtual
object(s), for example in metaDesk (Ullmer and Ishii, 1997). The third, spatial, approach is
where the spatial configuration of multiple physical artifacts is interpreted and augmented by
the system (Ullmer and Ishii, 2001). In this situation the spatial relations between physical
objects influence the system’s visualization. Ariel, Urp and LivePaper are examples of this
approach (Mackay and Fayard, 1998; Underkoffler, 1999; Robinson and Robertson, 2001).
In general, the TUI design philosophy has several advantages (Fitzmaurice et al, 1995):
•
•

it encourages two-handed interactions;
promotes more specialized, context sensitive input devices;
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•
•
•
•

leverages off our well developed everyday skills of prehensile behaviors for physical
object manipulations;
facilitates interactions by making interface elements more "direct" and more
"manipulable" by using physical artifacts;
takes advantage of our keen spatial reasoning skills;
affords multi-person, collaborative use.

3.3 Interface Requirements
This section discusses key non-functional interface requirements (IR) (Kotonya and
Sommerville, 1998) that can play an important role in the performing the basic tasks of
interest (such as sketching, writing, objects positioning, etc.; Chapter 2). These requirements
influence important design decisions for a computer-supporting tool. The design decisions can
be divided into two groups: (1) the first group considers how to implement different aspects
and what the effect of adding a particular aspect can be (for example how to introduce pen
input or two-handed interaction); (2) the second group considers how introducing a certain
aspect can have an effect on different parts of the interface (for example how the interface
elements like menus should behave if the artwork orientation is introduced to the system).
More specifically, we will discuss position of action and perception space, pen input, twohanded interaction, use of transparent media and layers, and artwork (paper) orientation.
Action-perception space. In the current desktop environment the display and input surfaces
are usually separated, for example mouse actions and the cursor movements occur at separate
positions: perception and action space are separated (Smets et al., 1995). However, in the
traditional environment the action and perception spaces coincide. The displacement of the
display and input surface for drawing and writing tasks produces an eye-to-hand coordination
problem. This is claimed to cause discrepancies and unexpected results (Rauterberg, 1995c;
Rauterberg et al., 1997; Djajadiningrat, 1998; Fitzmaurice et al., 1999). Therefore, for a
design supporting tool, the coincidence of the action and perception space seems to be a
necessary design requirement.
Pen input. People are taught drawing and sketching, alongside with speech, from a very early
age. Writing enters life a bit later. Most people cannot recall themselves without these skills.
From this point of view, pen input is as natural as speech and should certainly be considered
as an important modality for computer interaction. (Gross and Do, 1996; Lin et al, 2000;
Landay, 1996). Pen and paper are also traditional companions in many creative activities:
“From mechanical engineering to the graphic art, designers comprehensively reject the use of
computers in the early, conceptual/creative phases of designing... designers prepare to use
paper and pencil” (Gross and Do, 1996). Up to a couple of years ago writing was mostly
considered as a possible (and not very reliable) replacement of the keyboard in computer
interfaces, and its use was almost entirely restricted to palm-top computers. It is however only
recently that the importance of providing good sketching and handwriting interfaces starts to
be recognized (Trinder, 2000).
Two-handed interaction. If we look at the architect designing we can distinguish two basic
physical actions: positioning on a 2D surface and sketching/writing. There are two different
kind of positioning tasks. The first is “pure” positioning, for example when the designer wants
to arrange materials (images) on his/her workspace. While performing this task, the designer
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can use one hand or both hands simultaneously. The second is positioning as part of the
sketching/writing task, in which case the architect uses his\her non-dominant hand for
positioning and rotating the paper and his/her dominant hand for sketching/writing.
We present a selection of studies performed on two-handedness in writing and sketching:
•
•
•
•

Guiard's study showed that exclusion of the non-dominant (nonpreferred) hand from a
handwriting task reduces the writing speed of adults by some 20% (Guiard, 1986).
Hinckley’s experiments confirmed the importance of the non-dominant hand in writing
and sketching tasks (Hinckley, 1997).
Leganchuk et al (1998) showed more generally that many tasks can be performed faster
two-handedly than single-handedly. Performance differences between both alternatives
become more pronounced as the cognitive difficulty of the task increases.
An experiment of Fitzmaurice et al. (1999) on artwork orientation showed that while
sketching, designers tend to rotate the paper with their non-dominant hand.

The following four points summarize the results of these studies:
•

If the task context allows to use both hands, people will naturally involve both hands in
the execution of handwriting and sketching tasks. Even when the left hand is not directly
involved in the manipulation itself, it often plays a role in postural support or maintaining
split attention, such as the observed use of the left hand as a place holder when copying
text from one page to another. Note that in architectural practice, designers sometimes use
rolls of transparent paper for sketching, in which case they cannot rotate or position the
paper, so that the non-dominant hand plays only a postural role (Guiard, 1986; Hinckley,
1997).

•

Exclusion of the non-dominant hand from a writing/sketching task reduces the
writing/sketching speed (Guiard, 1986; Hinckley, 1997).

•

Restricted rotation can lead to reduced quality results (Fitzmaurice et al., 1999).

•

Skilled (professional) designers use the non-dominant hand for manipulating (rotation)
with paper while sketching more often than unskilled designers (Leganchuk et al, 1998;
Fitzmaurice et al., 1999).

a

b

c

Figure 3.5 The concept of Rotating User Interface (RUI); a) shows a canvas at normal orientation.
Rotating the artwork (b) may give a drawing advantage but the UI becomes hard to use. (c) shows
how fixing the RUI relative to the user solves the problem.

Artwork orientation. As pointed out before, rotation of the paper while sketching is an
important and almost subconscious part of sketching with pen and paper. Computer systems
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can also allow the rotation of the canvas while sketching. An important design question in
such a case is how the user interface that allows access to the computer functionality should
behave with respect to the rotating drawing.
Fitzmaurice et al. suggest the concept of a Rotating User Interface to address this problem
(Fitzmaurice et al., 1999). They define a rotating user interface as a solution where the display
(canvas) rotates around an axis perpendicular to the center of the display, while the orientation
of the UI remains fixed relative to the user (see Figure 3.5).
Translucent media and layers. The importance of translucent media for the architects was
already noted in Chapter 2. We present here a selection of studies done on transparency and
layers in design tools:
•

Wong (1993) developed a layer control interface for sketch tools. The key feature of
the layer tool is its ability to emulate the visual translucent quality of tracing paper. The
user observes decreasing levels of transparency with the addition of each new layer. A
total of six distinguishable levels are supported based on the observation that architects
rarely utilize more than four levels of translucency.

•

Bier et al (1993) have presented transparent interface widgets, as well as possible uses
for them. ToolglassTM widgets are user interface tools that can appear, as though on a
transparent sheet of glass, between an application and a traditional cursor. They can be
positioned with one hand while the other positions the cursor. The document that the
user is working on is always shown as opaque. The widgets provide a rich and concise
vocabulary for operating on application objects. These widgets may include visual
filters, called Magic LensTM filters, that modify the presentation of application objects
to reveal hidden information, to enhance the region of interest, or to suppress
distracting information (see Figure 3.6). Together, these tools form a see-through
interface. Combination of these tools provides a new style of interaction that better
exploits the user's everyday skills. They can reduce the number of required interface
actions, cursor motions, and errors. Many widgets can be provided without requiring
dedicated screen space. In addition, lenses provide rich context-dependent feedback
and the ability to view details and context simultaneously. These widgets and lenses
can be combined to form operation and viewing macros, and can be used over multiple
applications.

a)

b)

triange

circle

c)

TM

Figure 3.6 Examples of Magic Lens filters: a) reveal hidden information; b) enhance region of
interest; c) suppress distracting information.

•

Kramer (1994) implemented a sketching environment which allowed stacks of
freeform transparent sheets (translucent patches) of drawings (Kramer, 1994). In this
environment instead of rectangular opaque windows, “translucent patches” are a
38

Chapter 3 Design and computers
mechanism, which unifies different representations (sketches, images, annotations,
etc.). The user himself/herself defines the freeform shape of the sheet (window) and its
content. Therefore, instead of maintaining a static association between a window and
its content, authors attempt to make that association dynamic and user driven, in order
to support design activities that require a fluid manipulation of different representations
(sketches, images, annotations, etc.) on drawing media like paper and whiteboard.
•

Harrison et al. (1996) examined the use of transparent ToolglassTM widgets in extensive
detail in order to determine the optimum levels of transparency for these elements.

•

Trinder (2000) presented transparent sketching media. He proposes to turn a standard
document window into a transparent medium. Transparent windows allow the user to
work in novel ways that reflect the way physical drawings are used. The main
difference with the “translucent patches” is the idea of combining the windows of
different applications that takes the idea further. For example a CAD drawing can be
sketched over to rework a detail, or hard line drawing can be developed using a sketch
as a guide. Text can be appropriated from a word processor, images directly from
scanning software, etc.

The following points summarize the three main results of these studies:
•

For a computer to support sketch design it must allow the user to freely combine
images, sketches and other data using transparency. It should promote creation of new
images over the editing of existing drawings (overdrawing rather than cut&paste).
(Kramer, 1994; Trinder, 2000)

•

Layers can be used not only for overdrawing, but also for other purposes, for example,
for document annotation on separate layers by different reviewers (Bier et al, 1993;
Harrison et al, 1996).

•

Transparency can also be used for interface elements. It allows freeing screen space
and can provide rich context-dependent feedback and the ability to view details and
context simultaneously (Bier et al, 1993; Harrison et al, 1996).

Table 3.2 characterizes tools described in section 3.1 with respect to the interface
requirements discussed above. A number of additional distinguishing attributes have also
been included:
•

User view and system view (Rauterberg and Szabo, 1995): some of the tools can be purely
2D, for example plain sketching tools like Napkin. Other tools, like DDDoolz, allow
creating 3D models, but use a flat 2D screen as an output, in this case the system view is
3D and the user view is 2.5D.

•

Support of collaborative work or/and multiple users through a network.

•

Resemblance of the traditional environment.

Some of the tools are more or less complete applications or prototypes. While other tools or
systems can be in the early stages of the development, which means that they usually have
only demo applications to demonstrate the possibilities of the hardware and possible areas of
use. The summary reflects only the state of these tools based on available publications.
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The Table 3.2 shows that only few tools like Sketchpad+, LivePaper, and Architectural
studio, support most of the characteristics that are considered important for the early stages of
the design. The rest of the tools concentrate on one or few aspects of the architectural design
process.

Pen input

Collaborative work through network

Collaborative work

-

+

-

+

+

-

+

-

-

+

+

Napkin

+

+

-

-

+

-

-

-

-

+

+

-

+

+

BuildIt

+

+

+
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+

+

+

+

n/a

-

-

+

-

-

MetaDesk

+

+

-
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+
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+

-

+

-
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+

+
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+

+

-
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+
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-
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+

+

+

+
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+

-

-

+

-

-

-

-

+

-

-

-
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SKETCHPAD+

+
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+

-

+

+

+

-

-

+

+

-

+

+
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+

-

+
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+

+

+
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+
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+
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+

-
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-

+

-

-

-

-
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+

-

-
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-
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-
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+

-
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+

-
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-
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+

-
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ActiveDesk
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+

-

-

+

-

+

+

-

+

-

-

+

+

LivePaper

+

+

+

-

+

+

+

+

+

+

-

-

+

+

DDDoolz

+

-

+

+

-

+

-

-

n/a

-

+

+

n/a

-

Architectural Studio

+

+

+

-

+

+

+

-

-

+

+

-

+

+

User view
2,5D

3D

2D

3D

Resemble traditional environment

Artwork orientation supported

-

2D

Transparency

Two handed interaction

+

System view

+

Design support

DigitalDesk

Tool

Action perception space coincide

Table 3.2 Set of characteristics that are supported by the different tools. The characteristics that are
marked by “+” are supported by the tool. Characteristics with a “-” are not supported by the tool.

DigitalDesk (Wellner, 1993), Napkin (Gross and Do, 1996), BuildIt (Rauterberg et al, 1997),
MetaDesk (Ullmer and Ishii, 1997), Ariel (Mackay and Fayard, 1998), Pegasus (Igarashi et al., 1998),
SKETCHPAD+ (Piccolotto, 1998), URP(Underkoffler, 1999), Teddy(Igarashi et al., 1999), Denim (Lin
et al., 2000), Alice (Conway et al., 2000), TRI (Keller et al, 2000), Satin(Lin et al., 2000), ActiveDesk
(Ullmer and Ishii, 2001), LivePaper (Robinson and Robertson, 2001), DDDoolz (Vries and Achten,
2002), Architectural Studio (Novitski 2002)
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3.4 Summary
Tools like Architectural Studio attempt to resemble the traditional work environment, without
specifying this as an explicit goal. These tools resemble the metaphors of the traditional work
environment, as using pen and paper, but not the interaction style itself. The major added
value of such tools in comparison with pen and paper is the facilitation of the transition from
the early stage to more definitive stages of design. They also implicitly assume that there are
advantages to be gained by sticking more closely to the pen and paper paradigm. Tools like
IDEA-l introduce new or automate existing functionality in the design process, but they
remain vague as to how the relevant information can be entered into them (for example they
assume automated recognition of building components from a sketch).
Therefore there seems to exist an obvious need for a tool that does not adopt a priori the
WIMP paradigm implemented on current desk-top computers, but that starts from the basic
activities that need to be supported most in early design. Since the traditional environment is
considered as best suited for this task, the tool should resemble it as closely as possible.
However no study explicitly considers usability and tight relationships to traditional work
environment as an explicit goal.
Since the main tool for the architect in the conceptual stage of the design is sketching, we set
our goal to develop a sketching environment that aims, from the one side, to closely resemble
the traditional environment, and from the other side allows to introduce new functionality.
More specifically, we are interested in developing an interface that could be common to
traditional design activities and emerging (computer - supported) activities.
In the next chapter we summarize the requirements for a design supporting tool that were
formulated in Chapter 2 and this chapter.
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Requirements for our design tool
This chapter summarizes the requirements formulated in Chapter 2 and Chapter 3. These
requirements are based on the literature and user studies presented in Chapter 2 and on the
overview of the other studies and tools described in Chapter 3.
Previously we noted that this project does not try to cover the whole early design stage. In
Chapter 2 we have looked at the different steps and activities in order to find where
improvements can potentially be realized and where the place for implementing and testing
our ideas could be. In Chapter 3 we have analyzed different computer tools which are
currently available, discussed key non-functional interface requirements that can play an
important role in the performing of the relevant basic tasks (such as sketching, writing,
objects positioning, etc.), presented AR as a promising approach towards creating a design
support tool that complies with the “context of use” requirements formulated in Chapter 2 and
with the key interface requirements (see Figure 4.1).
We specifically concentrate on the natural and seamless support of basic designer activities,
like sketching. More specifically, we are interested in developing an interface that could be
common to traditional design activities and emerging (computer - supported) activities (for
example testing lighting, heating, safety conditions, brainstorming, collaboration with remote
partners, etc.). In terms of scope we restrict ourselves to the solo work in the office
environment. Some of the important aspects of traditional design like mobility and modeling
will not be addressed in the implemented prototype. However we will discuss them as
possible extensions to the tool in Chapter 7.
Some of the requirements might be referred to as guidelines, since they are more general in
nature, while others are more specific and can be directly applied to the tool design (some of
the requirements are derived from the guidelines). The following is a list of all guidelines
(GD) and requirements (RQ) that were considered during the tool design.
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Chapter 2

Architectural design process
decompose
Early stage of architectural
design

Architectural domain

Chapter 3

decompose
Basic Tasks/Activities

Human-computer interaction domain
Existing computer Augmented/Virtual
supporting tools
reality platforms

Chapter 4

identified
requirements

Electronic paper prototype

Chapters 5 and 6

Evaluation
Figure 4.1 Our design approach

(GD1) Since we are interested in developing an interface that could be common to traditional
design activities and emerging computer - supported activities the tool from the one side
should resemble the traditional environment and from the other side should allow to combine
it with other computer driven tools and functionalities.
(GD2) The architect must be able to sketch, write, model and search for images, or other
information in an easy and intuitive way. Intuitiveness in using a tool is important in order to
enable the architect to focus on the design problem and not on how to use the program
(interaction through rather than ‘with’ the tool). Intuitiveness can be provided to the architect
by a tool that is natural to him/her.
(GD3) The tool should be able to handle all information that is useful to the architect. This
can be information concerning the assignment, the situation of the building envisioned,
her/his vision on architecture, inspirational material, often pictures, etc. It is important that the
tool can handle multiple representations at the same time, meaning sketches, images, text, and
3D models (Segers et al, 2001).
(GD4) In order to minimize the time for migrating from one design stage to the next, the tool
should be able to easily import and export data such as sketches, images, etc.
(GD5) The tool should be developed using on commercially available products, in order to
minimize the barrier going further from prototype to production and commercialisation.
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(RQ1) The tool should provide good sketching and handwriting interfaces i.e. trough pen
input.
(RQ2) The tool should support two-handed interaction if the task context allows to use both
hands.
(RQ3) The tool should support artwork orientation.
(RQ4) The tool should support transparent media and layers.
(RQ5) The architect should be able to use additional materials like images and text.
(RQ6) The architect should have easy and quick access to the materials that have been used
or created during previous projects.
(RQ7) Action-perception space of the tool should coincide.
The next chapter presents a first prototype of a user interface for architectural design tools that
was created based on the requirements formulated above and that aims at supporting the
freedom, flexibility, abstraction, speed and ease of use of pen and paper.
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Electronic paper I
In Chapter 2, we have studied the domain of architectural design, in order to get a better
understanding of our targeted user and the context of use. The high level task of designing
was decomposed into more basic tasks, such as sketching, presentation, finding information,
etc. Chapter 3 presented existing computer tools, important interface requirements and
existing AR platforms. In the previous chapter we have summarized the requirements that
were formulated in Chapter 2 and Chapter 3. This chapter describes the design and
implementation of the first version of the Electronic Paper (EP) prototype that was developed
based on these requirements.
The starting point for the implementation of the EP prototype was an existing augmented
reality platform, i.e. the Visual Interaction Platform (VIP). This was done because this
platform already supported some of the requirements and design guidelines mentioned
previously. The detailed description of the VIP hardware and software setup is presented in
Appendix C.
This chapter discusses the design, implementation and evaluation of the first Electronic Paper
prototype (EP-1).

