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Chapter 1 Introduction 

 

Chapter 1   Introduction 
Early architectural design is the stage where, starting from design assignment, the first 
alternatives are generated and explored by the architect. This stage is characterized by a low 
degree of commitment to generated ideas, a lack of details, and a large number of movements 
from one idea to the next. Architects generate a single idea/fragment and develop it until it is 
complete and can be evaluated. Explorative activities are necessary for widening the problem 
space and the exploration and development of core ideas. The design iterations may be very 
quick with the design being constructed, refined, and discarded in rapid succession (Plimmer, 
2002).  
During these stages the architect tends to use sketching as a dominant medium for the design. 
It is natural for the architect and it is fast. It allows the designer to visually describe the 
overall concept and then reorganize, refine and explore details (Goldschmidt, 1999). 
Moreover, it serves as an external memory (Newell and Simon, 1972). The drawings during 
early stages are very important and therefore the focus of this thesis is to support the sketching 
activity for the architect with computer tools in the early stages of design. 

1.1 Motivation of the thesis 

Traditionally, people made conceptual designs with pen and paper. Reasons for this are the 
low overhead of a pen; the great expertise architects have in drawing, the simplicity of its use, 
and the fact that precision is not required to express the idea. However, pencil and paper are 
imperfect. After many changes the paper can become cluttered. Different alterations such as 
showing the model from different viewpoints require new drawings. Collections of drawn 
objects cannot be transformed together. 
Current computer drawing systems do not suffer from these drawbacks. They have reached a 
high level of sophistication and provide the possibility of high-level design editing and 
revision. However, they are primarily suited for the production of the technical drawings in 
the final phases of the architectural design process and they do not offer support for the early 
phase of the design process. For example, Computer Aided Design (CAD) systems require 
designers to specify many details in the drawing, while the designer does not care about them 
in early stages of the design process. In order to reduce the time spent on the transition from 
the conceptual stage to more precise stages, some of the architects use these programs in all 
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phases. The disadvantage 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). Computer 
programs can be inhibiting, which often leads to a premature closure of the design process; 
the representations used in computer-aided design systems tend to be rigid and precise 
(Dorsey, 1998). Thus, it seems there is a room for a tool that provides the power and 
flexibility of a computer application for the early stages of architectural design. In this thesis 
we focus on the design and validation of such a tool for architects. 
This project is a part of E3DAD (Easy 3D Architectural design project). This project is a 
collaboration of three faculties of Eindhoven University of Technology:  

 Faculty of Architecture, Building and Planning (Prof. Dr. Ir. B. de Vries and Prof. Dr. 
H. Timmermans: Design Systems group); 

 Faculty of Industrial Design (Prof. Dr. Ir. J.-B. Martens and Prof. Dr. M. Rauterberg: 
User-Centred Engineering group); 

 Faculty of Mathematics and Computer Science (Prof. Dr. Ir. J. van Wijk and Dr. Ir. K. 
van Overveld: Visualization group). 

Each faculty has a related Ph.D. sub-project. The research problem of the project within the 
Faculty of Architecture, Building and Planning (N.Segers, "Computational Representations of 
Words and Associations in Architectural Design") concerns the role of words and associations 
in the early stages of design. As part of this project a prototype tool called the Idea Space 
System (ISS) was developed. ISS is designed to support an architect in the early phase of the 
design process and provides architects with associations between words, represented in word 
graphs. These word graphs aim at aiding the architect in the enhancement of creativity and the 
reduction of fixation (Segers, 2004). 
The second project within the Faculty of Industrial Design (D. Aliakseyeu, “Direct 
Manipulation Interface for Architectural Design Tools”) focuses on designing and evaluation 
of an interface for a system, where the architect is enabled to sketch, write, model and search 
for images, or other information in an easy and intuitive way. As a part of this project a 
prototype of this system was implemented and evaluated (Aliakseyeu, 2003). The evaluation 
of the systems shows that the system supports sketching activity in a way that is comparable 
with a traditional “pen and paper” environment. 

1.2 Objective of the thesis 

Our “Computer support for architects in early stages of design” project focuses on the next 
generation of a drawing system for architects. The main research objective of this thesis is to 
study how a computer tool can be defined for the architect in the early stage of design. The 
emphasis in this thesis is on the development and evaluation of a design system that would be 
easy and natural in use for the architect in these stages. 
We present a new approach for a design system that is based on a framework from 
architecture on the meaning of drawings in architectural design (Achten, 1997). Based on this 
framework we define the elements for a drawing system and develop a geometry engine that 
operates by means of these design elements and relations between them. Also, we describe a 
user interface for such a system that is natural for designers and enables them to explore the 
design space effectively and efficiently.  
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1.3 Outline  

The outline of the thesis is as follows. In chapter 2 we describe the architectural design 
process and in particular the early design stages and activities of architects during these 
stages. Also, in this chapter we consider the major directions of current research that aims to 
improve computer support for architects. In chapter 3 we define requirements for a computer-
based design support system for architects during the early stages of design. In chapter 4 we 
present the basic concept of our approach, which is based on the “Generic Representation” 
framework (Achten, 1996). In particular, we define a set of graphic primitives (design 
elements) and the structure of the system. Based on these concepts, in chapter 5, we define the 
core of our Structural Sketcher design system: a geometry engine that enables a designer to 
define and manipulate design elements. We provide a mathematical model of how 
geometrical transformations affect related design elements and describe the main algorithms 
that are used in the geometry engine. In chapter 6 we define visual metaphors and interaction 
techniques on top of the geometry engine such that its power and flexibility are provided to 
the user in an easy and natural way. In chapter 7 we introduce and evaluate a new type of 
geometry manipulator (the KITE) that enables the user to initiate geometric transformations. 
In chapter 8 we describe a user experiment that was performed in order to evaluate Structural 
Sketcher. In chapter 9 we elaborate on 3D architectural design. In particular, we consider how 
concepts from Structural Sketcher in 2D could be extended towards a 3D architectural system. 
The prototype of Structural Sketcher is publicly available at 
http://www.win.tue.nl/~spranovi/research.htm. 
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Chapter 2 Background 
An architectural design process has a complex and vague structure. The architect starts from 
an abstract and ill-defined problem and progresses to a solution in the form of blueprint. 
During the design process an architect makes sketches, drawings and scale models to generate 
and explore alternatives. In order to support different design activities he uses different tools, 
conventional and computer-based, each with their own advantages. 
In this chapter we analyze the architectural design process, the architect’s needs during this 
process and the various tools used. In particular, we elaborate on computer-support aspects. 
We consider existing techniques to improve computer support, classify existing solutions, and 
draw conclusions about the current support in the field of architectural design provided by 
computers. 
This chapter contains ten sections. The first section introduces the general design process 
according to Asimov’s model. The second section describes the architectural design cycle. In 
the third section we consider how a design cycle develops in time and we identify the stages 
in the architectural design process. In the fourth section we analyze the early stages and the 
final stages of architectural design and the activities of architects during these stages. In 
section five conventional tools to support the design process are analyzed. In section six 
advantages and disadvantages of computer support with respect to the different design stages 
are discussed. In section seven we consider the major directions in current research to 
improve computer-based drawing tools. In section eight we present a general structure of a 
computer assistance tool; we describe the user interfaces that are available for the architects 
and make a classification of design tools. In section nine existing computer solutions are 
presented and discussed. In the final section conclusions are drawn with respect to the 
computer support that is currently provided for architects. 