5.1 Design
The existing VIP (Appendix C) was extended to create the EP prototype. This was done in
order to incorporate requirements and design guidelines that are more specific for an
architectural design tool. Historically, two stages can be distinguished to the design process,
resulting in what is referred to as the first and second prototype EP-1 and EP-2, discussed in
the current and the next chapter respectively.
In this section we discuss the different stages involved in the evolution towards the EP
prototype. We discuss both the software and hardware extensions to the VIP system. We will
especially highlight the design alternatives that were considered and motivate the particular
solutions that were chosen. We have organized the discussion along the major design aspects
involved, i.e.,
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•
•
•
•
5.1.1

data types,
data representation,
data access and search,
data manipulation.
Data types

Previously we noted that the ability to sketch is crucial for designers. Besides sketching,
architects also use additional materials that can assist or support them in the design process
(GD3 and RQ5, Chapter 4). The literature study and observations discussed in Chapter 2
showed that such additional materials include:
•
•
•
•
•

inspirational photos capturing atmosphere or other design relevant aspects; informational
photos with work of other architects or examples from previous projects;
images with building elements;
photos and ground plans of the site and surroundings;
text;
scale models, etc.

In order to decide which data types should be considered most important, and therefore
needed to be supported in the system, a questionnaire was carried out (see Chapter 2). The
outcome of this questionnaire confirmed results of the literature study and showed that images
(photos) are considered as most important additional supporting material, followed by textural
data and 3D models. Therefore in the first Electronic Paper prototype (EP-1) data types to
contain sketches and images were implemented.
5.1.2

Data representation

The data representation was as much as possible chosen based on the familiar metaphors of
“pen and paper” (GD1, GD2, Chapter 4). Therefore the first prototype supported the Virtual
Paper (VP) representation. A VP is a projected image that can contain different data types,
such as photos or sketches, or that can be empty – “blank paper”. Architects however use a lot
of different images at the same time, and look for these images in photo collections,
architectural books, etc. If all this data would be presented in virtual paper format, then the
workspace would be filled with images and sketches. In order to be able to display more data
and, at the same time, to keep the workspace free from unnecessary materials, the database
(DB) viewer was implemented. In this viewer, images (sketches) are presented as small
thumbnails, which allows to display an overview.
5.1.3

Data access and search

The image DB viewer can be used to search for and select images. A selected image is
converted into a virtual paper on which the user can operate. Both EP prototypes have a
limited picture database that is linked to a predefined Microsoft Windows directory. Images
can be added or deleted using standard Microsoft Windows tools such as Explorer. New
sketches can also be entered into the DB or printed directly using the EP-1. The question of
how new material can be exported from and imported to the designer tool in a more flexible
way obviously requires further consideration. We discuss this in Chapter 7.
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As pointed out before, architects can employ large amounts of data, such that not all of the
data can be presented to the user at the same time. The tool has to provide the user with means
to search in the data (RQ6, Chapter 4).
Several search alternatives can be considered:
•
•
•
•
•

Visual thumbnail browsing
Access using a “folder” or “notebook” metaphor
Access by description (name, keywords)
Access by number
Access by time (or order)

Table 5.1 Data access and search
Computer

Pros

Cons

Visual, thumbnail
browsing

Easy to implement, can be combined
with data access and representation
(Image DB viewer)

Slow for big databases

Folder or notebook
metaphor

Allows to group data depending on
the context

System needs a means of entering
new folders (notebooks) and sorting
the data

Description/
naming

Faster if user remembers/knows the
name. Allows to search data with
approximately same description
(content)

System needs a means of entering
the required description

Number

Easy to implement

User has to remember the number,
generic

Time

Easy to find last modified data

Generic, limited

We originally concentrated on studying a virtual paper paradigm. Therefore, in the beginning
we used the simplest way of searching for images, i.e. through the one dimensional image DB
viewer, where images were presented by thumbnails in a single column. Users could browse
through the image DB using up/down buttons.
As a next step an alternative way to access particular images was added through numbering
all images in the DB. Through a special menu the user can type in the number of the image to
bring it to the workspace.
We have also introduced a search engine that is based on the frequency of image usage. The
basic idea is that the time interval during which an image is available for selection in the
browser is variable. The more often an image is used, the longer this interval should be. This
raises the question on how to best control this time interval from both the user and system
perspective. There can be different solutions. For example, this can be accomplished using the
electronic dog-ear technique proposed by Hoeben and Stappers (2000) in which the user
determines the time delay, or based on the number of virtual papers created from this
particular image, in which case the system determines the time delay. In the EP-1 we used the
second approach, however the system did not provide proper feedback, as a result, this feature
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was not very prominent to the users. Since we did not explore this option further, it was later
removed from the EP prototype to avoid users confusion (caused by the lack of the feedback).
5.1.4

Data manipulation

Drawing/sketching
Since sketching is central in the early design stage, the system should provide the user with
the ability to sketch in an intuitive and natural way (GD1, GD2 and RQ1, Chapter 4).
Intuitiveness in using the program is important in order to enable the architect to focus on the
design problem and not on how to use the tool.
Electronic interaction devices for sketching can be classified along four different dimensions:
1. Active (sketchable) area size – we considered the following sizes, since they are available
sizes of sketching tablets: A5, A4, A2, A0.
2. Type of sketching device – pen, marker (usually bigger and heavier than the standard
pen), finger, mouse. Because the pen is obviously the most natural tool for the sketching
we only considered the use of pen like devices – digital pen and marker.
3. Position of action and perception space – not coinciding, coinciding using front (top)
projection, coinciding using back projection. In case of this characteristic a choice was
made for the coinciding (back or front) display and drawing surface (based on the RQ7,
Chapter 4).
4. Relative or absolute positioning device. The choice to use absolute positioning is linked
directly to the decision to use coinciding action and perception spaces.
The alternatives that were implemented or considered in more detail are summarized in Table
5.2 and Table 5.3.
Initially we explored two alternatives: a small (A5) Wacom tablet (model – PL-300,
800x600) with build-in LCD screen and a Mimio (model – “mimio classic for Windows”)
marker with front projection (Figure 5.1). After several trials and expert evaluation we found
that the precision (resolution) provided by Mimio is not enough for architectural sketching,
because these sketches often contain small details that are important for the creative process.
The Mimio was also clumsy for sketching. We also found that an A5 tablet is too small to
resemble the traditional work environment of the architect and hence can not contain all the
required material.

Figure 5.1 Mimio (left), Wacom tablet (right)

Next, we switched to an A0 Calcomp digitizer tablet with front projection (model –
DrawingBoard III). The Calcomp digitizer turned out not to be suited for sketching because
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of technical limitations (fast pen movement resulted in buffer overflow and system crash).
Another problem is that A0 is too large for a single person when seated. This kind of drawing
board is indeed most useful when standing.
Therefore we choose a Wacom UltraPad A2 (the biggest drawing tablet available in 2000,
GD5, Chapter 4) in combination with top projection (Table 5.3). Top projection potentially
creates problems with shadows cast by hands and other objects, but this solution is less
expensive and was easy accessible. Later experiments and literature study showed that the
problem with covering part of the workspace is not big, and users easily adopt their behavior
to avoid this problem (Newman and Wellner, 1992; Hinckley, 1997).
Table 5.2 Tested design alternatives (“+” – implemented and tested, “-“ – not tested)
Size

A5

A4

A2

A0

+ (pen)

-

-

-

-

-

+ (pen, marker)

+ (pen)

Projection
Back
Front (top)

Table 5.3 Tools for sketching
Tool

Pros

Cons

Digital pen with small tablet
with LCD screen (~A5)

Display and drawing surface
coincide, portable

Small workspace, low
resolution

Digital pen with medium
tablet with LCD screen
(~A2)

Large workspace – resembles
traditional worktable, display and
drawing surface coincide

Not available, expensive at
the time of the project

Digital pen with medium
tablet with top projection
(~A2)

Large workspace – resembles
traditional worktable, display and
drawing surface coincide

Shadows cast

Digital pen with big pad
tablet projection (~A0)

Display and drawing surface
coincide, large workspace –
simulates big drawing board

Not suited for fast drawing;
shadows cast; should be used
standing

Mimio marker with top
projection (flexible drawing
area)

Display and drawing surface
coincide, easy to use

Low resolution, bulky pen,
shadows cast

Positioning
Another action that the user has to perform while working is positioning objects within the
workspace. The following guidelines for positioning techniques were derived from Chapter 3:
•
•
•

Two-handed interaction should be preferred over one-handed (RQ2, Chapter 4).
Combined translation and rotation should be preferred over separated actions (RQ3,
Chapter 4).
Wireless positioning devices are preferred over wired ones.
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•

Absolute positioning should be preferred over relative positioning. This requirement
arises from the general guideline that action and communication space should coincide
(RQ7, Chapter 4).

Based on these guidelines and the fact that we use a digital pen with a drawing tablet and top
projection for sketching, we considered the following design alternatives for positioning
(Table 5.4):
•
•
•
•
•
•
•

Touch pad (hand or finger pressure)
Hand or finger gestures
Tangible bits (Graspable User Interface) (Fitzmaurice et al., 1995)
Physical paper
Digital pen
Wireless Wacom mouse
Speech

Table 5.4 Tools for data positioning
Computer

Pros

Cons

Touch pad

Objects can be positioned directly
and naturally with a hand

Not available (since we use a digital tablet, the
touch pad has to be on top of the tablet or the
tablet should support both touch and a digital
pen)

Gesture
recognition

Objects can be positioned directly
and naturally with a hand

Computer vision based detection, hands of the
user should be visible to the camera

Tangible bits
(computer
vision)

Wireless, allows several bits at
the same time (two-handed
interaction, group interaction), 3
degree of freedom (two
translation one rotation)

Computer-vision based detection, detection
marks should be visible for the camera

Physical
paper,
(computer
vision)

Direct, resembles traditional way
of paper positioning

Computer vision based detection, detection
marks should be visible for the camera

Digital pen

High precision, easy to use (for
translation only)

Operation of translation and rotation are
separated; only one pen at the time can be
used

Wireless
Wacom
mouse

Wireless, precise, extra control
buttons

Because of technical limitations can not be
used together with the pen

Speech

Hands free operation

Indirect manipulation

Based on the above-mentioned guidelines and the fact that on the worktable the architect
currently positions his/her sketches or images by hand, a touch pad with the ability to detect
areas (not only one point) seems to be the best solution for non-precise (i.e. low resolution)
positioning. In this case the hand pressure on the workspace might be used to initiate the
selection or deselection actions. When an object is selected the hand can be used to position
the object. The digital drawing board that we use currently does not allow to detect touch. The
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work of Rekimoto (2002) on the “SmartSkin” shows that in the future this combination may
be feasible.
Tangible interfaces also seem to be promising. They allow two-handed interaction. Several
tangible objects can be operated simultaneously, as well as together with a digital pen. They
also allow simultaneous translation/rotation. For example a rigid object in the form of a brick
on a surface has 3 degrees of freedom, two for translation and one for rotation. Since we had
available a ready-to-use prototype of a tangible interface with computer vision, we have used
this computer-vision approach. Another advantage of computer-vision based recognition is its
flexibility. It can be extended towards hand/finger tracking, can be used to distinguish objects
based on their shape, can detect user-induced changes in the shape, etc. In the EP-1 we have
implemented the tracking of brick-shaped objects in the workspace. The EP-1 supported up to
20 bricks on the workspace, which can be operated simultaneously (by one ore more users).
Attributes of virtual objects
Most virtual objects in the EP prototype have attributes that can be adjusted by the user. We
have considered the following alternatives for issuing control/modifier commands in the
system (Table 5.5):
•
•
•
•
•
•
•

Fixed opaque/semitransparent menu
Separate menus for every object
One menu for all objects
Movable opaque/semitransparent menu which can be operated by the pen
Tangible bits with variable status (such as die with different sides)
Gestures (pen strokes)
Speech
Table 5.5 Alternatives for the issuing control/modifier command
Computer

Pros

Cons

Fixed menu

Easy to implement

Covers part of the workspace

Tangible bits

No need for additional menus,
fast, can be operated by nondominant hand

Covers part of the workspace, computer vision
based detection, detection marks should be
visible for the camera

Movable
menu

Easy to implement, user can
freely position the menu within
the workspace

Covers part of the workspace

Gesture

No need for additional menus,
fast

User has to learn the gestures and the system
has to recognize them reliably

Speech

No need for additional menus,
fast

Difficult to implement, user has to learn the
commands

In EP-1, we have implemented a semitransparent movable toolbar that is based on the idea of
the ToolglassTM transparent interface (Bier et al, 1993). As it was pointed out earlier, this
interface allows freeing the workspace, can provide context-dependent (data-type dependent)
feedback and the ability to view details and context simultaneously.
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In the next section we present the hardware and software implementation of the discussed
design decisions.

5.2 Implementation
5.2.1

Hardware

As mentioned before the existing VIP (Appendix C, Figure 5.2) platform was used as a
starting point for the EP-1 implementation. The design steps (relevant for this particular
project) that have led us to this extension were described in the previous section.

Figure 5.2 Extended Visual Interaction Platform (EP-1). 1-Wacom Tablet (action-perception space),
2–LCD Projector, 3-Camera, 4-Infrared light source, 5-Back projector (Communication Space).

In order to support pen input in the EP-1, the table surface of the VIP was replaced by a
Wacom UltraPad A2® (http://www.wacom.com) digitizer tablet (Figure 5.2). The UltraPad®
can accurately record pen movements. This allows the user to perform more precise actions in
the action-perception space, such as required for handwriting, drawing and sketching (see
previous section).
5.2.2

Software

A single Intergraph® workstation operates all components in the EP-1 prototype (Figure 5.3).
54

Chapter 5 Electronic paper I
The EP-1 software was build using Visual C++ and consists of three parts (Figure 5.4). The
first part is responsible for the communication with the camera and tablet. Received and
processed (calibrated) tracking data, consisting of 2D positions and orientations of the bricks
and digital pen data, are processed by the second software component. This second part
implements the core of the EP-1. The last part performs the visualization of the generated
output.
For the tablet to screen (projector) calibration we use a method that is similar to the
DigitalDesk calibration described by Wellner (1993). The system obtains tie points for
calibrating by consecutively projecting five crosshairs at which the user points with a digital
pen. With this information, one can calculate screen to tablet mapping by using the five-point
warping equations in Figure 5.5.
Projector

Camera

Monitor

Table

PC

Figure 5.3 The VIP platform hardware connection scheme for the EP-1

Camera

Tablet

Calibration to tablet coordinates
Data processing (in tablet coordinates)
Calibration to screen (projector) coordinates
VISUALISATION
Figure 5.4 VIP Software layers

This method can compensate for uniform translation, scaling, shear, keystone and nonuniform scaling distortions (Wellner, 1993). The first four coefficients (c1/c6, c2/c7, c3/c8, c4/c9)
are responsible for the most important distortions found in projection systems (Wellner,
1993). The mixed-term (in x*y) is especially useful since it allows for the “keystone”
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distortion that typically occurs when the digitizer tablet is not perfectly parallel to the
projector. In case when five points is not enough this calibration method allows to split large
area into more tiles, each of which will have its own five-point calibration.
The original VIP camera calibration software for mapping between screen and camera
coordinates, that is based on a raster being projected and observed by the camera, was used in
the first prototype.

X’,Y’

x,y

X’ = c1 + c2x + c3y + c4xy + c5x2
Y’ = c6 + c7x + c8y +c9xy +c10y2
Figure 5.5 Five points warping

For visualization we use OpenGL (2000), since OpenGL is platform-independent, easy to use
and increasingly supported by hardware acceleration on graphic boards. For communicating
with the digital tablet we use WinTab (2000) libraries.
5.2.3

Props

The EP-1 had two basic props: the Brick ELement (BEL) and the digital pen in combination
with the digitizer tablet. A prop is a physical device that allows the user to interact with the
data.
BELs are physical objects coated with infrared reflecting material that can be tracked by the
camera. The EP-1 identifies individual BELs in the current video frame by labeling them in
such a way that the mean absolute error with the past three frames is minimized. BELs are
used for selecting and positioning objects in the action-perception space. An object is selected
by placing a BEL on top of it. The object can be moved to the required position by dragging
the BEL there. A BEL has to be uncovered (top of the BEL has to be visible for the camera),
in order to be active. It can hence be deactivated by the user by covering it (Figure 5.6).

Figure 5.6 BELs.

56

Chapter 5 Electronic paper I
The Wacom UltraPad (active area: 635 x 462 mm, resolution: 2540 lines per inch) consists
of a tablet and a digital pen. The digital pen can be used like a conventional mouse or as a
writing tool. In our current implementation the digital pen is used to make menu selections
and 2D data (usually images) annotations (Figure 5.7).

Figure 5.7 Wacom digital pen.

5.2.4

EP-1 virtual objects and interaction

This section describes the EP-1 virtual objects and interaction in more detail.
The layout of the action-perception space is dependent on whether the user is left-handed or
right-handed. The layout described below is intended for a right-handed person (left-handed
setup looks like the mirrored right-handed one). The layout of the action-perception space in
EP-1 (see Figure 5.8) consists of an image database browser (see 1,2,3 in Figure 5.8), Virtual
Papers (5) and a function menu (4).
The image database browser is located in the left margin of the action-perception space and
consists of several images that the user has previously acquired (either through this interaction
tool or through other means). The browser contains an image database selector (3), image
thumbnails from the selected database with two buttons for browsing (1).
A BEL positioned on the scrolling arrows and/or the thumbnails can be used to scroll through
and select from the database. Here, the BEL is constrained to positioning with 2 translation
DOF (Degree of Freedom) for selecting and 1 DOF (1 translation) while browsing. The
second DOF is disabled when the BEL moves over the scroll buttons.
A copy of any image in the browser can be selected and dragged (with the BEL) from the
browser into the working area, hence creating a VP.
Using the BEL, the user can orient and position the VP in the working area. The digital pen
can be used to sketch and write on the VP. The VP has several properties like transparency
level, size, pen color, pen thickness, etc. The number of VPs that can be on a workspace
simultaneously is limited only by the computer power (currently the system supports up to 20
VPs, in order to keep the frame rate at 40-70 fps).
To adjust the above-mentioned VP properties, the user can use a movable semitransparent
toolbar called the function menu (FM). S/he can select and drag the menu using the BEL or
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Pen. When any of the four corners of the function menu is moved within the boundaries of the
VP, the function menu operates on that VP, thereby enabling the user to change its properties.
The properties can be changed using the digital pen.

Figure 5.8 Layout of the action-perception space of EP-1 prototype. 1,2,3 - Image database
browser, 4 - Function menu, 5 - Virtual Papers.

Auditory feedback is provided to the user in situations where visual feedback is not clear or
not possible. For example, when the user saves the sketch, a sound is played to confirm to the
user that his/her action has been successfully performed.
The EP-1 supports collaborative work in a limited way. Several users can observe the
interactions and use different BELs. Although different users may have separate digital pens,
only one can be operated at a time, due to hardware limitations in the Wacom tablet.
One can see that the EP-1 complies with the RQ2-RQ5 and RQ7, while to show that the
system also complies with GD1, GD2, RQ1, RQ6 the experimental study is necessary.

5.3 Evaluation
In Chapter 3 we have presented different design tools. Most of these tools have only been
evaluated in an informal way by inviting individual users to try out the prototype and express
their opinion. It is very difficult to assess the overall performance of a tool, and therefore most
formal user studies are usually restricted to detailed aspects of the interaction.
For example, several studies exist in the literature (MacKenzie et al, 1991; MacKenzie and
Buxton, 1992; MacKenzie and Buxton, 1995; Kabbash and Buxton, 1995) on comparing
alternative interaction techniques for positioning and selecting (with the dominant or nondominant hand). Another study by Ren and Moriya compares alternatives selection strategies
for pen-based interfaces (Ren and Moriya, 2000), while Elliott and Hearst have studied how
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large a digital desk should be for sketching and image sorting (Elliott and Hearst, 2000,
2002).
We are not aware of any studies that address the question how closely a computerized design
tool can approximate reality in low level positioning and sketching tasks (GD1, GD2, RQ1,
RQ2). In order to evaluate the EP-1 described in the previous chapter, we have carried out
such an experiment. In this experiment we have compared the EP-1 (using VP, BEL and
digital pen) with the traditional work environment (using physical paper and pencils). Two
types of tasks were evaluated: the positioning of images in the workspace, and overdrawing
(sketching) using transparent paper. Several additional search tasks (for example find an
image in the image DB using it number and create a VP from it) were performed on the EP-1
in order to identify problems and shortcoming of the implementation. After the experiment
participants were asked to fill in questionnaire, which also allowed us to collect more
informal comments on the system.
5.3.1

Hypotheses

We wanted to test the following hypotheses for our system:
Hypothesis I
Users can perform positioning in the prototype system (using BEL and/or digital pen) with the
same speed as in case of physical paper.
Hypothesis II
Users can perform overdrawing in the prototype system (using VP) with the same speed as in
case of physical pen and paper.
The positioning of physical objects has obvious advantages over the positioning of virtual
objects in an AR system. The user can simultaneously translate and rotate physical objects
while moving them on top or above the table. Physical objects are also tactile so they require
less visual attention. The EP-1 has less flexibility in positioning, since objects can only be
dragged with the BEL. We nevertheless hypothesize that these differences may not be
significant for the tasks under consideration.
Sketching is performed with a pen in both the physical world and the AR system, but there are
nevertheless some notable differences. In order to change pen color or thickness in the
traditional environment, different pens are used. In the prototype system, the same pen is used
all the time, and the function menu allows to change pen color and thickness.
5.3.2

The experiment

Tasks

The experiment consisted of three tasks, two for positioning and one for overdrawing. All
tasks were performed on both the EP-1 and with physical paper and pencils.
The first task was to select and reposition five images into marked rectangles. In one
condition the images were projected on the workspace as VPs. In the other condition the
images were printed onto physical papers. On the working space five numbered rectangles
were displayed (see Figure 5.9). The user had to put each numbered image into the
corresponding rectangle. The rectangles were made five percent larger than the corresponding
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image size. When the image was placed inside the corresponding rectangle the subject could
proceed to the next image.
In the second experiment users had to reposition the same five images. After the completion
of the first experiment, the images stayed in place and five new rectangles were displayed on
the working space).
The subjects were instructed before performing the positioning task. We showed how to
handle the BEL. Mainly we focused on the covering/uncovering (activating/ deactivating) of
the BEL since it was the most unfamiliar property. Every participant performed simple
manipulations with the BEL for approximately two minutes before performing the actual
tasks.

Figure 5.9 Positioning task

In overdrawing with the EP-1 two virtual papers were presented to the user – one with a
sketch (Figure 5.10) and one blank paper. Subjects had to first align both papers, set the
transparency for the blank paper and finally overdraw the sketch. A similar task was
performed with a real sketch and transparent paper. In both cases, the paper to be overdrawn
was fixed onto the workspace. The subject could hence not move or rotate the paper during
sketching. Before overdrawing, every subject was instructed how to use the floating menu for
changing the transparency, pen color and thickness.

Figure 5.10 Sketch used in the overdrawing task
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Experimental design
A within-subjects latin square design was used to control the order of presentation. Each
subject performed all tasks in a single one-hour session with short breaks. The initial
conditions of all components in the experiment were the same for all subjects.
Test Users
We had 11 subjects (3 female, 8 male, right-handed with an average age of 26 years). Three
of them were architects. All users had some experience with sketching on physical paper,
while none of them had used computer tools for sketching before.
5.3.3

Results

Figure 5.11 shows the average completion time for positioning and overdrawing. The results
obviously falsify our hypothesis.
Positioning

Overdrawing

Figure 5.11 Completion time for positioning and overdrawing tasks

The average positioning for the VP was 3 times slower than for the physical paper.
Overdrawing with physical paper was 28 % faster on average. This difference, especially in
positioning, was probably caused by difficulties with handling the BEL. It seems that the time
subjects were given to learn how to use BEL was not enough. Very often subjects
unintentionally covered the BEL or moved it too fast. This resulted in a loss of the connection
between the BEL and the virtual paper. Subjects recovered by picking the paper up again.
Another problem was with covering the BEL when the image was already in the
corresponding rectangle. Several subjects forgot to cover the BEL before moving it to the
next paper. As a result, they undid the positioning of the previously placed paper. The fact
that subjects used the third dimension for positioning the physical papers against dragging
with the BEL is probably another factor that contributed to the large difference in
performance.
With overdrawing the difference between both alternatives was smaller. Two subjects
performed this task on the EP-1 faster than with physical paper and for two subjects time was
almost the same. For two other subjects, performance time on the EP-1 was three times
slower. Probably the main reason for this drop in performance of the “slow” subjects was that
with the VP, they were trying to be more precise in overdrawing which is confirmed by the
resulting drawing. With the VP, users had two options for drawing thick lines. One was the
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same as in case of a physical pencil, i.e., to use several strokes. The second was to use the FM
to change the pen thickness. The slowest users used the second technique and tried different
thicknesses to find the most precise one. The fastest users used the first technique with its
physical equivalent.
5.3.4

Statistical analysis

We performed an analysis of variance on the task completion time as a function of the
interface (EP or real pen and paper). In both cases (positioning and overdrawing) there was a
significant difference in completion time (positioning F(1,18) = 24.351, p < .001; overdrawing
F(1,18) = 4.657, p < .045).
The analysis also showed that there was no significant difference in performance time
between architects and non-architects (overdrawing VP F(1,8) = .111, p < .74; overdrawing real
paper F(1,8) = .001; p < .97). This is not unexpected, given the simplicity of the overdrawing
tasks.
5.3.5

Qualitative results

All subjects found the EP-1 easy to use and learn, with the exception of the BEL (see below).
Most of the test subjects identified flexibility (transparency, size) of VP as the main
advantage and positioning as the main disadvantage.
Overdrawing with the pen. All subjects easily handled the digital pen, which was also
confirmed in the post interview. All subjects reported that the digital pen was the easiest tool
to use and overdrawing was the easiest task. No subjects reported problems with covering part
of the workspace with their own hand, an obvious consequence of using top projection. It
seems that either subjects can quickly adapt to this property of the system or this is not a real
problem at all. Only right-handed subjects participated in the experiment, so that this
conclusion may not be applicable to left-handed users that use an inverted posture. This result
confirms that the EP-1 partially complies with RQ1 (there was still a significant difference in
completion time in the sketching task between EP-1 and real paper).
Positioning with the BEL. The BEL was reported as difficult to use. Most of the subjects
complained about handling the BEL, especially the covering/uncovering was very unfamiliar.
Several subjects preferred to move the BEL uncovered while avoiding virtual objects, instead
of covering the brick and moving it directly to the target position. The positioning task itself
was reported as natural and easy.

5.4 Conclusion
In this chapter we have presented the EP-1 prototype that was build based on requirements
and guidelines summarized in Chapter 4.
The detailed description of the hardware and software configuration of the prototype was
given. In order to evaluate our design we carried out a formal evaluation.
The main conclusion of our evaluation is that the BEL in it currents state is not suited for
performing the task that we assigned to it, resulting in very slow completion times for
positioning. Based on the results of this experiment we formulated a number of required
changes to the first evaluated version of the EP prototype:
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•

The BEL has to be redesigned in physical appearance (shape and affordance) and
virtual behavior (visual feedback should reflect when the brick is observed by the
system).

•

Some of the tasks related to positioning can probably be performed better with the pen.

•

Users need more training especially in handling the BEL before starting to work with
the EP prototype.

•

Implementation of additional functions, such as a faster ways to remove virtual paper,
“call” and remove the FM, should be considered. Many subjects indeed reported that
they were missing such functionality that may not be completely natural, but that they
have gotten used to by using Windows operating systems.

In the next chapter we present the second Electronic paper prototype (EP-2), in which we
have used the results of the EP-1 evaluation as well as informal discussions with users and
usability experts, to define additional tool requirements.
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Based on the results of the first prototype evaluation and many informal discussions, an
updated version of the EP (EP-2) was proposed. This chapter discusses the changes that were
made to the EP-1 at the interaction, software and hardware level and also presents a formal
evaluation of the EP-2.

6.1 Design
In this section we discuss the design decisions that were considered after the first prototype
evaluation.
We have organized the discussion in the same way as for the first prototype design, i.e.,
•
•
•
•
6.1.1

data types,
data representation,
data access and search,
data manipulation.
Data types.

In the second prototype in addition to the sketches and images, we have introduced the textual
data type (GD5, Chapter 4). An annotation or description can be added to a VP in the image
DB viewer. This text can be entered by the digital pen through a projected keyboard. The
keyboard layout is based on the optimized virtual keyboard with alphabetical order proposed
by Smith and Zhai (2001). The layout of this keyboard is optimized for pointing devices such
as a pen and novice users.
6.1.2

Data representation.

In addition to VPs the Virtual Album (VA) was added. When using the VA, visible
workspace can be used as one big album. The digital pen can be used to sketch and write on
pages of the album. The user can place virtual papers, sketches, photos, etc. on each album
page. When the user flips an album page forward, a new empty album page appears. The
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previous pages can still be observed if the user decreases the opacity of the current album
page. If the user flips an album page back, than the previous page content (sketches, virtual
papers, etc.) is restored.
The virtual album metaphor is an intuitive way of separating different design alternatives, and
of keeping all relevant data (images and sketches) together (GD5, Chapter 4).
6.1.3

Data access and search.

The image DB viewer was improved. A slider was added to the thumbnail browser. This
allows faster browsing through the DB (GD5 and RQ6, Chapter 4). Moreover the user can
also control the amount of thumbnails presented at the same time. On the one side, this allows
to see more data when searching. On the other side, the space occupied by the DB browser
can be reduced while performing other activities.
6.1.4

Data manipulation.

The results of the first prototype evaluation showed that the BEL is not well suited for easy
and seamless positioning, especially while sketching. Therefore, we considered that the use of
physical paper as a positioning tool is probably more natural for architects (GD1, GD2 and
RQ1, Chapter 4). Because of the importance of physical pen and paper in current architectural
design, augmenting paper seems a promising approach towards improving paper handling
(Mackay and Fayard, 1998; Aliakseyeu and Martens, 2001). Thus we have implemented the
Enhanced Paper Prop (EnPP). It is a sheet of real paper (that can exist in different sizes). The
EnPP contains two infrared reflecting tags that allow the system to track it. It is hence
equivalent to two bricks moving coherently. Different virtual objects can be manipulated with
the EnPP and a (real or digital) pen with ink cartridge can be used to draw on it.
An additional way of positioning objects on the workspace was also implemented in the
second prototype. The underlying idea is that the user can use bricks or the EnPP for
positioning objects during the drawing when high precision is not essential. In other cases,
when precision is required and the dominant hand is available, the digital pen can be used for
positioning or fine-tuning. Two positioning techniques with the digital pen were implemented
– Drag-and-Drop (D&D) and Pick-and-Drop (P&D).
In case of D&D, a VP can be selected by pressing the pen on the toolbar menu (see below),
and pressure had to be maintained during movement. By pressing the pen on the corners of
the VP, the orientation and the size of the VP can be changed (see Appendix D).
The VP can also be “picked” by moving the pen close to the tablet surface and consequently
pressing a button on the side of the digital pen. Then the digital pen can be lifted and moved
anywhere in the workspace. A shadow of the captured object is displayed whenever the pen
approaches the tablet, while the object is “dropped” on the workspace when the pen touches
the tablet. An advantage of the P&D is that it is easier to avoid physical obstacles on the
workspace. The P&D technique also allows to easily place a virtual object onto a physical
object (for example, a VP can be placed onto the EnPP).
In order to improve the data manipulation, virtual pins and clips were introduced. The virtual
pin allows to fix a VP on the workspace. The virtual clip allows to attach VPs to each other
and to the EnPP. This function can be used to group different VPs, to attach a VP to the EnPP,
to create layers (i.e., VPs attached on top of each other), etc.
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6.1.5

Attributes of virtual objects.

In the second prototype, we have introduced a VP menu toolbar in addition to the
semitransparent FM. This toolbar was added to every VP to quickly perform frequent
operations like removing the VP, saving the sketch, minimizing the VP, etc (for more details
see Appendix D).
The graphic design of the different interface elements was also improved, with the assistance
of a graphic designer (Champoux, 2002).

6.2 Implementation
6.2.1

Hardware

In order to improve the performance and to avoid hardware conflicts, the platform was
equipped with two computers. An Intergraph® workstation is used for visualization and tablet
operation, while a Dell OptiPlex GX1 is used for gathering and processing the data from the
camera. Both computers run a Microsoft Windows operating system (Figure 6.1 and Figure
6.2).

Figure 6.1 Extended Visual Interaction Platform (EP-2). 1-Wacom Tablet (action-perception space),
2–LCD Projector, 3-Camera, 4-Infrared light source, 5- Monitor (Communication Space).
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6.2.2

Software

The software was modified in order to process the camera data on a separate computer (Figure
6.2 - C1) and communicating it to the main computer (Figure 6.2 - C2).
The original VIP camera calibration was based on a raster being projected and observed by
the camera. This required to remove the IR filter from the camera before calibration and to
place it back afterwards. Because the camera is sensitive to disturbances, this method can
result in inaccurate calibration. The second prototype uses a different calibration method.
Instead of raster projection, a physical target (i.e. a frame with the exact size of the tablet) that
is coated with reflecting material is aligned with the tablet. An image of this frame is acquired
by the camera. A four-point warping (similar to the equations in Figure 5.5, without the terms
in x2 and y2) is used to map between camera coordinates and tablet coordinates. In order to
keep compatibility with the original VIP software, the mapping from camera to display
coordinates is derived from the calibrated mappings between the display and tablet, and
between the camera and tablet.

Projector

Camera

Monitor

C1

Tablet

C2

Figure 6.2 The VIP platform hardware connection scheme for EP - 2

6.2.3

Props

The Enhanced Paper Prop (EnPP) and a modified BEL were added to the EP-2 prototype.
An alternative design for the BEL contains an infrared led inside (Figure 6.3). The BEL is
activated by pressing a button on the side. This modification was introduced after the EP-1
evaluation, which showed that the original BEL is difficult to handle especially during
activating/deactivating (covering/uncovering) actions. Mainly this problem was caused by the
fact that the BEL is in active mode, unless it is covered. The modified BEL stays in passive
mode and is only activated when the user presses the button (see the results of the EP-1
evaluation).
The EnPP is a piece of real paper that can be placed on the action-perception space. The EnPP
contains infrared reflecting tags that allow the system to track it (Figure 6.3). Sketches made
on the EnPP, using the digital pen, can be traced into the computer. The visual feedback has
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two different modes. The sketch can either be projected onto the paper or can be created by a
digital pen with an ink cartridge.

button

infrared led

Figure 6.3 Modified BEL (left) and EnPP(right)

6.2.4

EP-2 virtual objects and interaction

This section describes the layout and interaction of the second EP prototype in more details.
The layout of the action-perception space in EP-2 prototype (see Figure 6.4) consists of an
image database browser (see 3,4,5 in Figure 6.4), VPs (7), a function menu (6) an EnPP (8),
virtual clips and pins (1,2).
The image database browser is located in the left margin of the action-perception space and
consists of several images that the user has previously acquired (either through this interaction
tool or through other means). The browser contains an image database selector (3), image
thumbnails from the selected database with two buttons for browsing, a scroll bar (4), and a
preview window (5), that shows a high-resolution version of the currently selected image.
A BEL positioned on the scrolling arrows and/or the thumbnails can be used to scroll through
and select from the database. Here, the BEL is constrained to positioning with 2 DOF (2
translation) for selecting and 1 DOF (1 translation) while browsing. The second DOF is
disabled when the BEL moves over the scroll buttons and bar. The digital pen can also be
used to perform the same actions. In addition, the pen can be used for changing the size of the
browse menu and for browsing with the help of the scroll bar.
A copy of any image in the browser can be selected and dragged (with the BEL) or picked
and dropped (with the digital pen) from the browser into the working area, hence creating a
VP. Visual feedback is always provided on the surface of the BEL. The feedback depends on
the state of the BEL and suggests the actions that can be afforded by the BEL in that state. For
example, if the BEL is positioned on the thumbnail the animated arrow shows that the user
can now drag the image outside of the browse menu.
Using the BEL (or pen), the user can orient and position the VP in the working area. The
digital pen can be used to sketch and write on the VP. The VP has several properties like
transparency level, size, pen color, pen thickness, etc. The number of VPs that can be on a
workspace simultaneously is limited only by the computer power (currently the system
supports up to 20 VPs, in order to keep the frame rate at 40-70 fps).
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8

Figure 6.4 Layout of the action-perception space of the EP-2. 1-Virtual Clips, 2-Virtual Pins, 3,4,5Image database browser, 6- Function menu, 7-Virtual Papers, 8 – Enhanced Paper Prop.