2.1 General design process 

Design is an iterative problem-solving process, where every designer uses his own methods. 
Regardless of individual differences, the design process seems to have some common 
elements. Morris Asimow describes the design process as a cycle of activities that takes place 
in time (Rowe, 1992). 
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Figure 2-1. An iconic design model of a design process (Asimow). 

Asimow distinguishes two structures in the design process: 
1. Horizontal structure: a cycle that begins with analysis (A) and proceeds through synthesis 

(S) and evaluation (E) to communication (C). He sees this cycle as repetitious, or iterative 
between the various phases of activity.  

2. Vertical structure: the sequential phasing of activities, which  proceeds from a definition 
of need to the final production itself. 

In the next sections we consider the architectural design process, and elaborate on its 
horizontal and vertical structure. 

2.2 Architectural design cycle 

The architectural design process is an iterative, visual and continuous process that involves 
thinking and exploring in symbolic representations (Tversky, 1999). An architectural design 
develops through a cycle of activities (Lawson, 1997) that corresponds to the horizontal 
structure in Asimov’s design model. It consist of the following phases: analysis, synthesis, 
evaluation, and communication.  
The analysis phase is the phase of exploration of relationships and looking for patterns in the 
available information. In this phase the architect carefully studies the current problem with 
respect to requirements and generates main design objectives. The architect orders and 
structures various kinds of information, including requirements and rules. The analysis results 
in a formulation of design objectives. 
The synthesis phase is characterized by an attempt to move forward and create a response to 
the problem. It involves activities such as brainstorming, modeling, thinking and sketching. 
An architect develops his ideas through many different variants working on all scale-levels. 
This phase results in variants and schemas that need to be evaluated according to some 
criteria.  
The evaluation phase involves the critical appraisal of suggested solutions against the 
objectives identified in the analysis phase. An architect may for instance calculate some 
physical/geometrical characteristics of the design. 
In the communication phase design decisions are presented and discussed with clients, 
technical experts and other designers. 
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The continuation of the design process provides the architect with more information on the 
design assignment that must be evaluated again from different viewpoints. 

2.3 Architectural cycle in time 

In this section we consider how a design cycle develops in time and we identify the stages in 
the architectural design process, e.g., the vertical structure in Asimow’s design model. 
The designer often starts from an abstract and ill-defined problem and progresses in stages to 
a solution (Goel, 1999). A typical scenario of an architectural design process is as follows: 
An architect gets an initial assignment from the client. Often, together with the client he 
analyses the problem and makes a brief, where the requirements for the solution are specified 
and the basic concept is defined. For inspiration he can use photos, sketches and drawings 
from other projects. A designer usually begins with freehand sketches in order to develop 
promising ideas or concepts. He produces many drawings in the early design stage (Brown 
and Norton, 1992). They are rough and abstract. While sketching he uses different kinds of 
media like pen, soft pencils, charcoal and felt-tip. An architect can modify, redraw sketches or 
postpone them in order to come back to them later on. Sometimes transparent papers are used. 
Furthermore, during the design process an architect often makes models. Models and sketches 
may be used to communicate between the architect and the client, between the architect and 
his colleagues, etc.. When the architect is satisfied with the preliminary design, he creates a 
more detailed drawing: other tools are used, such as a ruler or a drawing board. In later stages 
of the design he uses drafting/CAD-modeling systems in order to make a precise drawing of 
the design. In the meantime he uses pen and paper in order to test new design ideas. 
In a design process 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).  

During the sketch design stage the designers tend to choose sketching because it allows 
downloading short-term memory quickly onto a more permanent space (Plimmer, 2002). 
Drawings contain significant vagueness, which can be interpreted in multiple ways (Fish and 
Scrivener, 1990). These drawings mainly aim at conveying the most important ideas that 
underlie the design and only consist of some simple elements (Do, 1998). The sketches 
present initial ideas about the shape of the building in relation to the function that the building 
will have. During this stage architects also may create mock-ups. 
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Figure 2-2. Sketch design (models from architectural students, photo by S.Pranovich). 

The preliminary design stage is more precise and drawings contain more details, so that more 
detailed issues in the design can be presented. Architects often create physical 3D models for 
presentation purposes in this stage. 

  
Figure 2-3. Preliminary design (models from architectural students, photo by S.Pranovich). 

The sketch and preliminary design stages will be referred to as the early architectural design 
stage. In the early stages of design the architect defines concepts and basic ideas of the 
construction. The early ideas and organizing principles have an influence that stretches 
throughout the whole design process and which are detectable in the solution (Rowe, 1987). 
In the definitive design stage the commitment to a particular solution is made, and this 
solution is elaborated in more detail. Drawings include detailed information about 
dimensions, materials, connections, etc.. Often standardized building components are 
introduced in the design at this stage. 

 

  
Figure 2-4. Definitive design stage (models from architectural students, photo by S.Pranovich). 
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In the final design stage, large-scale drawings (for example, the scale of drawings can be 
1:10) that contain even more details about materials, connections and dimensions, are 
produced. These working drawings, usually not made by the architect himself, are used to 
communicate detailed information to the constructor. 

 
Figure 2-5. Final design stage (models from architectural students, photo by S.Pranovich). 

The next figure shows the impact of design decisions on the final result: later stages have a 
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. Hence, wrong decisions made in 
the early stage have a high impact in later stages. The figure also shows the level of detail 
during the design development: it significantly increases from early design stages to final 
stages.  

Level of detailsImpact

Early design Final design

Time

 
Figure 2-6. Impact of design decision on the final result. 

2.4 Early and final architectural design stages 

In this section we consider the differences between the early and final stages of design in 
more detail.  
These stages differ with respect to the information dealt with, the degree of commitment to 
generated ideas, the level of detail attended to, and the symbol systems needed to support the 
different types of information and transformation. 
In the next table the main characteristics of the early and final design stages are identified. 
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Design Phase Early Design Final Design 
Problem 
representation 

Ill-defined Well-defined 

Actions Exploration:  
 Sketching  
 Schematic drawing  
 Mockups 

Elaboration: 
 Drafting  
 Detailed drawing  
 3D modeling 

Activities Exploration of problem space 
(diverging the problem): 
 Generation of alternatives 

and exploration 
 Switching between ideas 

(no commitment to the 
generated ideas) 

 General information is 
involved 

 Rough visualization 
(reinterpretations in time 
are possible)  

Elaboration of problem space 
(converging): 
 Trying a particular 

solution 
 Elaboration of ideas in 

more detail 
 Specific information is 

involved 
 Precise definition 

 

Table 2-1. Characteristics of the early and final design stages. 

Early design is a classical case of ill-defined problem solving. It is the stage where 
alternatives are generated and explored. The abstract nature of information being considered, 
a low degree of commitment to generated ideas, the roughness of details, and a large number 
of movements from one idea to a slightly different idea facilitate the generation and 
exploration of alternatives. Architects often do not generate several independent fragments 
and choose between them. They generate a single idea/fragment and develop it through to a 
point where it is complete and can be evaluated. The drawings in this stage present fragments 
of ideas (Goel, 1999). Explorative activities are necessary for widening of the problem space 
and the exploration and development of core ideas. The design iterations may be very quick 
with the design being constructed, refined, and discarded in rapid succession (Plimmer, 2002).  
The final stages of design are more constrained and structured. They are phases where 
commitments are made to a particular solution and this solution is propagated through the 
problem space. Final stages of design are characterized by the concrete nature of information 
being considered, a high degree of commitment to generated ideas, attention to detail, and a 
large number of movements from one idea to a more detailed version of the same idea. It 
results in a deepening of the problem space (Goel, 1999). 
The activities and tools used by the architects can be classified according to the phase and 
whether they are 2D or 3D. 

 10



Chapter 2 Background 

 
Design 
phase\dimensions 

2D 3D 

Early design Sketches, schematic drawings Mock-ups 
Intermediate stages Drawings Prototype models 
Final design Detailed drawings Precise 3D models 

Table 2-2. Activities of design process. 

The necessity to draw arises from the need to foresee the results of the synthesis or 
manipulation of objects without actually executing such operations (Fish and Scrivener, 
1990). Drawings rarely exist in the mind of the architect, defined to the last detail, waiting 
only to be transferred to a sheet of paper. An image develops over time and undergoes a 
number of transformations. The designer probes and searches for congruence between the 
image and the ideas that he has in mind (Dorsey, 1998). The drawings during early stages 
serve as an external memory (Newell and Simon, 1972). Drawing allows the designer to 
visually describe the overall concept and then reorganize, refine and explore the details 
(Goldschmidt, 1999). Through the act of putting ideas on paper and inspecting them, 
designers see new relations and features that suggest ways to refine and revise their ideas 
(Suwa, 1996). The early architectural design tasks do not require high accuracy and 
functionality, because speculative representations are essential for the creative process, while 
the final stages of design require definitive and precise presentation of ideas. In early design, 
architects are equipped mainly with pen and paper. In the final stages of design, they use tools 
such as rulers, drawing boards or CAD programs to improve the quality of the detailed 
drawings.  
An important tool for architects is a scale model. This is particularly viable in the early stages 
of design where the goal is to embody very general ideas very quickly (Erickson, 1995). Scale 
models are used for presentations, to communicate with oneself and with others, to check how 
the building will fit in the surroundings, to check relative dimensions, and to form an image 
view impression (Piccolotto, 1998). In order to create such models in the early stages of 
design architects can use clay, cardboard, wood, etc.. In the later stages they often use 
computer tools for detailed 3D modeling. 

2.5 Conventional tools for architectural design support 

In this section we consider the use of traditional design support tools.  
In order to support the design process architects use different conventional methods, which 
sustain different aspects of the design process. Quoting Julie Dorsey: “The classical tools of 
architectural design include a wide range of media. Among these are pencil and paper, 
cardboard and rubber cement and clay and wire. All of these media have a common set of 
properties. Each is pliant, flexible and forgiving. By their nature they encourage exploration 
and iteration” (Dorsey, 1998).  
The role of the media is to allow immediate capture of ideas for examination and revision, 
and to provide a record of the exploration process for later review. Design support tools are 
specific in their purposes and they use different media. Pen and paper support easy and fast 
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drawing that is natural for the architect. A pencil combined with an eraser provides a kind of 
convertible design; with these tools architects can experiment with the shapes of objects. 
Transparencies add the possibility to make the design incremental and more parameterized. 
An architect can manipulate transparencies in order to define compositional aspects of design. 
By tracing drawings, the architect can explore design variations. To evaluate space parameters 
mock-ups are made. Materials such as clay, foam, and cardboard, each with their own 
advantages are used.  
It is possible to distinguish some aspects of design that are addressed by these tools. These 
aspects can be divided into two groups. The first group of aspects refers to actions of 
attending to visual and spatial features of design elements (perceptual features) that give the 
visual cues for association or reminding of abstract concepts, functional issues, or problem-
solving strategies. There are four classes in this group (Suwa, 1999): 

1. Visual features of elements, such as shapes, sizes; 
2. Spatial relations among elements, such as proximity, remoteness, alignment, 

intersection; 
3. Organizational relations such as grouping, uniformity/similarity; 
4. Implicit spaces that exist between elements. 