To adjust the above-mentioned VP properties, the user can use the FM. S/he can select and
drag the menu toolbar using the BEL or Pen. When any of the four corners of the function
menu is moved within the boundaries of the VP, the function menu operates on that VP,
thereby enabling the user to change its properties. The properties can be changed using the
digital pen.
The EnPP can be positioned anywhere within the working area by shifting the piece of paper.
Depending on the mode of use of the EnPP, certain properties of the VP are inherited by the
EnPP as well (Aliakseyeu, 2002).
The application supports several other tools like clips (for merging different VPs), pins (for
attaching a VP to the workspace), an eraser (to erase part of a sketch) and grids (grids can be
projected on top of the VP or EnPP to support drawing in perspective or isometric mode for
instance).
The EP-2 also contains the Virtual Album (VA) tool. The VA tool introduces several
additional functionalities. Firstly, the visible workspace can be used as one big album page.
The digital pen can hence also be used to sketch and write on the background, while the user
can still place VPs on the album sheet and work with them as described above. When the user
flips an album page forward, a new empty album sheet appears. The previous pages can still
be observed if the user decreases the opacity of the current album page. If the user flips an
album page back, than the previous page content is restored (sketches, virtual papers, etc.). In
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order to transfer images from one album page to another page, the user can use pins. Pinned
VPs will not be removed even if the user flips to the next or previous page (see Appendix D).
Auditory feedback is provided to the user in situations where visual feedback is not clear or
not possible. For example, when the user saves the sketch, a sound is played to confirm to the
user that his/her action has been successfully performed.
A detailed description of all virtual elements in the EP-2 prototype is provided in Appendix
D.
6.2.5

The Class Model of the EP-2

While the software of the EP-1 evolved, starting from the original VIP software, a more
structured approach was used in creating the EP-2.
Four main groups of classes can be distinguished in the EP class structure (Figure 6.5): Help
Elements, Virtual Props, Physical Props, and Global Menu. The CWorkspace is a root class
that manages all four groups. Two classes CCalibration and CText are showed separately
from the rest, but they can be accessed by all other classes.
Calibration class (CCalibration). This class is responsible for the screen to tablet and tablet
to screen calibration. It is used in all main classes. In order to create only one instance of that
class, a Singleton design pattern is used (Gamma et al, 1994). The same pattern is used for the
CText class, which is responsible for text visualization.
Physical props (CProps). CProps contains and handles two physical props: the BEL (CTag),
and the RISP (CRisp, see section 7.2.3).
Global Menu (CGlobalMenu). This class contains and controls the behavior of the three
menus: the function menu, the browse and notebook menu (see Appendix D).
Help Elements (CHelpElements). This class is responsible for the manipulation with virtual
pins, clips and grids.
Virtual Props (CVirtualProps). The class contains the Virtual paper (CEP_FlxVIPOne),
EnPP (CEP_FlxVIPDouble), 3to2d window (CSectionImage, see section 7.2.3), and Virtual
album (CVirtualAlbum) classes. CVirtualProps controls creation of new VPs and Album
pages, updating of the 3to2d window, etc.
The Virtual Paper class is implemented through inheritance in several steps. These steps were
chosen based on the metaphor of physical paper. The most general class is the CEPaper. This
class contains the properties and methods that can be associated with a blank sheet of paper
on the worktable. The next logical step is to introduce sketching and pictures onto the blank
paper (in other word blank paper is a container), which is done in the CEP_Photo and
CEP_PhotoWrt classes. These classes are more or less restricted to the properties of the
physical paper. Virtual paper has obviously more flexibility. The properties and methods that
are specific to virtual paper are introduced in the CEP_WrtFlexible class. The
CEP_FlxVIPOne and CEP_FlxVIPDouble present the actual VPs and the EnPP. As can be
seen from the model the function menu (CFunctionMenu), virtual album (CVirtualAlbum),
and 3to2d window (CSectionImage) are also instances of a VP.
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Figure 6.5 Class Model
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6.3 Evaluation
The second experiment had the same goals as the first experiment (EP-1) with some additions
in tasks and experimental setup. As noted above, in accordance with the results of the
previous experiment, new positioning techniques were introduced – pen D&D and pen P&D.
The physical shape of the BEL was not redesigned but the recognition software was
improved, visual feedback was provided, and learning time was extended. In the overdrawing
task, the EnPP was added to the physical paper and VP and participants were allowed to move
and rotate the sketch (VP, EnPP, physical paper) freely during drawing.
More specifically, the following positioning and sketching techniques have been compared:
D&D with a pen, P&D with a pen, and D&D with the BEL (in the dominant and nondominant hand) and sketching on Virtual Paper, EnPP and physical paper (GD5, RQ1).
6.3.1

Hypotheses

We wanted to test the following hypotheses for our system:
Hypothesis I
Users can perform positioning in the prototype system (using BEL and/or digital pen) with the
same speed as in case of physical paper.
Hypothesis II
Users can perform overdrawing in the prototype system (using VP and/or EnPP) with the
same speed as in case of physical pen and paper.
These hypotheses relate to our system requirement that we want the EP prototype to support
architects in a way that is very similar to the traditional way of working.
6.3.2

Tasks

The experiment that was performed consisted of a rotation task, a translation task, two
positioning tasks and one overdrawing task.
In the rotation task, subjects had to rotate five numbered images to match corresponding
rectangles. The sizes of the rectangles were five percent larger than the sizes of the
corresponding images. When a rotated image matched the corresponding rectangle, the
system provided sound feedback to signal to the subject that he could move on to the next
image. Two alternative techniques, based on pen dragging of the image corners and on BEL
rotation, respectively, were used to perform the rotation task.
The translation task was similar to the selection and positioning tasks performed in existing
studies (MacKenzie et al, 1991; MacKenzie and Buxton, 1992; MacKenzie and Buxton, 1995;
Kabbash and Buxton, 1995), with the exception that neither the object to be moved nor the
target was point-sized. The subjects had to select and position five images into corresponding
rectangles. In this case, the images could not be rotated. Three translation techniques − based
on pen D&D, pen P&D and BEL translation − were used to perform the task.
The first part of the final positioning (translation and rotation) task consisted of sequentially
selecting and putting five numbered images into correspondingly numbered rotated
rectangles, as shown in parts A and B of Figure 6.6. When an image was aligned within the
corresponding rectangle, a sound signal indicated to the subject that s/he could proceed with
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the next image. In the second part of the positioning task, the users had to reposition the five
images into newly displayed rectangles, as shown in parts C and D of Figure 6.6. Every
positioning task needed to be performed with three different techniques for VP – based on
BEL translation and rotation, pen D&D and pen P&D. When using the pen, the user has to
decompose the positioning task into rotation and translation. Rotation could only be
performed by dragging the corner of a VP. The positioning task was also performed with
physical paper.
B

A

C

D

Figure 6.6 Positioning task; A) initial conditions; B) end situation for the first part of the positioning
task; C) initial conditions for the second part; D) end situation for the second part.

The overdrawing task on the prototype system was performed using three different media –
physical transparent paper, VP and EnPP. In case of virtual paper, two VPs were presented to
the user – one with a sketch and one with blank paper, as shown in Figure 6.7. Users had to
first align the two papers, than link them together with a virtual clip, set the transparency for
the blank paper so that the underlying sketch was visible and finally overdraw the sketch. In
case of the EnPP, the same blank VP was attached to it, so the EnPP was used as a positioning
tool. The sketch on a second VP also needed to be positioned and “clipped” to the EnPP
before starting to overdraw. In case of overdrawing on physical (transparent) paper, the sketch
to be copied was printed on a separate piece of paper. Before overdrawing on the prototype
system, subjects were instructed on how to use the function menu for changing transparency,
as well as on the use of virtual paperclips and pins. The overdrawing did not involve changing
pen thickness and color.
Subjects were requested to fill in a questionnaire immediately after each of the performed
tasks. They where asked to rate the different interaction techniques with respect to ease of use
and subjective preference. Ease of use could be rated on a scale from one to seven (1 – easy; 7
– difficult). For subjective preference, the alternative interaction techniques had to be ordered
from least to most preferred.
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Figure 6.7 Initial condition for overdrawing task

6.3.3

Experimental design

All subjects performed all tasks in the same order (rotation, translation, positioning and
overdrawing). A within-subjects Latin square design was used to balance interaction
techniques across subjects. Each subject performed all tasks in a single one-hour session with
short breaks. The tasks had the same initial conditions with the same number and type of
images for all subjects.
6.3.4

Subjects

Twenty subjects (2 female, 18 male, right-handed with an average age of 22 years)
participated in the experiment. Four of them were architectural students, while the rest were
industrial design students. All subjects had experience with sketching on physical paper,
while none of them had used computer tools for sketching before.
6.3.5

Results

Figure 6.8 shows estimated averages and standard deviations of the completion times, for all
tasks and techniques.
Pen dragging is observed to be faster than BEL dragging by a factor of 2 and 1.5 in the
rotation and translation task, respectively. They are approximately equivalent in the
positioning task. Since a pen is a familiar tool, especially for designers, subjects felt more
confident with this tool than with the new interaction device (i.e., the BEL). This was
confirmed in the post questionnaire.
Pen P&D (in combination with pen dragging to perform rotation in case of positioning) is
clearly the slowest interaction technique for translation and positioning. There can be several
factors contributing to this result. One is that this technique was completely new for all
subjects. Completion time for P&D also demonstrated the largest variation between subjects.
One subject performed the positioning task in 10 seconds, while another required 65 seconds
(this is visible in the cumulative probability distributions graphs in Figure 6.9). Another factor
is that the pick-and-drop technique required a long time on target. In case of drag-and-drop,
the user can continuously observe the position and orientation of the VP, while in case of
pick-and-drop, a shadow representing the VP only appears when the pen approaches the
tablet. Some delay seems to be involved in visually processing this information.
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Figure 6.8 Average completion times with standard deviations for rotation, translation, positioning and
overdrawing.
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Figure 6.9 Cumulative probability distributions of completion time for different devices (R - physical
paper, BEL or Pen) and tasks: positioning (left), and overdrawing (right).
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In the positioning task, all virtual techniques were slower than positioning with physical
paper. The BEL and pen dragging had about the same completion time and were 44% faster
than pen P&D. Although the BEL is an unfamiliar device, it has the advantage that it has one
more DOF, which is obviously mostly relevant for the positioning task. With the BEL,
subjects are able to simultaneously translate and rotate the VP, while the positioning task
needs to be decomposed into two subtasks (translation and rotation) when using the pen.
We should note that in Figure 6.8 – positioning I relates to the first part of the positioning
task, while positioning II relates to the second part. We observed that subjects performed the
second part of the positioning task much slower with a pen than with the BEL. This is mainly
due to the fact that the VPs had to be positioned near the edge of the workspace in this second
part of the positioning experiment (see parts C and D of Figure 6.6). When parts of the VP are
moved outside of the workspace, this can create serious problems for pen interactions, since
the VP can only be rotated by dragging the corners of the VP (note that this problem also
hampers resizing with a mouse in current windows interfaces). This is no problem in case of
BEL dragging, since the BEL can be placed anywhere within the VP.
The completion time for the overdrawing task was the same for all media. This confirms that
EnPP and VP have the same affordance for sketching as physical paper.
6.3.6

Statistical analysis

The interaction technique was a significant factor for completion time for rotation (F1,38=
25.481, p<.001), translation (F2,57= 16.220, p<.001) and positioning (F3,74= 7.145, p=.011). In
the overdrawing task, the medium used was not a significant factor (F2,51= .302, p=.741).
Table 6.1 contains the results of a statistical comparison between the average completion
times for the different interaction techniques. The results support hypothesis II, i.e., that
sketching using the system media EnPP and VP can be done with the same speed as sketching
on real paper. For positioning all techniques had significantly larger completion time than the
real paper, thus falsifying hypothesis I.
Table 6.1 confirms that BEL dragging is significantly slower than pen dragging in rotation
and translation, while both techniques have the same average completion time in case of
positioning. This suggests that 1 DOF rotation and 2 DOF translation tasks can be performed
faster with the pen, while the difference between BEL and pen dragging disappears in the
combined 3 DOF positioning task.
The order in which an interaction technique was used by the subject did not have a significant
effect on the average task completion time (rotation: F1,38= 1.737, p=.195; translation: F2,57=
1.401, p=.255; positioning: F3,74= .484, p=.694; overdrawing: F2,51= .427, p=.655).
6.3.7

Subjective preferences

Figure 6.10 shows the histograms of the preferences that subjects assigned to the interaction
techniques in each task. The pen D&D was selected as the most preferable technique in
translation and rotation, while the BEL was most preferable in positioning. Statistical analysis
using a chi-square test confirmed that pen D&D had a significantly higher rating than the
BEL D&D and pen P&D for translation and rotation tasks (χ2 = 20.786, p<.001; χ2 = 30.421,
p<.001), while the BEL was indeed preferred in the positioning task (χ2 = 5.357, p<.05).
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These results agree well with the average completion time measurements. For the
overdrawing task, EnPP was selected as the most preferable technique (χ2 = 5.357 p<.05).
Table 6.1 Statistical comparison of interaction techniques.
Techniques

Performance time

F

Significance

BEL > D&D

F1,38= 25.481

P<.001

BEL vs. D&D

BEL > D&D

F1,38= 19.166

P<.001

BEL vs. P&D

BEL < P&D

F1,38= 7.145

P=.011

D&D vs. P&D

D&D < P&D

F1,38= 24.634

P<.001

R vs. BEL

R < BEL

F1,36= 8.972

P=.05

R vs. D&D

R < D&D

F1,38= 5.780

P=.021

R vs. P&D

R < P&D

F1,38= 19.817

P<.001

BEL vs. D&D

BEL ≈ D&D

F1,36= 0.075

P=.786 n.s.

BEL vs. P&D

BEL < P&D

F1,36= 7.267

P=.011

D&D vs. P&D

D&D < P&D

F1,38= 5.062

P=.03

R vs. VP

R ≈ VP

F1,38= 0.473

P=.496 n.s.

R vs. EnPP

R ≈ EnPP

F1,32= 0.002

P=.969 n.s.

VP vs. EnPP

VP ≈ EnPP

F1,32= 0.407

P=.528 n.s.

Rotation
BEL vs. D&D
Translation

Positioning

Overdrawing

6.3.8

Qualitative results

The subjects found the system easy to use and learn (see Figure 6.11). Nevertheless, they all
experienced problems with the BEL.
Overdrawing. Subjects had no problems with handling the digital pen, which was confirmed
in the post interview where all subjects reported that the digital pen was the easiest tool to use
and that overdrawing was the easiest task. Most test subjects identified flexibility (in
transparency and size) as the main advantage of the VP, in comparison to physical paper, and
positioning as its main disadvantage. They found the EnPP a good combination of VP and
physical paper, since it can be positioned in the same way as physical paper, while having the
flexibility of VP.
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Figure 6.10 Subjective preferences for different techniques in each task.
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BEL Positioning. Although we did not redesign the physical shape of the BEL but only
improved the recognition and visual feedback, the positioning with the BEL was faster than in
the first experiment. However, the BEL was again considered to be the most difficult
interaction element to use. Most of the subjects complained about handling the BEL.
Especially the covering/uncovering action required for deselecting/selecting remained
somewhat unfamiliar. The positioning with the BEL was however reported as easy, which
may be partly due to the well-controlled nature of the task in the experiment.
6.3.9

Discussion

The experiments also raised a number of additional issues regarding positioning and sketching
in the EP-2 and VIP.
Front or back projection? The VIP system uses front projection, which creates the problem of
shadows during interaction. Observing subjects at work indicates that the front projection is
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mostly a problem for the pen P&D technique. The EnPP, which was rated as the most
preferable technique for overdrawing, on the contrary, requires front projection in order to be
able to project sketches and images onto the physical paper. Although the original choice for
front projection (on the VIP) was clearly motivated by technical considerations, the above
arguments seem to point to a preference for front projection over back projection.
Effect of system reaction time? The fact that positioning with the BEL was significantly
slower than positioning real papers may be (partly) due to the finite reaction time of the
system. When first introduced to the system, most users tended to move the BEL at a speed at
which the system easily lost track of it. Since this was reflected in the visual feedback, users
quickly adapted by reducing their movement speed. Reducing latencies in the system may
hence improve BEL dragging.
6.3.10 Conclusions
The evaluation shows that the system does indeed support sketching in a way that is
comparable with a traditional “pen and paper” environment. This result confirms that the EP2 fully complies with RQ1. Positioning of virtual components within the system needs to be
improved if we want to more closely approximate the performance obtainable with
positioning real objects.
In rotation and translation, pen D&D is the fastest and most preferred technique. In
positioning, the tangible brick was the most preferred technique and it had the same task
completion time as the pen D&D. The pen P&D technique was inferior in all cases. However,
results of another experiment which is described in the next section, showed that the pen P&D
technique can be more efficient than pen D&D and BEL dragging in experimental conditions
where a pointwise cursor is used to select or position elements.