The second group of aspects refers to the design process as it develops in time. This group 
carries notions such as reversibility, reusability, speed, and parameterization of design. 
Reversibility guarantees that changes made at any step in the design process can be reflected 
all the way back to the earlier steps so as to guarantee the consistency of the entire design 
process. Reusability allows reusing design components, which decreases the time required to 
design and provides the “known quality” of design. The speed of design defines the time 
needed to reach design goals. A parameterization in design allows presenting design ideas as 
chunks of information, which gives a possibility to easily manipulate of design ideas and 
efficiently explore the design space.  
Architects use different tools during the design process, because they need to support different 
design aspects: pen and paper allow fast exploration of design space, transparencies increase 
the reusability of drawings, making models provides efficient evaluation of spatial aspects of 
design, etc.. 
In the next section we consider some aspects of computer support in the architectural design 
process. 

2.6 Computer support for architectural design 

The support provided by conventional tools is mainly limited to the synthesis phase of design. 
A computer provides assistance in other design phases: from the synthesis phase to the 
analysis and evaluation phases. Computers help users to generate design objectives by 
specification tools, to draw and to design 3D models with CAD packages, to calculate 
physical and geometrical characteristics of design, and to provide easy access to information. 
In this section we elaborate on various aspects of computer support. We first consider what 
the advantages of computer support in general are. 
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The main goal of computer support is elimination of human actions when no judgment is 
required (Shneiderman, 2001). With computer assistance a user can avoid the annoyance of 
handling routine, monotonous, and error-liable tasks, and concentrate on critical decisions 
(Sanders and McCormick, 1993). Human judgment is necessary when unpredictable events 
occur, such that actions must be taken to preserve safety, to avoid extensive failures, or to 
increase product quality (Hancock and Scallen, 1996).  
Recent computer techniques provide rapid entry and modification of design information. 
Modeling and rendering systems aid the visualization process, allowing designers to walk 
through their designs (Greenberg, 1991; Glassner, 1995). Most 3D computer modeling 
systems are good at generating different views of precise 3D models and exploring designs at 
a variety of scales: from a bird's-eye view to that of a person within the described space. 
However, most tasks that benefit from computer support occur near the completion of a 
design process. In fact, most of the architectural design challenges have already been resolved 
by the time the designer sits down in front of a computer (Dorsey, 1998).  
The focus of current design support systems is the accurate specification of geometric 
relationships. These systems imply specifying coordinates for every design element. It forces 
the designer to adopt an unnatural point-of-view. According to Dorsey: “Most of recent 
developments have failed to tap the potential of the computer as a design tool. Instead, 
computers have been relegated largely to the status of drafting instruments, so that the "D" in 
CAD stands for drafting rather than design” (Dorsey, 1998).  
Computer tools usually have a limited scope, for example CAD programs aim at definitive 
and precise drafting, and are developed for the later design stages (Suwa and Tversky, 1996). 
Sometimes architects use these programs in all phases of design to reduce the time spent on 
the transition from the early stage to final stages. The drawback of it is that the use of such 
programs tends to limit the creativity in the early design stage and can encourage poor design 
(Lawson, 1999). Computer programs can be inhibiting, which often leads to a premature 
closure of the design process; the representations used in computer-aided design systems tend 
to be rigid and precise (Dorsey, 1998). In the words of Robert McKim: "...not all visualization 
materials are well-suited to exploring and recording ideas. Materials that involve the 
visualizer in difficult techniques, for instance, will absorb energy and divert attention away 
from thinking. Time-consuming techniques also impede rapid ideation, since ideas frequently 
come more quickly than they can be recorded. Frustration with an unwieldy material can 
block a train of thought or be reflected directly in a diminished quality of thinking" (McKim, 
1980).   
We summarize that computers are characterized as fast, accurate, consistent, and precise 
(Fitts, 1951) and their assistance succeeds better in supporting related aspects of design. 
However, many of these aspects become important only in the final stages of design, where 
the problem space is converging and design ideas become more defined and structured. In the 
early stages of design computers manifest their inability: they are inflexible, unimaginative, 
and tedious. We see that computer support focuses on quantitative rather than qualitative 
support. This quantitative support is used mainly in reflecting well-defined aspects of the 
design, while for the architects a conceptualization is more important during early stages. So, 
we see that on one hand advanced CAD tools are widely used to support later stages of the 
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design process, while, on the other hand, many designers still prefer pen and paper in the 
early stages. 
Given the complexity of design and the high impact of design decisions in the early stage, 
architects can benefit from an earlier use of the computer if such a tool matches the speed and 
flexibility with which architects work. 
In the next section we consider the major directions that have been pursued in order to 
provide computer support of designers in the early phase of design. In particular we consider 
the major activity of architects during the early design stage: sketching. 

2.7 Related work 

Sketching support can be divided into two classes: 2D sketching support, for example tools 
like Cocktail Napkin (Gross, 1996) and Pegasus (Igarashi, 1998), etc.; and 3D sketching 
support, for example tools like DDDoolz (de Vries, 2001), GIDA (Do, 2002), and SketchUp 
(SketchUp, 2004). All of them aim to improve the interaction with a design system such that 
this becomes more easy, intuitive, and natural for architects and approaches sketching. We 
distinguish three major aims that current research tries to improve in order to support 
computer drawing:   

 Input of design information to the system; 
 Manipulation of design information; 
 Presentation of design information; 