6.4 Fitt’s law experiments
As noted in the previous chapter, there have been several studies that compare different
devices for pointing and dragging tasks (MacKenzie et al., 1991; MacKenzie and Buxton,
1992; Kabbash et al., 1993; MacKenzie and Buxton, 1994; Kabbash and Buxton, 1995;
MacKenzie, 1995). Most of these studies have however been performed on small-sized
desktop-based systems.
The experiments described in the previous section compare the EP-2 with the traditional
environment. The results showed that the positioning of virtual components within the system
needs to be improved. The positioning within the prototype can however be performed in
many different ways. Therefore in order to identify which strategies are better to use
depending on aspects such as distance and target size, this chapter presents an experiment in
which different input techniques are compared on the VIP system. More precisely, the
following input techniques have been implemented: dragging with a pen, pick-and-drop with
a pen, and dragging with a BEL. Amongst others, we wanted to obtain more quantitative data
on the conditions in which the pick-and-drop technique is preferred (if at all) over the
dragging technique (with pen and/or tangible brick), and to test alternative BEL design. This
should enable us to better motivate and exploit the usefulness of the different interaction
techniques.
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6.4.1

Experiment

Subjects
Eight computer literate subjects (students, 5 male and 3 female, average age of 26 years)
participated in the experiment.
Equipment
In this experiment we used a BEL of dimensions 50x35x15 mm that contained an infrared
LED (light emitting diode). The LED on the brick could be activated by pushing a button on
its side (see Figure 6.2).
Tasks
The user’s task in all cases was to select a displayed cursor and to move it to a displayed
target position. The cursor had a circular shape with an outer radius of 5 mm and an inner
radius of 1 mm. To complete the task the center of the cursor has to be positioned inside a
square-shaped target. The mechanism to select the cursor and to move it varied across the
different interaction techniques.
Drag-and-Drop with pen or brick: In case of the pen, the cursor was selected by pressing the
pen on it, and pressure had to be maintained during movement. In case of the tangible brick,
the cursor was selected by clicking a button on the side of the brick (when positioned over the
cursor). The cursor changed color when selected and could be moved by keeping the button
pressed. Releasing the pen pressure or side switch on the brick when the cursor was in the
target area completed the task. Dragging with the brick was performed with both the
dominant and the non-dominant hand.
Pick-and-drop with pen: In this case, the cursor was selected by pressing a button on the side
of the digital pen. Touching the tablet (in the target area) subsequently released the cursor.
Hence, the pressure on the side switch of the pen could be released once the cursor was
“picked”.
Design
We considered four square-shaped target areas with widths W = 1, 2, 4, 8 units, where one
unit corresponds to 15 mm, and four distances A = 9, 12, 18, 36 units between cursor and
target position. The tested combinations are listed in Table 6.2.
The distances A covered the available range, since the maximum amplitude of A=36 units=56
cm is only slightly smaller than the horizontal size of the tablet, which was 62 cm. For A
equal to 12 there were 35 trials, rather than 7 trials, per subject. In this case, five different
target areas, in the center and in the four corners of the tablet, were tested. For all other
amplitudes A, the targets were always positioned in the center area of the workspace (see
Figure 6.12). At the start of a trial, the cursor appeared on one side of a square of size A and
had to be moved horizontally or vertically to a square target area of size W on the opposite
side.
The task and device factors were varied within subjects, i.e., each subject performed both
P&D and D&D with the brick and the pen for all the above W-A combinations and target
areas. The order in which the different subjects used the available interaction techniques was
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counterbalanced (first the devices pen and brick were counterbalanced, then the techniques for
each device).
Table 6.2 Tested A-W combinations
Number of trials per subject for every A-W
combination

A

W

9

1/2/

7

12

1/2/4/

35

18

1/2/4 /

7

36

1/2/4/8

7

Figure 6.12 Positions and sizes of target areas in the workspace

For each input device, the order of presentation of the different W-A combinations was
selected randomly. All 7 trials for a specific condition (interaction technique, A-W
combination and target area) were performed consecutively.
6.4.2

Data Analysis

Effect of Interaction Technique
The major dependent variable that was measured within the experiment was movement time
(MT). This MT depends on the geometric factors of the task (target distance A and target
width W), as well as on the interaction technique used: pen P&D, pen D&D, brick D&D with
dominant (D) or non-dominant (ND) hand.
The cumulative histograms of these MTs, averaged over subjects and trials, are plotted in
Figure 6.13. Although there was a significant effect of subject on average MT, we chose to
average across subjects, since we are interested in average performance across a number of
subjects. Note that the histograms in Figure 6.13 are not simply shifted versions of each other,
as is assumed in standard statistical tests such as the ones performed below, but also change
shape depending on the condition. More specifically, the interaction techniques using the pen
usually have less variation in MT (i.e., have steeper distributions) than the interaction
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techniques using the tangible brick. Moreover, the pen P&D histograms have steeper slopes
and longer tails than the corresponding pen D&D histograms.
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Figure 6.13 Cumulative probability distributions of task completion time for different geometrical
conditions (target distances A=9, 12, 18, 36 units and target widths W=1, 2, 4, 8 units). Each subplot
contains one curve per interaction techniques (pick&drop and drag&drop with pen, drag&drop with
brick in dominant and non-dominant hand). In the upper part of the figure, tasks with the same index
of difficulty (i.e., constant value of A/W) are organized along diagonals.

This implies that, even in cases where the pen P&D technique has the lowest average MT, this
situation may be reversed when judging the MT needed to complete 95 % of the trials, for
instance. A closer analysis revealed that this effect is more pronounced in some subjects than
in others.
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The average values and standard deviations of the MTs, taken over all geometrical conditions,
subjects and trials, are plotted in Figure 6.14 as a function of interaction technique. There is
an overall significant effect on average MT of interaction technique (F3,2684=234.97,
p<0.00001), which is mostly due to the difference in MT for pen and brick interaction. There
is no significant difference in average MT between pen P&D and pen D&D (F1,1342 =0.047,
p=0.829), but there is a significant difference in average MT between dragging the tangible
brick with the dominant or non-dominant hand (F1,1342=13.274, p=0.00028).

Figure 6.14 Standard deviations of the MTs, taken over all geometrical conditions, subjects and
trials.

In case of a target distance A=12 units, we could also test the influence of the position of the
target area on average MT. No significant effect was however observed (F4,3355=1.015,
p=0.398).
Fitts’ law
In most studies that have been presented up to now (MacKenzie et al, 1991; MacKenzie and
Buxton, 1992; Kabbash et al, 1993; MacKenzie and Buxton, 1994; Kabbash and Buxton,
1995; MacKenzie, 1995), the dependence of the MT on the geometrical factors A and W is
approximated by Fitts’ law (Fitts, 1954; MacKenzie, 1989).
We use the modified expression proposed by MacKenzie (1989), i.e.,
MT = a + b log2(A/W+1) = a + b ID,
where ID is called the “Index of Difficulty” and a is called the “Time on Target”. Because of
the base 2 of the logarithm, ID is expressed in bits, while the “Index of Performance” or
“bandwidth” IP=1/b is expressed in bits/sec. Typical values for mouse pointing and dragging
in a desktop graphical user interface are a=230 ms, IP=6 bits/sec and a=135 ms, IP=4 bits/sec,
respectively (MacKenzie and Buxton, 1994).
We have derived separate Fitts’ law approximations to the MT data for each of the interaction
techniques, as shown in Figure 6.15.
The obtained regression parameters are summarized in Table 6.3.
Only in case of the brick D&D with the non-dominant hand is Fitts’ law able to explain all the
variation in the data. In all other cases, there are some significant deviations from Fitts’ law.
Drag and drop with a brick is slightly less efficient than mouse dragging on a desktop, since
the IP values are slightly below 4 bits/sec and the time on target is larger by 100 ms. Drag and
drop with the pen is approximately equivalent to mouse pointing on the desktop. The large
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bandwidth IP=10.36 bits/s of the pen P&D technique illustrates that large distances can
indeed be crossed very fast by means of this technique. The efficiency of this technique for
small values of ID is reduced because of the large time on target of approximately 500 ms.
Fitts’ law (Pen D&D)

Movement time (sec)

Movement time (sec)

Fitts’ law (Pen P&D)

Index of Difficulty (bits)

Fitts’ law (D Brick D&D)

Fitts’ law (ND Brick D&D)

Movement time (sec)

Movement time (sec)

Index of Difficulty (bits)

Index of Difficulty (bits)

Index of Difficulty (bits)

Figure 6.15 Fitts’ law approximations to the MTs for different interaction techniques

This is probably a consequence of the fact that the cursor only re-appears when the pen is
approximating the target and comes within the sensing range of the tablet. Some time may
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hence be required to verify that the cursor is indeed within the target area. This is not so with
the D&D techniques, since the cursor is continuously visible in these cases.
Table 6.3 Regression parameters for Fitts’ law approximations to the movement times for the
different interaction techniques.
Technique

a (ms)

b (ms/bit) ID
(bits/s)

F5,665
test

Significance

Pen P&D

482

96.5

10.36

3.394

.005

Pen D&D

261

163

6.15

5.510

.001

brick D&D (D)

240

267.5

3.74

3.643

.003

brick D&D (ND)

287

280

3.57

0.757

.571 (n.s.)

Figure 6.16 Comparison of Fitts’ law approximations to the MTs for different interaction
techniques.

A comparison between the different interaction techniques can be made by plotting all Fitts’
law approximations in a single graph, as is shown in Figure 6.16. We observe that the pen
D&D is the most efficient technique in case ID<3 bits, while the pen P&D technique is
optimal in case ID>4 bits.
In order to also study the deviations from Fitts’ law, we performed the following regression
on the prediction errors
MT - (a + b ID) = c + d log2(W).
A positive coefficient d indicates a performance advantage for small target sizes W in case of
constant ID. This has been observed earlier for mouse pointing and dragging with the
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preferred hand (Kabbash et al, 1993). A negative coefficient d indicates a performance
advantage for large target size W, which has been observed for mouse pointing and dragging
with the non-preferred hand (Kabbash et al, 1993). The obtained regression parameters are
summarized in Table 6.4.
A significant advantage of small target widths is only observed in case of the pen interactions,
which substantiates our intuitive feeling that the pen is more of a precision interaction element
than the tangible brick with it’s much larger size. Unlike in the desktop study performed by
Kabbash et al. (1993), we did however not find a significantly different deviation from Fitts’
law for dragging with the dominant versus the non-dominant hand.
Table 6.4 Regression parameters for the deviation from Fitt’s law for the different interaction
techniques
Technique

c (ms)

d (ms)

F1,670 test

Significance

Pen P&D

-61

23

24.755

<.001

Pen D&D

-62

23.3

35.393

<.001

D brick D&D

18.4

6.9

1.047

.307n.s.

D brick D&D

14.9

5.6

0.508

.476n.s.

Error rates
In case of pen interactions, we also measured the error rates, i.e., the percentage of cases in
which the target was missed.

Figure 6.17 Errors rate for pen D&D and P&D

Such an error occurs in the D&D technique when the cursor is released outside the target area.
In the P&D technique, an error occurs when the pen touches the tablet outside the target area.
Figure 6.17 shows the error rate as a function of ID. Several points for the same ID represent
errors for different A and W combinations. The pen D&D technique has a significantly higher
error rate for ID = 5.2 (A=36, W=1), which was not the case for pen P&D. On average, pen
P&D had 50% less errors than Pen D&D.
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6.4.3

Conclusion

The reported study suggests that both P&D and D&D with the pen are more efficient
positioning/tranclation techniques than dragging with a tangible brick. It depends on the index
of difficulty (or ratio A/W of target distance over target width) which technique should be
preferred. Both pen-based techniques however also deviate from Fitts’ law, in the sense that,
at a constant ID, smaller targets result in shorter movement times. Another aspect that should
be taken into consideration is that fewer errors are made with pen P&D than with pen D&D.
An additional advantage of pen P&D that is not captured by any of the above statistics is that
it is also easier to avoid physical obstacles on the workspace with this technique. All in all,
pen P&D seems to be a useful interaction technique to complement more familiar D&D
techniques.

6.5 Conclusion
In this chapter we have presented the second Electronic Paper prototype that was build based
on requirements and guidelines summarized in Chapter 4 and on the results of the EP-1
evaluation.
Historically, two stages can be distinguished to the development of the tool, which resulted in
what was referred as the first and second prototype. A detailed description of the hardware
and software configuration of both prototypes was given.
The evaluation shows that the system does indeed support sketching in a way that is
comparable with a traditional “pen and paper” environment. Positioning of virtual
components within the system needs to be improved if we want to approximate more closely
the performance obtainable with positioning real objects.

6.6 Scenario
In order to show how the system could possibly be integrated into the architects working
environment we adopt the scenario from Chapter 2 to the EP environment (Figure 6.18).

Figure 6.18 Traditional environment of the architect (left) and the EP-2 environment (right).

A designer gets a new assignment to design a family house and holds a meeting with the client
to discuss the assignment. She draws up a brief as a result of the meeting, the main constrain
88

Chapter 6 Electronic paper II
for the design is that the location and the size of the site is strictly predefined. After the
meeting, she visits the site. When she arrived there she already has some ideas in mind. On
the site she makes several photos and sketches on a PDA (Personal Digital Assistant). After
that she returns to the office. Her workspace consists of the large digital drawing board and
digital worktable with the EP-2 on it; she shares the office with three other architects. When
she places her PDA on the worktable, the system identifies her, loads her personal profile into
the EP-2, and downloads sketches and photos from the PDA into her personal database. She
creates a new workbook on the EP-2 system for the new project and transfers there photos
and sketches that she created on site. In order to find inspiration and information for the new
assignment available materials (photos, sketches, etc.), from the current and previous
projects, are consulted. She has some new ideas, and remembers that she has seen something
similar in the work of another architect, so she shows the sketch that she made to one of her
colleagues and asks him does he remember the name of the architect who created a similar
design. Using few keywords and the sketch as an input, she searches through the database in
order to find photos with a similar design. After that, particularly interesting materials are
assembled in the workspace and notes/annotations are added. Then she starts to sketch on
virtual transparent paper using the sketch that she made on site as a background image.
While sketching she uses different kind of pencils with variable colors. She also writes some
notes, related to the design and some additional requirements that she wants to check with the
client. At the end some useful ideas have been created and assembled.
Next day, when she starts designing again, the system restores the precise state of the
workspace from the day before. All images, sketches annotations, etc. reappear at the same
position where they were left. Today she wants to make some sketches related to the site. First
she checks the sketches that were made the previous day, also investigating how they evolved.
After that she collects several of the sketches and combines them together with a site scheme
in order to construct a new design alternative. After that she takes blank paper, one of the
interesting sketches and a scheme of the site and merges them together. Then she plays with
transparency in order to see the site scheme and old sketch through the blank paper. After
that she starts sketching by overdrawing some of the parts of the old sketches. Than she
decides to create several more or less precise perspective sketches so she switches on the
perspective grid for aid in drawing. During designing she measures some of the preliminary
parameters, such as heating and lightning conditions, in order to adjust the design
accordingly. She also uses a brainstorming tool in order to explore more design alternatives.
When she is satisfied with the preliminary design she wants to consult with the client and
clarify some aspects of the future building. She sends him several annotated sketches with
design alternatives (via e-mail). They discuss proposed alternatives using a network
communication. The client particularly likes one of the proposed designs, so she decides to
explore it further. She creates a drawing of the floor plan so she switches to the grid in order
to consider the spatial constrains (size of the site, room, etc.). After that she exports her
sketches into ArchiCAD in order to continue the design in a more strict and precise
environment. While using ArchiCAD she has new ideas, which she quickly tests using EP-2,
and then exports them into ArchiCAD (Figure 6.18).
In this scenario we described some functionalities that are not currently available in the EP
tool. Because of the limited time available for the project these important aspects, such as
mobility, personalization, importing/exporting operations, etc., were not implemented.
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However the next chapter discusses how these aspects can be possibly incorporated into the
EP tool in the future.
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Extending the EP concept
This chapter presents possible uses of the EP interface for design tools, not necessarily
architectural.
The first section describes how the EP has been used as an interface for a brainstorming tool
that was created at the faculty of architecture. The second section discusses potential
improvements of the EP. The third section discusses the use of EP-like platforms as an
interface to any desktop application, and demonstrates how AR interaction techniques can be
added to existing desktop applications. The fourth section indicates how the EP prototype fits
into the entire architectural design process.

7.1 Idea Space System
As mentioned before the EP project was part of a larger enterprise the E3DAD project. The
project of Nicole Segers, that focuses on developing a brainstorming tool for architectural
design, is also a part of E3DAD. As part of that project a prototype tool called the Idea Space
System (ISS) was developed. The Idea Space System is a CAAD system that is designed to
support an architect in the early phase of the design process, by reducing fixation in the
process and enhancing the ‘flow’ of work. The Idea Space System captures all design data
(text, sketch, or image) and uses the words entered by the architect to provide new
associations and relations between words (real-time). It is expected that this will stimulate the
generation of new ideas (Segers, 2002).
With this tool, the architect will continuously, while designing, be provided with a structured
overview of his/her ideas - the Idea Space. The system might be seen as a sort of design
partner with an alternative view. The system structures information and gives its own
interpretation. At the same time, the architect is provided with an overview of some of his/her
ideas in order to encourage reflection on his/her design-ideas. The system is hence also like an
advanced diary. The regularities in the Idea Space not only provide the system with the most
suitable structure to present the Idea Space to the architect, but they are also the input for
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aiding the architect in making more associations. The system may find gaps in the structure
and make suggestions accordingly to the architect. Furthermore, if the architect requests for a
certain type of association, the system can provide different related items to a word. This
might be useful in brainstorm sessions (Segers, 2002). The user interface of the ISS should
hence be able to capture and recognize all data that is produced or used by the architect.
The currently implemented prototype is using only the words (text) that are written down by
the architect. For generating an output, semantic and lexical relations between words are used.
For this purpose WordNet® is being connected to the system. WordNet is an online lexical
reference system, developed at Princeton University, whose design is inspired by current
psycholinguistic theories of human lexical memory (Miller et al., 1990).

Figure 7.1 ISS-VIP platform (1 – modified EP prototype; 2 – ISS Idea Space)

For the first ISS evaluation, a modified version of the EP prototype is used as a user interface
(Figure 7.1). The EP is used to simulate the traditional environment so that all additional
functions like save/load sketch, sketch history slider, erase sketch, etc. are disabled. Users are
only allowed to use the digital pen. The EP captures all strokes made by the pen and sends it
to the ISS. The ISS recognizes the written words, and displays graphs with new associations
and relations between words (Figure 7.1-2). If the user finds a particular graph interesting,
s/he can transfer it into a virtual paper. All captured graphs are stored in the workbook.
This example shows how the EP prototype serves as a connection between potentially useful
computerized functionality and the user.

7.2 Potential EP improvements
7.2.1

Improving the positioning with the BEL

The EP-1 and EP-2 evaluation showed that bricks are difficult to use and do not have the
required precision. Consequently subjects prefer the EnPP as a tool for positioning, especially
during sketching. The problems with the bricks are possibly caused by the fact that the
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rectangular shape of the bricks is not suitable for positioning activities. The experimental
evaluation showed that the brick has two major shortcomings. The first problem it is that it
always active, unless the user covers it. Often the user forgets to cover the brick and as
consequence triggers unexpected responses from the system. The second problem is just the
opposite. Often, when the user wants to rotate or move the objects s/he covers the brick with
his/her hand, hence deactivating it. The recognition software causes the third problem. When
the user starts to cover (de-activate) the brick, the linked virtual object often changes its
orientation. It is because the software still recognizes the brick, but with slightly distorted
shape, which results in the erroneous estimate for the brick orientation.

Figure 7.2 Prototype of an alternative positioning device; area (1) used to define the position and
orientation; area (2) activation/deactivation “button”.

In order to explore possible alternatives to the brick, a student project entitled “Physical
Icons” was carried out (Physical Icons, 2003). One of the goals of this project was to come up
with a concept for a new positioning device that should be easier to use than the current brick.
Based on the identified shortcomings and observations on how the designer positions and
moves his/her non-dominant hand while sketching, the students proposed a new design
(Figure 7.2). The shape of the prototype was inspired by the average hand shape and finger
size. In this prototype, the activation/deactivation function is separated from the active area
used to define the position and orientation of the object. As a result, the user does not obscure
the reflective material during (de)selection and can easily activate/deactivate the device with a
thumb.
7.2.2

Menu selections with the non-dominant hand

All menus (FM, toolbar menu, etc.) in the EP require the dominant hand to make selections.
Two alternative ways of making selections that do not necessarily require the dominant hand,
were proposed in the student project mentioned above – the “Die” and “Rotating disk”. The
die system is based on the six sides of a die (Figure 7.3). The sides and orientation of the die
can be uniquely identified such that a particular function can be assigned to each side. The
visual feedback will allow to see which function will be selected if the user turns the die. The
rotating system uses two connected disks, one with an open segment (Figure 7.3). The lower
disk is divided into six sectors, and the marks on a single sector uniquely identify it. The
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second disk is positioned on top of the first and has an opening equal to the sector size. The
user can select different functions by rotating this upper disk.

Figure 7.3 The “Die” and “Rotation Disk” interaction elements.

7.2.3

3D interaction and mobility

The EP-2 does not currently support 3D interaction. It may however be useful in future to
enrich the EP-2 with the ability to manipulate and create 3d models.
One possible way to support 3D interaction is an approach described by Subramanian et al
(2003). In this case the communication space of the VIP (Figure 6.1) can be used to provide a
perspective view of the horizontal workspace with the surface rendered 3D model(s), while
the workspace can provide a top view of the scene or floor plan. However this approach to 3D
interaction does not allow for 3D data creation. For a designer, the ability to create models is
usually more important than the ability to explore existing data. So in order to introduce 3D in
the designing tool we also should consider not only ways to manipulate the data but also ways
to create new data.
Currently the EP-2 tool is limited to the stationary office environment, however, one
important advantage of traditional design is its mobility with pen and paper, the architect can
sketch in different environments such as the office, at home, outside (for example on site), in
a bar, etc (Gross and Do, 1996). In order to make the EP mobile we can use a PDA or tablet
PC as a mobile part of the system (see scenario in Chapter 6). In this case the architect can use
the PDA for sketching and taking pictures outside the office, while in the office the data from
PDA can be directly transmitted to the EP application.

7.3 VIEW
The EP prototype pursues new interaction styles that make better use of well-developed
human skills. However, it cannot be denied that the current desktop interface to computers is
by now a de facto standard that is widely accepted. There are several aspects to the desktop
environment that cannot be dismissed very easily:
•

many man-years have been invested in creating windows programs for applications such
as office work, communication, scientific research, art, leisure, etc.; the man-power, time,
knowledge and motivation required for adjusting these applications to alternative
interaction styles is likely to be not available;
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•

the WIMP interface is widely used in application programs, people have learned to use
this interface and will (rightfully) resist any initiative to drastically change their current
practice;

•

most people are by now well accustomed to the mouse-and-keyboard interaction style and
can handle it without paying much explicit attention to it;

•

the mouse-and-keyboard interaction style may well be close to optimal for some usercomputer interactions such as (error-free) text entry, pointwise interaction, drawing
primitives such as circles and rectangles, etc.

Based on the above argumentation, we have proposed to integrate the standard WIMP
interface into an augmented-reality platform, rather than trying to replace it altogether. The
concept of combining the EP prototype and windows applications is called a Visual
Interaction Enriched Window (VIEW).
Currently, the EP prototype is entirely separated from windows-based applications. However
the EP can be extended in order to integrate different windows-based applications. This can
be accomplished by connecting an application window to a virtual paper (which can currently
only contain an image or/and sketch). Below we describe how this integration could be
realized and what benefits it potentially holds.
The (vertical) communication space of the VIP can be used to display the standard windows
environment. Any window application can be started in the usual way and viewed in the
communication space, while being controlled by the mouse and keyboard. A VIEW is started
in a window that occupies the (horizontal) action-perception space. This latter program can be
instructed to find a specific active window application (such as MS Paint) and can show a
copy of the visual output of this application in the action-perception space. The augmented
reality capabilities of the action-perception space allow for several additional interactions with
the window application. We present a number of these envisioned augmented interaction
styles. The list is obviously non-exhaustive:
1. The VIEW can capture all pen events that occur in the area occupied by the image of the
window application and can map them to mouse events at the corresponding position in
the original window application. These mouse events will typically influence the visual
appearance of the window application. These visual changes are however also reflected in
the image presented in the transparent interface. In this way, the user not only gets the
impression that the pen is controlling the window application, but also receives the visual
feedback at the position where the pen is located. Since all operations in the actionperception space occur in a horizontal plane, physical aids such as rulers and curve guides
can be used very easily to assist in making pen drawings, for instance.
2. The BEL, EnPP, or other physical objects could be used to position and orient the
application window. In this way, the non-dominant hand can be used to control the
position and orientation of the window application while interacting with the pen (similar
to handling VPs; Chapter 6). A more natural interaction, that closely resembles writing or
sketching with a real pen on paper, can be pursued in this way.
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3. Different kinds of transparent menus, similar to the function menu, but more specific to
the application, can be introduced in the interface. The selection of a menu item may then
trigger a sequence of mouse (and/or keyboard) events for the application.
4. A blank VP may be positioned on top of a window application. A user can write and draw
on this sheet, using the image from the window application as the background. This may
for instance assist in overdrawing parts of an existing document. The drawing and/or
annotation on the transparent sheet may be saved as a separate output or combined with
the window application at any time.
Figure 7.4 presents how the VIEW prototype could possibly look. The working area is shown
in the center and is located within the area covered by the graphical tablet. Within this area,
the pen can hence be used for selecting, writing and drawing. Upon startup, this working area
contains an interface (with a "Control" label) for controlling the overall electronic notebook
application. It can for instance be used to load resources such as existing notebooks, files, etc.
The complete workspace, including the area surrounding the graphical tablet, can be accessed
using the infrared-coated bricks. In this surrounding area, several virtual objects with different
functionality can be distinguished.
In the upper-left corner, several notebooks that are accessible from within the application are
depicted. These notebooks are structured like the pages in a book. These pages can contain
typed or written text, drawings and pictures just like any ordinary notebook. However, they
can also contain access points (icons) to objects with attached window applications (such as a
media player, an internet browser or a word processor). Several of such icons can be
combined with text and drawings on a single page. A window application can occupy a single
page, or all pages of a multi-page document may be displayed in separate pages of the
notebook.

Figure 7.4 Graphical interface to the electronic notebook application

Looking for a specific page in the notebook can be done in two ways. The notebook can be
selected by means of a brick in order to connect it to both the central working area and the
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linear browser application on the left. The most recently accessed page in the notebook is
displayed in the central working area and the pen can be used to scan through the notebook
using the thumbnail sliders and electronic dog-ears technique developed at the University of
Delft (Hoeben and Stappers, 2000). In the linear browser, a number of pages, centered on the
page that was accessed last, are shown one above the other. Hence the image database
browser of the EP prototype serves as a notebook browser and instead of image or sketch
thumbnails it presents snapshots of the notebook pages. An enlarged view of the selected page
in the browser is shown in the central working area. A label "Notebook" is automatically
attached to the displayed page of the notebook in the central working area (in the case of
several notebooks, the notebook number or name may be added to the label).
Next to the notebook icons at the top of the workspace are depicted three toolglass entries, the
"Notebook", "VIEW" and "Image" toolglasses or menus. These are instances of function
menus (see Appendix D). The "Notebook" toolglass can be moved on top of a selected page
of a notebook. It can be used to activate an existing window application in a notebook or to
create a new application. In the latter case, either an icon, a single-page or a multi-page entry
is created in the notebook. Upon selection or creation, the application is opened as a VIEW.
This implies that the window application is opened in the communication space, and that a
copy of the display output of this application is shown in the central working area of the
action-perception space.
The "VIEW" toolglass may be selected to create a toolglass that can be used to perform
application-specific operations, such as scrolling the canvas or creating spaces in a document
(third feature in the above enumeration). When moved on top of a VIEW, only the toolglass
options that apply to this VIEW are activate.
Positioning a brick on top of a label (such as "Control", "Notebook" or "VIEW") or selecting
a label with the pen will bring the corresponding panel to the top of the pile in the working
area. Bringing a VIEW to the top of the central workspace, by selecting its label, will also
bring the corresponding window application to the front in the communication area (and vice
versa). The image in a VIEW is frozen when the corresponding window is no longer selected
in the window environment (for instance, because another window is brought to the
foreground in the communication space).
Most panels shown in the central working area (except the "Control" panel) have a toolglass
attached to it. This toolglass becomes visible when a panel is selected and brought to the top
of the pile. Amongst others, this attached toolglass (shown to the right of the central working
area in Figure 7.4) contains a field that can be selected by the pen in order to create a bitmap
image of the information currently displayed. The resulting image can be selected with a brick
and re-positioned anywhere in the workspace.
The "empty image" icon in the upper right corner allows to create an empty VP with a
uniform background. In case a flatbed scanner and/or printer is attached to the interface, then
an image of a page on the scanner can be created by activating the "scan image" field with a
brick and/or an image can be printed by dragging it towards the "print image" field. This way
of accessing a scanner and/or printer is complementary to the software access of these devices
through window applications. VPs that are no longer needed can be removed by dragging
them to the wastebasket.
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As a first step towards the VIEW implementation we developed an EP modification that
contains the MS Paint application (Pijper, 2002). The MS Paint window is visible in the
communication space and in the action-perception space (it is presented as a virtual paper, see
Figure 7.5). If the user works directly with MS Paint then all changes in the application view
will be immediately reflected on the EP layout. In the EP prototype, MS Paint can be operated
in the same way as a VP, the user can change transparency and size, can position and rotate it
with a BEL, EnPP or pen, can clip it to other VPs, etc. All pen actions performed on the VP
that contains MS Paint are transferred to mouse events and sent to the MS Paint application.
So the user can work with it through the EP interface. Currently the main problem of
implementation is that the VP with MS Paint must be continuously updated. This creates
some latency that has yet to be resolved.
Summarizing, the VIEW concept intends to realize an evolutionary rather than a
revolutionary transition from the classical desktop environment to an augmented-reality
environment. In the VIEW, windows applications can still be controlled by standard means,
i.e., by using mouse and keyboard. In this way, acquired user skills with existing windows
applications can still be exploited. The additional interaction styles that are offered by the
augmented-reality platform, including two-handed interaction, pen input and transparency,
may however be used to perform actions, such as sketching and handwriting, that are hard to
perform on a classical desktop. The user is hence free at all times to choose the interaction
style that best suits his/her needs when performing specific operations.

Figure 7.5 The image of a window application (1, MS Paint) is overlapped by a sheet for drawing
(2) and an image.

7.4 The EP in the design process
The VIEWS concept allows to imagine how the EP prototype can fit into the complete design
cycle. We need for instance to decide how data such as images can be imported and exported
to the EP prototype. If the user is able to use standard desktop applications like an Internet
browser together with the EP, then it becomes much easier to copy images or text from
applications to the EP database.
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The opposite way is also possible, provided for instance that a VP from the EP can be
transported to another application. Obviously, this requires that the VP format is converted
into the application format.
A designer quite often sketches outside the office. If sketches are created on physical paper,
they can be scanned. Two different approaches can be used to include photos or images that
are available on physical paper. For high resolution, a scanner connected to the EP can be
used. For low resolution, the image can be placed onto the workspace, outlined with the
digital pen and a color digital camera could be used to create a snapshot of this particular
workspace area. Pictures of other physical objects can be created in a similar way.
If sketches are made on a PDA computer, then the EP platform can establish a connection
with this PDA computer (for example through an infrared port). Sketches can be directly
downloaded into the EP, when s/he moves the PDA close to the workspace.
Currently the EP does not use the communication space. However communication space can
be used for providing additional feedback from different applications, as was demonstrated in
the ISS-VIP prototype of the first section and VIEW application in the third section.
All these ideas have to be implemented and tested in order to establish how to solve the
conflicts and problems that will obviously arise. Some standard design principles for desktop
applications may have to be reconsidered as a consequence. For example, desktop application
menus usually open down and on the right, which works perfect in a desktop environment. In
an EP environment, this practice will result in the menu being created exactly under the hand
of the user, which is obviously very unfortunate.
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Summary and future work
8.1 Summary
In Chapter 2, steps in the design process that can potentially be strengthened and improved by
means of computer tools were identified and requirements for computer aided design tools
were formulated. To achieve this, the structure and properties of the design process in general,
and conceptual architectural design in particular, were introduced and analyzed. Chapter 2
also argues that current computer support tools for architecture benefit the architect more in
the later stages of the design, while they are not very suitable for the conceptual stage of
design. These tools do not support the quick and abstract nature of conceptual design. On the
one side, if a designer starts to use CAD from the beginning it can limit his creativity. On the
other side, if s/he starts from sketching, s/he will have to translate the design into CAD later
on. A computer tool for early design may reduce the problem of converting drawings from the
early to the later design stages, but they do so at the cost of barriers in the creative process
(compared with sketching on paper).
In Chapter 3, we provided an overview of relevant developments and research in the fields of
computer-aided design and augmented reality. This overview has helped us to identify
important interface requirements aspects and the potential added value of computerization.
The chapter also discussed advantages and disadvantages of existing design supporting tools,
in order to identify more specifically those aspects that are worth supporting in a new tool.
Based on this analysis, we narrowed down our interest to developing an interface that can be
common to traditional design activities and emerging (more computer - supported) activities.
Chapter 4 summarized the requirements formulated in Chapter 2 and Chapter 3.
Chapter 5 described the design, implementation and evaluation of the EP-1. This is a
prototype of a user interface for architectural design that was created based on the
requirements summarized in Chapter 4, and that aims at supporting freedom, flexibility,
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abstraction, speed and ease of use of the pen and paper. Chapter 6 presented the EP-2 that was
created based on the results of the EP-1 evaluation.
The evaluation of the EP-2 showed that the system does indeed support sketching in a way
that is comparable with a traditional “pen and paper” environment. Positioning of virtual
components within the system needs to be improved if we want to more closely approximate
the performance obtainable with positioning real objects.
The final chapter concludes the thesis with examples of how the EP prototype is used and can
be used as an interface for architectural and non-architectural design tools.

8.2 Future work
The results of the evaluation showed that the BEL is not suitable for easy 2D positioning.
Therefore, the BEL has to be redesigned in physical appearance (shape and affordance) and
virtual behavior. Possible alternatives to the BEL that were presented in Chapter 7 should be
considered.
Currently, the EP prototype supports only sketching. As noted in Chapter 2, architects often
also perform scale modeling in parallel to sketching. The current state of 3D interaction on the
VIP does not allow for 3D data creation. For a designer, the ability to create models is usually
more important than the ability to explore existing data. So in order to introduce 3D in the
design tool we should consider not only ways to manipulate 3D data but also ways to create
3D data.
The next important step in the development of the EP is to better embed it into the design
process, which means providing it with functionalities that allow to transfer the data from VP
to commonly-used CAD programs and vice versa. The idea of VIEWS could be explored
further in this respect.
Obviously a lot of research and development yet have to be done in order to improve the
architectural design process. We hope and believe that the contribution described in this thesis
is a useful step in the right direction.
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Appendix A. Architects CAD survey
Small practices
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38%

26%
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74%

Figure 1. Use of CAD in architectural practices, a) small practices; b) large practices
Task type

25%

27%

48%
Only for 2D drafting
2D drafting and 3D modeling
2D drafting and 3D visualisation

Figure 2. Task type.
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I n d u s t r ial pr o je c t s
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Figure 3. ‘Usage’ of CAD by job type, a) housing; b) industrial projects.
Housing

Industrial projects
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90%

Figure 4. ‘Cost of work’ of CAD by job type, a) housing; b) industrial projects.

Appendix B.

Questionnaire

The questionnaire contained different types of questions: scaling questions (from 1 to 7),
Yes/No questions, open questions where we asked the participants to express their opinion,
multiple choice questions, etc. (see Table 1).
A full list of the questions and summarized results follows.
1.
2.
3.
4.

5.
6.
7.
8.
9.

5

(Y5) Do you currently use a computer during design (at any stage of the design)?
(Y) Do you make sketches (on paper) during design (at any stage of the design)?
(Y) Do you make sketches using computer sketching tools?
(M) If you are using the computer during design (somewhere in the design process, not
necessarily the early design phase), from which phase of the design do you start to use the
computer?
(O) If you are using a computer in the early design phase, which kind of programs (for
example CAD programs, text processors, databases, etc.) are you using?
(S) How often do you make sketches on paper before starting work with CAD (AutoCAD,
ArchiCAD, etc) programs?
(S) How important is it for you to sketch on paper before starting to work with CAD
programs?
(S) If you make some sketches on paper before starting to work with CAD programs how
often do you change the concept of your design after starting to work with CAD?
(Y) If Yes: Do you begin again from sketching on paper or continue to work with CAD?