Recent examples of simplifying input of design information are sketching tools like SATIN 
(Hong, 2000), SILK (Landay, 1996), and SmartSketch (Smartsketch, 2001). These kind of 
systems use recognizers, interpreters, and multi-interpreters (Hong, 2000). A recognizer is an 
object that takes some kind of ambiguous input and returns a list of classifications and 
probabilities. The interpreter takes an action based on user-generated strokes classifications. 
Often recognizers together with interpreters provide beautification techniques. A graphical 
object can have several interpreters. The multi-interpreter specifies the policy of which 
interpreter to use when more than one is present. In these kind of applications designers 
sketch free hand and the systems attempts to recognize common graphic elements from this 
input. In the Teddy sketching tool (Igarashi, 1999) the user can draw several 2D freeform 
strokes interactively on the screen and the system automatically constructs plausible 3D 
polygonal surfaces. The Pegasus system (Igarashi, 1998) introduces predictive drawing that 
predicts the user’s next drawing operation based on the existing drawing. The predicted 
segments are displayed on the screen, and the user can select one by tapping on it if it happens 
to be the intended segment. The DENIM system for the early stages of web-design allows 
designers to sketch at different refinement levels, and unifies the levels through zooming (Lin, 
2000).  
Many techniques have been proposed to improve manipulation of design information (graphic 
objects). They aim to simplify aspects such as positioning of an object or a set of objects; 
changing their shapes, sizes, etc.. Drawing systems offer tools that help designers for instance 
to align and to mirror objects. With such tools the users can establish relationships between 
objects, but unfortunately most of the systems forget about these relationships after the 
positioning operation is complete (Gleicher, 1992). Grouping is another well-known support 
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aid: objects are merged, possibly recursively, and can be manipulated as a group. Snap-
dragging helps to position objects and to orient them using “virtual gravity” (Bier, 1986). 
Anchor points like in SketchUp give a visual feedback of reaching some geometrical 
restraints (getting parallel, perpendicular, etc). Another important aspect of object 
manipulations is the selection of an active set of objects. The user can manipulate either a 
single object (all actions affect only one object) or a group of objects (e.g., hierarchy 
manipulations: the set of manipulated objects is defined by relations between them). 
Constraint techniques make a powerful addition to the interaction techniques available in 
graphical editors. SketchPad (Sutherland, 1963) was the first drawing system that used 
explicit constraints, defined by the user. It allowed lines to be constrained by relationships 
with other lines (perpendicular, parallel, etc.). ThingLab extended that notion by providing a 
general simulation environment (Maloney et al., 1989). Many other systems have been 
developed that provide constraint-based support for graphical applications, such as Garnet 
(Myers, 1990), Coral (Szekely, 1988), WHIZZ’ED (Esteban, 1995), Briar's (Gleicher, 1993) 
and Inventor (Strauss, 1992). However, the success of constraint-based approaches to drawing 
has been limited by the difficulty of creating constraints, solving them, and presenting them to 
users. 
In order to improve the presentation of design information architects often trace with a tracing 
paper and a pencil over computer output. They redraw the image by hand because they feel 
that the computer output appears stale compared to the "more alive" presentation of hand-
drawn graphics. Strothotte (1994) has presented a system that can render architectural 
drawings in a sketchy look. A user can adjust the rendering of a scene to produce images using 
primitives with variable degrees of precision. The SKETCH drawing system uses non-
photorealistic rendering techniques in order to help users to make their drawings look 
ambiguous (Zeleznik, 1996). Plimmer argues that a sketch environment should delay visual 
feedback until the user requests it (Plimmer, 2002). In his sketching tool the user decides 
when the sketch is complete and the system generates a revised version, using beautification 
techniques. 
Some design systems aim to support early design by providing some functional aspects of 
design. EsQUIsE is an experimental computer-based system for capturing and interpreting the 
architect's sketch (Leclercq, 1999). The aim of this system is to recognize spatial semantic 
representations of the architectural project in order to feed diverse computer architectural 
design simulators (e.g., heating conditions, construction costs). The IDEA-1 is a tool for 
natural lighting devised for use by architects during the early stages of design process 
(Geebelen, 2000). 

2.8 A model of a computer assistance tool 

In order to identify elements in an architectural design system that can be potentially 
strengthened and improved, we need to define the structure of a design support system. In the 
following sections we define the general structure of an assistance tool and make a 
classification of its components.  
Although the purpose of an assistance tool can differ in different stages of design, it is 
possible to distinguish three basic components in any assistance tool (see Figure 2-7):  
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 User interface; 
 Processing unit; 
 Design model. 
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Figure 2-7. A model of computer-assistance tools. 

The design model defines a collection of design elements and rules of interaction between 
them that describe various aspects of design. The processing unit component provides 
operations and actions on these elements. In the user interface the user can enter and view 
design information. 
In the next sections we elaborate on various aspects of this model. 
2.8.1 User interface 
Much work has been done in the field of user interface development. In this section we 
consider the major trends that have been pursued in order to offer a more natural environment 
for architects. 
One trend in the development of architectural environments is the use of virtual reality (VR). 
In the ideal and most extreme case the participant-observer is totally immersed in, and able to 
interact with a completely synthetic world. Such a world may mimic the properties of some 
real-world environments, either existing or fictional; however, it can also exceed the bounds 
of physical reality by creating a world in which the physical laws ordinarily governing space, 
time, mechanics, material properties, etc. no longer hold. The actions of the VR participants 
may alter the world they experience. The main advantages of VR systems are that they 
provide true 3D, stereoscopy, and interactive exploration. One approach is the use of head-
mounted displays (HMD). In front of each eye a small liquid-crystal display is put, where 
each screen presents a slightly different view to create a three-dimensional effect of depth for 
the viewer (Azuma, 1994). The HMD is also provided with a motion tracker to monitor both 
the orientation of the head and the direction in which the user is looking. However, artifacts 
like time lag for rotational head movements, limited spatial and temporal resolution and 
fidelity limit the usability (Raskar, 1999). 
Another approach is the use of projection-based systems, with the CAVE (Cruz, 1993) as a 
typical example. The CAVE is a small room composed of three projection walls and a 
projection floor, on which computer-generated images are displayed. Among the CAVE’s 
advantages are high resolution, a wide field of view, insensitivity towards lag for rotational 
head movements and a strong feeling of immersion. However, this system suffers from the 
drawback that true stereoscopic images can only be rendered for one „leading“ user wearing 
the head tracker - the users have to remain close to the leading user, because distortions 
increase proportional to their distance to the tracked point of view (Löffelmann, 1997). Other 
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projection-based approaches are the use of projection on a table (Responsive Workbench, 
Krueger, 1995) or on a wall. 
Immersion aids to evaluate the spatial quality and relations in a design. People can easier 
understand the consequences of a design, and they become faster familiar with an unknown 
building rather than through other representations. Hence a device like a CAVE is very useful 
for architectural walk-throughs: to present a design to a customer. An example of 
investigation how VR can facilitate design is the VIDE system, where AutoCAD is 
dynamically coupled with a VR environment (Coomans, 1996). Orzechowski has developed a 
virtual reality application MuseV2 that is built on a Desktop CAVE (Vries, 2003) and allows 
users to instantly modify an architectural design (Orzechowski , 2001).  
Another trend in the field of modeling environments are Augmented Reality (AR) systems. 
The main idea of AR is to place virtual objects into real scenes, or equivalently, augmenting 
the physical world with virtual data. This trend is enforced by the fact that a minimal use of 
intrusive devices, such as head-mounted displays, should be preferred (Seymour, 1996). In the 
domain of architecture, AR aims to support traditional environments for the architect by 
means of coinciding action-perception space, pen-input, and two-handed interaction.  
Examples of AR systems are DigitalDesk (Wellner, 1993), MetaDesk (Ulmer and Ishii, 
1997), VIP (Aliakseyeu, 2001), Ariel (Mackay, 1998), and LivePaper (Robinson, 2001). All 
use the idea of tangible user interfaces, which allow direct control of electronic objects 
through physical objects. The physical object serves as an input device and is tracked using 
computer vision, radio frequency tracking, or ultrasonic tracking. The information related to 
the physical part can be transferred and processed by application programs. For the user the 
physical object acts as physical handle to a virtual object and offers a rich combination of 
physical and virtual options (Fitzmaurice, 1995; Ullmer, 2001). Physical objects are often 
identically coupled to virtual objects, for example in BUILD-IT (Rauterberg et al, 1997) and 
ActiveDesk (Ullmer and Ishii, 2001). Sometimes 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). Dima Aliakseyeu has explored the use 
of AR within the E3DAD project (Aliakseyeu, 2003). He has shown that this is a promising 
direction for the development of an architectural design system for the early stages of design. 
2.8.2 Processing unit and model 
The kernel of a design system consists of the design model and processing unit. They provide 
design elements and operations on them. We propose a classification of design systems on the 
basis of two criteria: 