Y – Yes/No question; S – scale question; O – open question; M – multiple choice question
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Table 1 Examples of questions used in the study.
Scale question
VI. How often do you make sketches on paper before starting work with CAD (AutoCAD,
ArchiCAD, etc) programs?
Never

o

o

o

o

o

o

o

1

2

3

4

5

6

7

Always

I don’t use
CAD - o

Why?
____________________________________________________________________

Yes or Now question
I. Do you currently use a computer during design (at any stage of the design)?
Yes - o (1)

No - o (0)

Multiple choice question
IV. If you are using the computer during design (somewhere in the design process, not necessarily
the early design phase), from which phase of the design do you start to use the computer?
1) Sketch design phase (early/conceptual design
phase)

o

2) Preliminary design phase

o

I don’t use

3) Definitive design phase

o

computer - o

4) Final (shop) design phase.

o

5) Other:_______________

o

10. (S) Do you make sketches on paper while working with CAD programs?
11. (S) How important is it for you to have transparent paper during sketching?
12. (M) Which set-up do you currently use to make your sketches? (Usual horizontal table,
Big vertically oriented drawing board, Other)
13. (S) How important is model (maquette/small scale model) building for you in the early
design phase?
14. (S) What is more important for you: maquette/small scale model building or sketching?
15. (S) How often do you make building models (mockups)?
16. (Y) Do you create 3D models of buildings on a computer?
17. (M) In which stage of the design do you create 3D models?
18. (S) How often do you create 3D models?
19. (Y) Do you write a lot during design?
20. (M) If Yes: What do you use writing for?
21. (O) What are some good examples of concepts or ideas (in the early design stage) that you
have developed in your career as designer so far? (For example: office building –
organism analogy)
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22. (M) Percentage of the time you spend on different activities during early design.
23. (O) Have you ever worked with programs, which were developed for assisting the
architect in the early design stage?
24. (O) What is your opinion about computer programs which are developed to aid the
designer in the early stage of design?
25. (O) What is your opinion about the future of CAD programs?
26. (O) What is your opinion about using speech recognition in computer tools for the
architect?
27. (O) What is your opinion about using sketch recognition in computer tools for the
architect?
28. (O) What is your opinion about using handwriting recognition in computer tools for the
architect?
29. (O) Do you think that an increased use of information technology (computer tools) could
help you to improve your design capabilities?
30. (O) Would you like the computer to assist in the forming of ideas by generating
suggestions?
31. (O) Would you like the computer to give feedback on your design by means of
association, abstraction or reflection?
32. (O) What is your opinion about the possibility to easily transfer your sketches or models
to CAD programs?
33. (O) Do you consider it important to be able to reuse part of one sketch in another sketch?
34. (S) If you have the possibility to reuse a part of the sketch, would you prefer to have this
done with copy/paste by the computer or by overdrawing yourself?
35. (S) Do you consider it important to store/retrieve electronic copies of your sketches?
36. (M) Sometimes when an architect designs (s)he is looking for the works of other
architects (photos, sketches, etc.) as a source of inspiration for new ideas. How do you
search for such materials?
37. (S) How often do you reuse ideas from previous projects?
38. (S) How often do you reuse ideas within one project?
39. (S) How often do you use works of other architects in your work?
40. (S) We would like to know which types of additional materials (supporting, inspirational,
technical, etc.) you consider important: Text, Images (photos, sketches, etc.), 3D models,
Sound, Other.
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Table 2 Questionnaire results
Question

Subject
Practitioners
Type of the
question

Students

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18 19 20

1

Y/N

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

Y/N

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

3

Y/N

0

0

1

1

0

0

1

0

0

0

-

-

-

-

-

-

-

-

-

-

6

Never/Always

7

7

7

7

7

7

2

7

7

7

7

6

7

7

6

6

7

7

7

6

7

Importance

7

7

7

7

7

7

2

7

7

7

6

6

7

7

6

6

6

7

7

7

8

Never/Always

2

3

5

7

7

6

4

3

6

5

2

2

1

1

2

6

5

5

7

5

10

Never/Always

7

7

6

7

7

7

3

7

6

6

5

6

6

7

7

7

5

7

6

6

11

Importance

7

7

7

7

7

2

2

7

4

6

3

5

6

4

2

6

5

7

3

4

13

Importance

7

7

5

5

7

2

2

7

2

5

2

4

4

6

6

4

5

7

7

4

14

Scale vs. Sketch

4

4

6

4

4

7

4

4

6

6

-

-

-

-

-

-

-

-

-

-

15

Never/Always

6

6

4

5

7

5

2

6

3

4

3

6

6

7

7

6

4

3

7

4

16

Y/N

1

1

0

1

1

1

1

1

0

1

0

1

1

1

1

1

0

1

1

1

18

Never/Always

5

5

2

5

7

5

6

5

1

5

-

4

2

2

4

5

-

5

5

3

19

Y/N

1

1

0

1

1

0

0

1

0

0

-

-

-

-

-

-

-

-

-

-

23

Y/N

0

0

0

0

1

0

0

0

0

0

0

0

0

0

1

0

0

1

0

0

26

Importance

-

-

1

1

7

6

-

2

1

2

2

2

6

-

4

4

-

-

2

4

27

Importance

-

7

4

6

-

1

4

7

-

-

2

4

-

5

7

2

-

-

2

4

28

Importance

-

3

2

7

-

1

4

5

2

-

6

4

-

6

7

2

2

-

3

4

29

Y/N

-

0

0

1

1

1

0

1

0

0

-

-

-

-

-

-

-

-

-

-

32

Importance

-

6

5

7

-

1

2

5

-

-

5

5

4

2

4

2

5

5

5

2

33

Importance

5

7

6

7

7

1

6

6

6

6

5

6

6

4

1

2

6

2

5

6

34

Copy/paste vs.
Overdrawing

-

4

3

1

-

1

4

4

7

-

5

6

7

4

7

4

2

6

4

6

35

Importance

6

7

5

5

7

1

6

6

2

4

2

6

1

7

7

1

-

3

6

2

37

Never/Always

3

5

4

7

7

6

4

5

4

5

5

3

2

2

4

7

7

2

1

5

38

Never/Always

5

3

5

7

7

6

4

5

4

4

-

-

-

-

-

-

-

-

-

-

39

Never/Always

3

2

3

5

3

5

4

5

5

3

5

2

3

4

4

7

3

2

1

4

40

Importance (text)

4

5

5

7

4

3

5

2

3

6

6

6

5

6

7

7

3

6

5

4

40

Importance
(images)

6

6

7

7

7

7

6

7

7

7

6

5

6

6

6

7

5

4

6

7

40

Importance (3d
models)

5

6

6

5

7

6

3

3

5

5

3

4

2

3

3

7

3

3

6

6

40

Importance
(sound)

2

2

1

1

7

1

4

1

3

3

1

3

2

1

1

1

1

7

1

1
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Appendix C. Visual Interaction Platform - First generation
The existing augmented reality system (Visual Interaction Platform; Aliakseyeu et al., 2001)
was chosen as a starting point for the implementation of the Electronic Paper prototype. The
VIP (Figure 5) configuration is identical to the configuration of the commercially available
BUILD-IT system (see Chapter 3; Rauterberg et al, 1997). The alternative platform was built
in order to be able to create and test new applications and interaction styles based on the ideas
of natural user interfaces. This was not possible on the BUILD-IT system with it closed
software structure.

Figure 5. The Visual Interaction Platform (Rauterberg et al, 1997)

Hardware. The hardware configuration of the VIP is shown schematically in Figure 5. A
single Intel Pentium® II PC operates all components in the system. The VIP uses a video
projector to create a large (60x45 cm) computer workspace on the horizontal surface of a
table. This horizontal workspace is called the action-perception space. Instead of using the
traditional keyboard and mouse for interaction the user can interact (perform his/her actions)
with the VIP system using physical objects such as small bricks. These bricks are coated with
infrared-reflecting material. An infrared-sensitive camera is combined with an infrared light
source and located next to the projector. It tracks the movements of the interaction elements
(from now on mostly referred to as bricks or brick elements – BELs). The user interacts with
the system by modifying the location(s) and orientation(s) of these brick(s). Unlike in the
current desktop environment, where the mouse actions and the cursor movements occur at
separate positions, visual feedback in the VIP system occurs at the positions occupied by the
bricks. Therefore, the action and perception spaces (Smets et al, 1995) of the user coincide
much more closely. Apart from this horizontal action-perception space, the VIP can also
project a second image on a (vertically oriented) monitor or wall. This optional second image
can be used to supply the user with more extensive visual feedback for increased spatial
awareness, or to communicate with remote participants. It is therefore referred to as the
communication space.
Software. The VIP software contains a number of data type definitions, algorithms and
classes for acquiring, processing and storing images. Camera images in the VIP are acquired
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by means of the Leutron Vision® image processing board (frame-grabber card) and Daisy
library (Leutron Vision®). The class “DaisyGrabber” allows easy access to camera images
from within an application program, while the class “GridTransformations” applies the
mapping between camera coordinates and display coordinates that is required for accurate
visual feedback. A fully automated calibration program projects a test pattern that is
subsequently captured by the camera and analyzed to establish the transformation between
both device coordinate systems. This calibration is required in order to guarantee that the
visual feedback provided by the projector occurs at the actual brick positions.
The image analysis in the VIP is fairly simple and implemented in two stages. In the first
stage, a “flood-fill” algorithm (Wesselink, 2000) identifies regions in the image that share a
common value (i.e., the white blocks). In the second stage, a labeling algorithm selects
connected regions in a binary (black and white) image and calculates object features (such as
area, moments, principal axes) for these regions. These object features allow to estimate the
positions and orientations of the bricks.

Appendix D. Virtual components of the EP prototype
D.1 Image database-browsing menu
The image database-browsing menu (IDBM) is located on the left side of the workspace. The
left side has been selected in order to encourage the user to operate it with the BEL in his/her
non-dominant hand.
The IDBM serves several purposes:
1. To give the user access to images, 3d models (currently not implemented), text
database (currently not implemented), blank papers and workbooks
2. To provide the user with an easy and fast way to search and browse through the
database
3. To allow creating of VP from any image in database
The notebook menu (Figure 6-1) allows selecting between alternatives image databases. The
purpose of the workbook is to keep data (images, sketches, models) that belong to the current
project. Currently, one image database is provided, together with a notebook of blank papers
and a workbook (in which images and sketches generated by the tool are stored).
The user can switch between available notebooks (images database, blank paper and
workbooks) by placing a BEL, or clicking with the pen, onto the corresponding icon (Figure
6-1). After selecting a particular database or workbook, thumbnails of images are shown in
the image browser (Figure 6-5). To browse through the selected database two interaction
techniques are available:
1. Placing the BEL or click with the pen onto the upper or lower browse buttons will start
the browsing up or down through the data. The user can control the speed of browsing
by placing the BEL or pen closer or further away from the end of the browse button
(arrow head).
2. The user can use the slider on the side of the image browser. The slider can be operated
by the BEL or pen Figure 6-4).
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Figure 6. Database-browse menu (IDBM); 1) notebook menu; 2) IDBM resize spot; 3) browse
buttons; 4) scrollbar; 5) thumbnails; 6) preview window; 7) preview window resize spot; 8) image
description

The size of the image browser can be modified using the pen. Increasing the size of the
browser allows to view more images simultaneously, which may be helpful in reducing the
search time. Reducing the size of the browser allows to free workspace for other activities.
Resizing works as follows: when the user increases the size of the IDBM the size of the
thumbnails increases until some predefined maximum size. Visual feedback appears to inform
the user that if s/he will continue to increase the size the number of thumbnails will be
increased (a new row or column will be added). Decrease the size works similarly - first the
size of thumbnails decreases until some predefined minimum size, after which the number of
thumbnails is reduced. This allows to control both the number and the size of thumbnails with
a single action.
A particular image can be selected by placing a BEL on top. The preview window (PW)
displays the currently selected image (sketch) in large-sized window. The size of the PW can
be adjusted using the pen. The PW also allows to view the textual description of the picture
(Figure 6-8).
An image of interest can be converted into a Virtual Paper (image or sketch) and dragged onto
the workspace. Again both the BEL and pen can be used for that purpose. A BEL placed onto
the PW or a thumbnail and dragged outside of the IDBM for this purpose creates the VP. This
technique can only be used for the right column and bottom row if the IDBM has more then
one column or row. A VP can also be created with pen Pick-and-Drop (P&D). The user has to
place the pen above the desired thumbnail and click a button on the side of the pen (“pick”
VP). After that s/he can move the pen anywhere in the workspace. A shadow of the picked
thumbnail is displayed whenever the pen approaches the tablet, while the VP is created on the
workspace when the pen touches the tablet. The P&D technique allows access to any
thumbnail in IDBM.
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D.2 Virtual paper
A Virtual paper can either contain previously made and scanned sketches or photos, or
represent a blank piece of paper. As it was described earlier, these materials can be retrieved
from a database using the browse menu.
By moving the BEL (mostly with the non-dominant hand) on top of a VP, the designer can
change the position and orientation of the VP. A pen (in the dominant hand) can be used to
write or sketch on the virtual paper. In this way, two-handed interaction is supported: the nondominant positions the VP, while the dominant hand sketches or writes. This makes the
handling of virtual paper resemble the handling of physical paper, hence allowing the
designer of applying his/her experience and strategy of sketching on physical paper.
VPs have several properties: transparency level, size and “digital ink” properties. Architects
don’t use opaque media very often. They use transparent media such as tracing paper and
polyester film to copy, elaborate, annotate and evolve drawings (Tinder, 2000). Therefore, the
system offers transparency to assist in re-drawing and over-drawing, which is more important
than editing and tweaking (Tinder, 2000). A movable semitransparent toolbar (FM) can be
used to adjust the VP properties. The size of the VP can also be changed directly by dragging
the corners of the VP. Pressing the side button on the pen while dragging a corner can be used
to rotate the VP with the pen (Figure 7).

Figure 7. Position of TBM always stays horizontal

Every VP has a tool bar menu (TBM) attached that offers “windows” functionality. It can be
used to move the VP with the pen, to minimize the VP, to call (or remove) the FM, to delete
the paper, to move the VP into the workbook. It also provides visual feedback about current
ink color and thickness (Figure 8). The TBM allows the use of well-established windows
interaction styles. Although, not completely natural, they are by now well-acquired by many
people. The idea to add the TBM to VPs was based on the outcome and participants
comments of the first prototype evaluation. Additional functions like three different pen
thicknesses, eraser, sketch creation history slider, save and erase sketch functions, etc. are
located on a second toolbar that can be pulled out and in from the main TBM.
The TBM is an instance of a Rotating User Interface that was described in Chapter 3
(Fitzmaurice et al, 1999). The user can freely rotate the VP, while the toolbar menu retains it
horizontal orientation (Figure 7). This is done in order to preserve easy access to the TBM
operability while the VP changes it orientation.
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b)
a)
Figure 8. a) Main toolbar menu; b) additional toolbar menu; 1) call FM; 2) move VP to workbook;
3) open additional menu; 4) minimize VP; 5) remove VP; 6) discrete pen thickness; 7) eraser;
8)sketch history slider; 9) save sketch; 10) remove sketch.

As was pointed out earlier, both the pen and the BEL can be used to control the position of the
paper on the workspace. The BEL is most frequently used in situations where the user
sketches or writes on the VP, so s/he can position (rotate) the paper while sketching. The pen
is most useful in situations where the VP has to be positioned with a high precision, for
example when forming layers (see discussion on pins and clips). The pen not only allows
Drag-and-Drop (D&D), but also Pick-and-Drop (P&D), which turns out to be especially
useful when VPs have to be moved over larger distances. In this mode, the user can pick the
paper by placing a pen above the VP and holding the button, then s/he can move the pen
anywhere in the workspace (when the user moves the pen close to the surface the shadow of
the object is displayed as visual feedback) and release the button in order to “drop” the VP
there. Rekimoto claimed that for large workspaces this technique should be faster than dragand-drop (Rekimoto, 1997). However, our experimental study showed that P&D can be
slower than D&D, depending on the condition of the positioning task (see Chapter 6).
The P&D technique has another important advantage over the dragging technique. AR
tabletop systems usually have a lot of physical and virtual objects on the workspace, so that
obstacles often need to be avoided while dragging a virtual object. This often results in a path
that is longer than required when using dragging with BEL or Pen. With P&D, the user more
easily can use the shortest path by moving the virtual object over the physical objects (for
example BELs, physical paper, etc.). The P&D technique also allows to easily place a virtual
object onto a physical object (for example to put a VP on top of the EnPP).

D.3 Function Menu
The Function Menu is a menu that can be moved freely within the workspace, either with the
BEL or the pen. In order to change the properties of a VP, the user simply places the menu
such that it touches the virtual paper. Visual feedback is provided to inform the user that the
menu is activated. It is done by the lighting up the menu. Adjustments made in the toolbar
menu are applied to this virtual paper. The FM is an instance of a see-through interface, which
was introduced by Bier et al. in 1993.
The advantage of the FM is that the user manipulates it with his/her non-dominant hand and
brings it to the work area simply by moving it. By moving the FM away from an object (such
as a VP), the menu is de-activated. Thus, the user’s attention remains mainly focused on the
working area. Another advantage is the transparent nature of the FM that allows the user to
see the underlying objects. The FM changes appearance and function depending on the type
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of the object on which it is positioned. The FM contains transparency, size, ink color, pen
thickness, history buttons (for browsing trough the previously saved sketches), print (Figure
9). The menu also contains two special functions. Capture and apply functions works as
follows: by clicking the capture button, a user can capture all the properties of the currently
selected VP (size, transparency, ink color and pen thickness), after which s/he can move the
FM and apply these properties to another VP by clicking the apply function.

Figure 9. Function menu; 1) transparency; 2) VP size; 3) pen thickness; 4) pen color; 5)
saved sketches; 6) print; 7) capture/apply; 8) perspective grid.