1. Specificity to the architectural domain: this criterion distinguishes generic systems 
from systems that are specifically oriented towards architectural tasks. The connection 
to architecture is defined on the basis of design elements that are provided in the 
system. 

2. Versatility of provided support: this criterion is related to the number of different 
techniques that the system offers for the support of designing and for structuring 
relationships between design elements.  
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The following figure classifies a number of drawing systems that can be used for architectural 
design.  

Basic
primitives
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to the architecture
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Photoshop
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DDDoolz Arch Studio

Paint
Pen and Paper
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Home design

 
Figure 2-8. The classification of drawing systems. 

The horizontal axis shows specificity: some systems are based on generic primitives such as 
circles, rectangles, etc.; other systems are based on primitives that are tailored to the 
architectural domain, such as walls, doors, windows, etc.. The vertical axis in this graph 
displays the versatility of techniques that are offered for managing design elements. Some 
systems provide only basic manipulations, while others offer an extensive set of operations, 
options to define macros, constraints, etc.. 
In the next section we give an overview and classification of existing solutions for design 
support. 

2.9 Current solutions 

Many different systems have been developed and are used for computer-aided architectural 
design during the early stages. These tools present a large number of useful ideas, many of 
which have influenced our research. In this section we give an overview of some design tools 
that are currently available or still under construction. We cannot be exhaustive, but we tried 
to select a number of solutions that are typical for a certain class. These tools intend  

 to mimic the traditional architectural environment; 
 to simplify interaction with the system (input, manipulation, and presenting design 

information); 
 to support various design aspects (e.g., visual, spatial, structural); 
 to bridge the gap between early stages of design and following stages. 

We present design systems in order of increasing complexity: We start with presenting very 
simple tools that provide basic drawing, then we shift our focus to sophisticated generic CAD 
tools, and then we consider CAD tools that are tailored to the architectural domain. In the end 
of this section we give a summary. 
Microsoft Paint. Paint is a drawing tool that comes with Windows and supports the creation 
of simple drawings. These drawings can be either black-and-white or color and can be saved 
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as a bitmap file. The user can use a set of basic primitives for the drawing such as circles, 
rectangles, and lines. Free-form lines can be used as well. The system provides basic 
commands such as erase and undo. Manipulations with drawings are available via a 
copy/paste command.  

 
Figure 2-9. MSPaint. 

However, all manipulations are pixel-based and the user cannot address a particular object 
after the object has been created. The major advantage of this tool is the simplicity of drawing 
that can be strengthened by running this application on a touchable LCD screen. 
Electronic Cocktail Napkin. This program is a pen-based, freehand drawing environment for 
design (Gross, 1994). The Cocktail Napkin supports making, editing, and managing diagrams 
and freehand drawings. The user draws on a digitizing tablet or other input device, and marks 
appear in the Drawing Board or Sketchbook window. The program supports a simple form of 
collaborative drawing, where designers draw on the same tablet using different pens. The 
designer controls the program using a short menu of command buttons. Gestures can be used 
to execute frequently used commands such as erase and undo. Gestures can be redefined by 
training a new glyph. The program can recognize the elements of a diagram with user-defined 
patterns and interpret them in the context of particular domains (e.g., building floor plans). 
For example, a designer working on a floor plan draws a configuration of four boxes around a 
larger box, which 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).   

 
Figure 2-10. Cocktail Napkin. 
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A disadvantage of Cocktail Napkin is its weak interface and considerable learning period 
before the user can obtain reasonable recognition rates from the program (Gross, 1994). The 
major advantages of the system are the principles of working with layers and the customizable 
recognition system (defined patterns and graphical rewrite rules). 
Autodesk Architectural Studio. This program allows drawing on the surface of a large 
design table that is both a pen-based and computer display. Architectural Studio includes tools 
such as pencils, markers, erasers, and tracing paper. Sketches made within this environment 
look much like sketches that have been hand-drawn, scanned, and imported. Users can 
combine different media in a single workspace: sketches, 3D models, CAD drawings, 
animations, and manipulate these media in different ways: for example, sketching right on top 
of a 3D model or animation.  

 
Figure 2-11. Architectural Studio. 

The main advantages of Architectural Studio is that it resembles the traditional environment 
for the architects and removes the gap between conceptual and later stages of the design by 
providing a transformation of the design into advanced CAD programs (Novitski 2002). 
However, this system is weak in supporting the drawing process. 
DDDoolz. DDDoolz is a three-dimensional voxel sketch tool. It offers a sketch-like 
environment in VR with an unobtrusive interface. Using DDDoolz the user can create 3D 
objects composed of small boxes. The tool allows an “edge drag” interaction (de Vries, 2001). 
With an 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.  

 
Figure 2-12. DDDoolz. 
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The main advantage of DDDoolz is the possibility to create 3D models directly and quickly, 
but the variety of shapes that can be modeled is limited. 
Drawing packages like Adobe Photoshop, Painter and Corel PhotoPaint present another 
class of drawing systems. For example, although the main application area of Photoshop is 
editing of digital images, architects sometimes use it for drawings. Photoshop provides a 
comprehensive toolset, high precision, and powerful color correction features. It offers 
sophisticated painting tools including brushes that simulate natural media such as charcoal, 
pastel, and wet or dry brush effects. Each tool has a number of settings. Drawing tools 
provide resolution-independent vector shapes instantly with line, rectangle, ellipse, polygon, 
and custom shape tools. Because they are vector shapes, the user can edit them easily. Layers 
are used for the composition of drawings. Transformation tools such as scale, rotate, distort, 
etc. are available for the manipulations of layers. 

 
Figure 2-13. Photoshop. 

Although the amount of options and features in this package is extremely high, it is difficult 
to use it as a fast sketching package. Moreover, the possibility to manipulate drawings only on 
the level of layers (not on the level of objects) is insufficient for editing architectural 
drawings.  
SketchUp. SketchUp allows easy 2D and 3D form creation and modification. The program 
provides basic primitives including rectangles, circles, line segments, and freeform drawing 
tools. These tools do a lot automatically: for example, corner points automatically snap 
together and lines are automatically constrained along regular axes. The editor gives 
additional feedback in the form of cursor-shape and color changes that tell the user which axis 
or object the user are drawing parallel to, when the user are touching a surface, and so on. 
SketchUp also includes a small library of elements such as windows, landscaping, and 
furniture. A constraint solver is used for shape editing: the user can drag one face of an object 
and adjacent surfaces are automatically adjusted. SketchUp can visually "soften" the drawings 
with rendering effects (e.g., jitter lines and extended edges). It is able to show how the model 
will look as the day and the seasons change in terms of shadow casting. SketchUp exchanges 
data with all standard CAD, 3D modeling, image editing, and illustration applications.  
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Figure 2-14. SketchUp. 

Although, or maybe because many features are offered, the use of SketchUp is quite complex. 
This program provides the support for the designer during the definitive and final design 
stages rather than during the early design stages. 
High-end CAD systems like AutoCAD, MicroStation, Pro/Engineer, CATIA, and 3D 
Studio VIZ provide sophisticated general-purpose and special-purpose techniques for 
drawing and solid modeling. These tools offer a high level of reusability of design ideas, 
standardization of design data, and provide easy calculations of various aspects of design. 
Despite that support in such systems is oriented to the final stages of design, architects 
sometimes use such systems in early stages of design in order to escape from the gap between 
early and final stages. 

 
Figure 2-15. CATIA. 

In these packages parameterized design can be defined. However, this requires the use of 
custom programming languages (Cox, 1998). Because of the many features offered and the 
high complexity, such packages are less suited for the early stages of design. 
ArchiCAD. ArchiCAD is an example of a CAD system that is tailored to the architectural 
domain. It targets the full range of architectural services. In this package instead of drawing 
lines, ellipses and arcs, users raise walls, add windows and doors, lay down floors, build stairs 
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and construct roofs. While the user is designing, ArchiCAD is creating all the project 
documentation so there is little repetitive and tedious drafting work. This accelerates work, 
makes the management of the project easier and allows users to design instead of to draft.  

 
Figure 2-16. ArchiCAD. 

However, the set of precisely defined design elements’ and crude intelligence (with respect to 
early design) that are embedded in this system makes it difficult to use for early design. 
In the rest of this section we give a summary of the tools that were considered above with 
respect to the classification presented in section 2.8.2 (see Figure 2-8).  
Tools like MSPaint are extremely general and simple to use but support only basic drawing 
functionalities. Cocktail Napkin simplifies input of design information by using a context-
based recognition. DDDoolz provides a very simple technique of conceptual sketching in 3D 
and evaluation of spatial aspects of design. Adobe Photoshop simulates a set of painting tools 
for the architect. Architectural Studio is an example of a system that supports a design process 
by resembling a traditional environment. It aims at integration of the early design into overall 
design process. In general this group of support tools aims at making a design system easy to 
use. In order to do so the tools allow easy input of design information and model traditional 
architectural tools and environment. Nevertheless, the amount of support for the architectural 
design in this kind of systems is low. 
Another group of computer support tools is characterized by supporting parameterized design: 
tools like Pro/E, AutoCAD, and SketchUp provide easy manipulation and presentation of 
complex design data. They simulate products realistically so that the architect can anticipate 
in detail future products. However, these systems aim at the final stages of design and it is 
quite difficult to use them during the early stages of design. 
Tools like ArchiCAD provide sophisticated techniques for making design. In general this kind 
of system is rather similar to other CAD systems. The main advantage of this system is the set 
of geometrical primitives that is tailored to the architectural domain. The interaction with this 
kind of system is very simple for architects. Nevertheless, a well-defined set of design 
elements limits the user during early stages of design: the focus of the user in such a system is 
on specifying the elements defining the space, such as walls, rather than the space contained 
within them. 
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We can see that during the early stages of design the architects on the one hand are provided 
with simple tools, which actually hardly support the design process, on the other hand they 
can use tools that provide support and functionality but restrict the creativity. So, architects 
still prefer pen and paper (Gross, 1996). 

2.10 Conclusion 

In this chapter we have given an overview of the architectural design process and we have 
analyzed architect’s activities and needs during different stages of the design process. We 
have considered support tools that architects use, in particular computer tools for architects.  
In this chapter we made a classification of existing computer support tools that the architect 
can use during the early stage of design. This classification is built on the basis of two criteria: 
specificity of the tool to the architectural domain and versatility of provided support. We see 
that although many computer tools have been created to support an architect during the 
architectural design process, they hardly maintain the design: on one side architects have 
simple tools, which actually hardly support the design process, from the other side they have 
tools that provide support and functionality but restrict the architect. Therefore there seems to 
exist a need for a tool that offers support at an intermediate level, using concepts that are 
meaningful for early stages of design.  
Within the E3DAD project, Dima Aliakseyeu has studied how to provide an intuitive 
environment in which multiple representations can be handled (Aliakseyeu, 2003), while 
Nicole Segers has studied the role of words and associations, aiming at support for the 
architects (Segers, 2004). Nevertheless, 2D sketching is an important activity in the early 
design stages, and hence we think it is worthwhile to explore how a computer could offer 
additional support. 
We define as our challenge to develop a 2D sketching tool or drawing tool that does provide 
concepts that are meaningful for early design and to evaluate whether this is an improvement 
compared to existing tools. We do not have the ambition to solve all issues related to early 
design. 
In the next chapter we formulate the requirements for a computer support tool on the basis of 
the material given in this chapter.  
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Chapter 3 Requirements for an architectural 

design system 
In the previous chapter we have considered the architectural design process. We have 
analyzed activities of architects during different stages of the architectural design and the 
support techniques that are available. We found that architects are hardly supported by a 
computer during the early stages of design. In this chapter we define requirements for a 
computer based design support system for architects during the early stages of design.  
 