The FM also allows to add additional supporting information on the VP, like simple grids,
perspective grids, different coordinates systems, etc. The properties of these elements can be
controlled directly on the VP (Figure 10).

D.4 EnPP
As mentioned before, an augmented physical paper (the Electronic Paper Prop – EnPP) can
also be part of the system. The EnPP can be placed anywhere on the workspace and the digital
pen can be used to sketch on it. The physical paper contains infrared reflecting tags that can
be tracked by the system. The sketches made by the user on the physical paper are traced into
the computer. The sketch strokes are stored in the computer memory, just as in the case of any
other VP. The visual feedback can however have two different modes. The sketch can either
be projected onto the paper or can be created by a (digital) pen with real ink.
The motivation of including real paper and ink in the user interface is that video images are
sometimes ill-suited for visual feedback of sketching and writing. While the input resolution
of digitizers is very high, the quality of visual feedback through projected images is far from
perfect: “Note that the high graphical resolution and contrast of a ballpoint trace on plain
white paper is unsurpassable with current electronic-paper devices” (Schomaker, 1998). We
believe that a system that combines the high input resolution of digitizers with an excellent
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visual output on real paper can constitute a step ahead in the implementation of pen–based
interfaces. From the point of view of the designer, he/she should be sketching and writing on
paper in a way that closely resembles current practice. Meanwhile, the system is capturing
pen and paper movements, and can add virtual information that supports the design on
demand. In our system support elements such as grids and virtual papers, that can be placed
(projected) on top of the physical paper, can provide the designer with supporting visual
information.

Figure 10. Grids and co-ords; 1) simple grid; 2) isometric grid; 3) perspective grid with two
vanishing points; 4) isometric co-ordinates

In addition, the EnPP can be used as a positioning tool for a VP, making the sketch process
completely similar to the traditional environment.

D.5 Clips, pins and eraser
The system supports several additional components that mimic physical tools that are
considered very handy in designing.
Architects very often use transparent paper for overdrawing. They place transparent paper on
top of an old sketch or image and fasten them together with a clip or pin them onto the
workspace. Virtual clips and pins work in almost the same way. If a user wants to connect
several VPs on top of each other or wants to link a VP to the EnPP (forms layers), s/he can
fasten them together by placing a virtual clip (the virtual clip can be positioned by means of
pen D&D or P&D). Once the clip is attached, fastened papers all moved (in case a VP is
fastened to the EnPP, only movement of the EnPP is allowed). Pins work in a slightly
different way. When the user places a pin on a VP, s/he “sticks” the VP to the workspace,
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consequently this VP can now only be rotated and resized. The position of the pin becomes
the center of rotation and resizing. Placing a second pin forbids any further rotation or
resizing. The pins help to avoid unintentional movements of VPs, for instance by a BEL
moving on top of a VP (Figure 11).

Figure 11. Clips and Pins

Another common tool for the designer is an eraser. The eraser in the system works as follows:
by means of the pen the user can move the eraser in the workspace. When s/he moves the
eraser onto a VP, s/he can start erasing by pressing the pen harder. The color of the eraser
changes in order to inform the user that the pen is in erase mode.

D.6 Virtual Album
The application has two modes normal mode described above and Virtual album mode. In the
VA mode the user has several additional functionalities (Figure 12).

Figure 12. Virtual album layout (sketches of Sandra van Breda); 1) move to the previous page; 2)
current page number; 3) move to the next page.

Firstly, the visible workspace is used as one big album page: the digital pen can be used to
sketch and write on it, the user can place VPs on the album sheet and works with them as
described above. When architects flip an album page forward (Figure 12-3), new empty
album sheet are presented (the previous pages can still be seen if the user decreases the
opacity of the current album page). If the user flips an album page back, than the previous
page content is restored (sketches, virtual papers, etc.). In order to transfer images from the
one album page to another page user can use pins. Pinned VPs always stay on top of the
album page and if the user flips to the next or previous page pinned VPs will not be removed.
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Currently up to twenty album pages are supported. The VA was intensively used in the ISS
experiment (see Chapter 7).

D.7 General workspace functions
There are several general functions. The user can save and restore the state of his workspace
(information about all the workspace elements and its positions). This function is very useful
since the architect can continue his/her work from exactly the same point at a later date.
The workspace also contains a status bar that provides information about current state of the
system (for example it tells the user if there any objects being picked).
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Summary
In current architectural practice, preliminary designs are mostly created on paper and/or in a
scale model before being converted into a representation in a CAD program. Only a few
computer tools are available to assist designers in this early (or conceptual) design stage. The
problem of introducing computer technologies at this stage is that the designer needs freedom,
speed, ambiguity, vagueness, etc. to quickly create the (usually only partially specified)
objects that he/she has in mind. This absence of strictly predefined rules, which is inherent to
traditional design media, is not offered by currently available computer tools.
Based on this the aim of the thesis was defined as to design, implement and validate a
computer support tool for the early stages of the architectural design. This aim has led to the
following research questions:
What are the characteristics of the early architectural design stage? How can we identify
instances in the architectural design process that can potentially be strengthened and improved
by means of computer tools?
How to define and measure the effectiveness and satisfaction of proposed computer tools for
the early architectural design stage?
Because of the complexity of the process and the vagueness of the early design stage it is
difficult to derive a priori how computer support tools should behave in detail. In order to
learn about such detailed requirements we carried out experiments with prototypes. This
iterative prototyping approach has helped us to obtain new requirements (improved
communication with users because users can asses better what computer support tools may
add).
We started by identifying steps in the design process that can potentially be strengthened and
improved by means of computer tools. Next requirements for computer aided design tools
were formulated. In order to achieve this, the structure and properties of the design process in
general, and conceptual architectural design in particular, were introduced and analyzed. We
argued that current computer support tools for architecture benefit the architect more in the
later stages of the design, while they are not very suitable for the conceptual stage of design.
These tools do not support the quick and abstract nature of conceptual design. On the one
side, if a designer starts to use CAD from the beginning it can limit his creativity. On the
other side, if s/he starts from sketching, s/he will have to translate the design into CAD later
on. A computer tool for early design may reduce the problem of converting drawings from the
early to the later design stages, but they do so at the cost of barriers in the creative process
(compared with sketching on paper).
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As a next step we provided an overview of relevant developments and research in the fields of
computer-aided design and augmented reality. This overview has helped us to identify
important interface requirements and the potential added value of computerization. We also
discussed advantages and disadvantages of existing design supporting tools, in order to
identify more specifically those aspects that are worth supporting in a new tool. Based on this
analysis, we narrowed down our interest to developing an interface that can be common to
traditional design activities and emerging (more computer - supported) activities.
Our two main design guidelines were formulated as follows: (1) the architect must be able to
sketch, write, model and search for images, or other information in an easy and intuitive way.
Intuitiveness can be provided to the architect by a tool that is natural to him/her; (2) the tool
should be able to handle all information that is useful to the architect. It is important that the
tool can handle multiple representations at the same time, meaning sketches, images, text, and
3D models.
Based on formulated design guidelines and requirements we have designed, implemented, and
evaluated a prototype of a system for architectural design. This is a prototype of a user
interface for architectural design that aims at supporting freedom, flexibility, abstraction,
speed and ease of use of the pen and paper. Two stages could be distinguished to the design
process, resulting in what was referred to as the first and second prototype. The second
prototype (EP-2) was created based on the results of the EP-1 evaluation.
The system has four basic interaction elements, namely, the brick elements (BEL), a digitizer
tablet with a digital pen, Virtual Paper (VP), and the enhanced paper prop (EnPP).
The brick elements (BEL) are physical objects coated with infrared reflecting material that can
be tracked by the system using a camera. The BELs are used for selecting and positioning
virtual objects on the working space.
The Wacom UltraPad consists of a tablet and a digital pen. The digital pen can be used like a
conventional mouse or as a writing tool. In our current implementation the digital pen is used
to make menu selections, sketches and annotations, and for precise positioning.
The Virtual Paper (VP) (projected image) contains: previously made or scanned sketches;
inspirational photos for example, work of other architects; images from previous projects;
and/or other relevant material. These materials can be retrieved from the image database
browser. By moving the BEL with the non-dominant hand, the designer can change the
position and orientation of a virtual document. A digital pen in the dominant hand can be used
to annotate or sketch on the virtual paper. These annotations or sketches can be saved or
printed for future use. A VP has several properties like transparency level, size, sketching ink
color and pen thickness. To adjust these properties the user can use the movable function
menu.
The Enhanced Paper Prop (EnPP) is a real piece of paper, that can be placed on the
horizontal workspace. The EnPP contains infrared reflecting tags that allow the system to
track it. Sketches made on the EnPP, using the digital pen, can be traced into the computer.
Sketches can either be projected onto the paper or can be created by a digital pen with an ink
cartridge. Using the EnPP the user can create sketches in the traditional way while the system
offers additional functionality. The system can add visual information that supports the
design, since any virtual paper can be placed on top of the EnPP. The system also allows
printing or saving of a digital copy of the EnPP, which can be used later as Virtual Paper.
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The prototype system can help in managing, storing and annotating images; managing,
creating and editing sketches and can assist in re-drawing and over-drawing. It also preserves
the naturalness of the traditional way of sketching.
The evaluation of the EP-2 showed that that the system does indeed support sketching in a
way that is comparable with a traditional “pen and paper” environment. Positioning of virtual
components within the system needs to be improved if we want to more closely approximate
the performance obtainable with positioning real objects.
An example of using the EP in combination with the Idea Space System showed how the
prototype can be used as an interface for architectural and non-architectural design tools.
PDF version of the thesis along with several video clips of the EP-2 prototype available at
http://www.vip.id.tue.nl/ or http://www.aliakseyeu.com .
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Samenvatting (Summary in Dutch)
In de huidige architectonische praktijk worden voorlopige ontwerpen veelal op papier of in
een maquette gemaakt, voordat ze omgezet worden in een representatie in (met behulp van)
een CAD programma. Weinig computer programma’s kunnen de ontwerpers ondersteunen in
het vroege (of conceptuele) stadium van het ontwerpproces. Het probleem van de introductie
van computer technologieën in dit stadium is dat de ontwerper vrijheid nodig heeft, alsmede
snelheid, ambiguïteit, vaagheid, etc. om snelde (meestal alleen gedeeltelijk gespecificeerde)
objecten te creëren die hij/zij in gedachten heeft. Deze afwezigheid van strikt vooraf
gedefinieerde regels, inherent aan de traditionele ontwerp media, wordt niet aangeboden door
de huidig verkrijgbare computersystemen.
Gebaseerd op het voorgaande is het doel van de thesis gedefinieerd als het ontwerp, de
implementatie en de validatie van een computerondersteund systeem voor de beginfase van
het architectonisch ontwerp proces. Dit doel heeft geleid tot de volgende onderzoeksvragen:
Wat zijn de karakteristieken van de beginfase van het architectonisch ontwerp proces voor en
de daaruit volgend mogelijkheide verbeteringen door een computerondersteund systeem?
Hoe kan de effectiviteit en satisfactie gedefinieerd en gemeten worden van het voorgestelde
computersysteem voor de beginfase van het architectonisch ontwerp proces?
Vanwege de complexiteit van het proces en de vaagheid van de beginfase is het moeilijk apriori af te leiden hoe computer ondersteuning in detail moet opereren. Om deze
gedetailleerde eisen te achterhalen hebben we experimenten gedaan met prototypes. Deze
iteratieve prototype benadering heeft ons geholpen om nieuwe eisen te verkrijgen (verbeterde
communicatie met gebruikers, doordat gebruikers beter kunnen beoordelen wat de computer
ondersteuning kan toevoegen).
Om te beginnen hebben we stappen in het ontwerpproces die potentieel versterkt en verbeterd
kunnen worden middels computer systemen geïdentificeerd en hebben we eisen voor
computerondersteunde ontwerpmiddelen geformuleerd. Om dit te bereiken, werden de
structuur en eigenschappen van het ontwerpproces in het algemeen en het conceptuele
architectonische ontwerpen in het bijzonder geïntroduceerd en geanalyseerd. We hebben ook
beargumenteerd dat huidige computerondersteunde systemen voor architectuur de architect
met name steunen in de latere fases van het ontwerpproces, terwijl ze niet erg geschikt zijn
voor de conceptuele fase van het ontwerpen. Deze systemen ondersteunen niet de snelle en
abstracte natuur van conceptueel ontwerpen. Aan de ene kant, als een ontwerper start met het
gebruiken van CAD kan het zijn/haar creativiteit negatief beïnvloeden. Aan de andere kant als
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hij/zij met schetsen begint, zal hij/zij somige materiaal moeten vertalen naar CAD in een later
stadium.
Als volgende stap hebben we een overzicht van relevante ontwikkelingen en onderzoek in het
veld van ‘computer aided design’ en ‘augmented reality’ gegeven. Dit overzicht hielp ons de
belangrijke interface eisen te identificeren, evenals de potentiële toegevoegde waarde van het
toepassen van computers. We hebben ook de voor- en nadelen van bestaande ontwerp
ondersteunende systemen besproken, om meer specifiek die aspecten te identificeren die het
waard zijn te ondersteunen in een nieuw systeem. Gebaseerd op deze analyse, hebben we ons
meer specifiek gericht op het ontwikkelen van een interface dat aansluit op traditionele
ontwerp activiteiten en opkomende (meer computerondersteunde) activiteiten.
Onze twee meest uitgesproken ontwerprichtlijnen kunnen geformuleerd worden als volgt: (1)
de architect moet kunnen schetsen, schrijven, modelleren en kunnen zoeken naar plaatjes of
andere informatie in een makkelijke en intuïtieve wijze. Het systeem werkt intuïtief als het
systeem als natuurlijk wordt ervaren voor de architect, (2) het systeem moet alle informatie
die bruikbaar is voor de architect kunnen verwerken. Het is van belang dat het systeem
meerdere representaties tegelijkertijd kan behandelen zoals schetsen, plaatjes, tekst en 3D
modellen.
Gebaseerd op de geformuleerde ontwerprichtlijnen en eisen, hebben we een prototype van een
systeem voor architectonisch ontwerpen, gedefinieerd, geïmplementeerd en geëvalueerd. Dit
is een prototype van een gebruikers interface voor architectonisch ontwerpen dat zich richt op
het ondersteunen van vrijheid, flexibiliteit, abstractie, snelheid en gemak, vergelijkbaar met
pen en papier. Twee stadia konden onderscheiden worden in het ontwerpproces, resulterend in
een eerste en tweede prototype. Het tweede prototype (EP-2) is gecreëerd op basis van de
resultaten van de EP-1 evaluatie.
Het systeem heeft vier basis interactie elementen, namelijk blok elementen (BEL), een
digitiser tablet (elektronische schrijftafel) met een digitale pen, het virtuele papier (VP), en de
papieren interface (Enhanced Paper Prop).
De blok elementen (BELs) zijn fysieke objecten met infrarood reflecterend materiaal dat door
het systeem middels een camera getraceerd kan worden. De BELs worden gebruikt voor het
selecteren en positioneren van virtuele objecten op het werkveld.
Het Wacom UltraPad bestaat uit een tablet (elektronische schrijftafel) en een digitale pen. De
digitale pen kan gebruikt worden als een conventionele muis of als een schrijfvoorwerp. In
onze huidige implementatie wordt de digitale pen gebruikt voor het maken van menu selecties
te maken, schetsen en annotaties, evenals voor het uitvoeren van preciese positioneruigen.
Het virtuele papier (VP) (geprojecteerd plaatje) bevat: voorheen gemaakte of gescande
schetsen; foto’s ter inspiratie, bijvoorbeeld het werk van andere architecten; plaatjes van
vorige projecten; en/of ander relevant materiaal. Dit materiaal kan uit de image database
browser verkregen worden. Door het BEL te bewegen met de niet-dominante hand, kan de
ontwerper de positie en oriëntatie van een virtueel document veranderen. Een digitale pen in
de dominante hand kan gebruikt worden om te annoteren of te schetsen op het virtuele papier.
Deze annotaties of schetsen kunnen opgeslagen of geprint worden voor later gebruik.
Het VP heeft verschillende eigenschappen zoals transparantie niveau, afmeting, schets
inktkleur en pendikte. Om deze eigenschappen aan te passen kan de gebruiker het
verplaatsbare functiemenu gebruiken.
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Het papieren interface (EnPP) is een gewoon stuk papier, dat op het horizontale werkvlak
geplaatst kan worden. Het EnPP heeft infrarood reflecterende labels, waardoor het systeem in
staat is het papier te traceren. Schetsen gemaakt op het EnPP met de digitale pen kunnen
getraceerd worden in de computer. Schetsen kunnen of geprojecteerd worden op het papier of
ze kunnen gecreëerd worden met een digitale pen die uitgerust is met een inktpatroon. De
gebruiker kan schetsen creëren in de traditionele manier met EnPP terwijl het systeem
toegevoegde functionaliteit biedt. Het systeem kan visuele informatie toevoegen dat het
ontwerpen ondersteunt, omdat virtueel papier geplaatst/ geprojecteerd kan worden op de
EnPP. Het systeem kan ook een digitale kopie van het EnPP afdrukken en opslaan, welke
later weer gebruikt kan worden als virtueel papier.
Het prototype systeem kan helpen in het hanteren en opslaan van en het annoteren bij plaatjes;
het hanteren, creëren en aanpassen van schetsen en kan ondersteunen in het opnieuw tekenen
en overtrekken. De natuurlijkheid van de traditionele manier van schetsen wordt hierbij in tact
gelaten.
De evaluatie van het EP-2 heeft aangetoond dat het systeem inderdaad het schetsen in een
vergelijkbare manier ondersteunt als op traditionele wijze met pen en papier. Het positioneren
van virtuele componenten in het systeem moet verbeterd worden als we vergelijkbar prestaties
willen van de gebruiker als in het geval van positioneren van reële (echte) objecten.
Het gebruik van een EP in combinatie met het ‘Idea Space System’ heeft aangetoond hoe het
prototype gebruikt kan worden als interface voor architectonische en niet-architectonische
ontwerp middelen/systemen.
Een PDF versie van het complete proefschrift, evenals een aantal video clips van het EP-2
prototype, zijn beschikbaar via http://www.vip.id.tue.nl/ of http://www.aliakseyeu.com .
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