3.1 Defining requirements  

First we define the target for a design system: we select an architectural activity to support. 
Early architectural design involves many different activities of the architect. However, during 
these stages the architect tends to choose sketching as a dominant medium for the design. 
Sketching allows conceptualizing and evaluating rough design. It is natural for the architect 
and it is fast. Therefore the focus of our system is to support the sketching of the architect. We 
restrict ourselves to the support of 2D drawings. 
An important aspect of a design system is the design model: the design elements and rules of 
interaction between them. Design elements that are offered to the architects by current 
systems are either too specific and aim to the final design stages or too general to be used by 
the architects during early stages of design. Therefore the first requirement for a design 
system is that it must provide a set of design elements that are related to early design.  
In order to evaluate what kind of user interface would be a user’s choice for the early stage of 
design we asked architects. As possible choices two types of system were provided: 

 A very simple software tool with minimum options, which provides only basic 
functionality support for design; 

 A sophisticated software tool with a large number of features and functionalities. 
Eight out of eleven last-year students from the architectural department preferred a software 
tool with a minimal number of options and with a simple user interface to a sophisticated tool. 
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However, for the final stages of design all users choose a sophisticated software tool, because 
the support in automated drawing is appreciated. Their choice for the early stage is motivated 
by the fact that a sophisticated user interface is unnatural for the user and would restrict him. 
It makes a user change the focus from design to interaction with the environment. Therefore 
the user interface must be simple and natural for the architect; the architect must be enabled 
to make a design in an easy and intuitive way. In order to provide this, interaction techniques 
must provide an easy possibility for input, presentation, and manipulation of design 
information.  
For the input of design information we are not going to use sophisticated techniques (such as 
beautification, recognition, etc.) for two reasons: they require a significant amount of time to 
be implemented and they have been studied in other systems sufficiently. Another important 
aspect is that the number of options in a design system (menus, dialogs, tools in the toolbar, 
etc.) must be limited in order to reduce its versatility. 
In the area of presenting design information we require real-time visualization of design 
information since a delay of the system’s feedback may slow down the performance of design 
tasks. A possibility to present the design in rough and vague appearance is also required, 
because drawings that contain vagueness allow reinterpretations of the design.  
The manipulation (variation, modification) of design information is critical with respect to the 
early design: in many design systems it significantly degrades the quality of support. 
Therefore we emphasize this part. Architects tend to choose sketching for the first stages of 
design because speed is crucial: design ideas frequently come more quickly than they can be 
recorded (McKim, 1980). Since the major architect’s strategy during the early stage of design 
is to generate ideas/fragments and to develop them through transformations (Goel, 1999) it is 
necessary to provide possibilities to create design schemes fast and to allow fast 
transformations to other schemes. This implies the possibility of rapid geometrical (shape, 
size) and spatial (position, orientation) transformations of single design elements, as well as 
hierarchies of design elements. Therefore the next requirement for a design system is that it 
must provide fast manipulation. Architect must be enabled to explore a design space 
efficiently, i.e., to easily generate variations of design. For a computer support system it 
implies a minimal number of mouse clicks, and mouse movements that architect have to make 
in order to perform design tasks. Therefore the system should require a small number of 
actions with respect to the addressing of provided functionality. Some drawing systems 
provide a wide-range of design functionality in a form of programming languages. However, 
this kind of interaction with the system is not preferred in the early stage of design for the 
user. All features of the design system must be presented visually. Moreover, a design system 
must be easy to learn, because a large amount of effort to learn it can be a barrier for the 
architect. Also, a design system must be fun and inspiring to use.  
A potential hardware environment for a design system that aims to support early design was 
elaborated in the scope of E3DAD project by (Aliakseyeu, 2003). The result of his research 
shows that an Augmented Reality approach is a direction to go. However, for the platform of 
the design system we decide to limit ourselves to a standard desktop version for several 
reasons: it is easier to implement the system on a desktop version, since there is no need to 
calibrate any kind of hardware devices; the desktop version is mobile; the desktop version of 
the design system can be transferred to the augmented reality environment without loosing 
quality. Therefore we require that the system can be run on a standard desktop PC. 
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It is important to note that all work has been done as a part of E3DAD project that is a 
collaborative research of three groups (the Design Systems Group, the User-Centered 
Engineering group, and the Visualization Group) in the field of architectural design. Since our 
part of the project was done in the scope of the Visualization Group, our system should also 
present novel solutions in the field of interactive computer graphics. 

3.2 Summary 

In general, we aim at improving the state of the art, according to the judgment of architects. 
As state of the art we consider well-known systems such as AutoCAD, ArchiCAD, 3D Studio 
MAX, etc.. If now the new system statistically significantly performs better than these other 
systems, judged by a representative sample of architects, a requirement is met. In the 
following we refer to this as “according to experts judgment”. We divide requirements into 
three groups:  

1. General requirements for the design system: 
 (RQ1) The set of design elements must be suitable for the early stages of 

architectural design. According to experts judgment:  
o (RQ1.1) Design elements must provide the right level of detail for the 

early stages of design; 
o (RQ1.2) The set of design elements must be complete; 

 (RQ2) The learning time must be short (according to experts judgment); 
 (RQ3) The system must support the creativity of the users, and must be fun and 

inspiring to use (according to experts judgment); 
 (RQ4) The system should not require special hardware, i.e., it should run on a 

desktop PC; 
2. Requirements for the input: 

 (RQ5) The system must be faster than other systems, according to experts 
judgment, with respect to: 

o (RQ5.1) Geometrical transformations (translate, rotate, scale) of a single 
object;  

o (RQ5.2) Geometrical transformations of sets of objects (modification from 
one design scheme to another); 

 (RQ6) The system must be efficient  (according to experts judgment): 
o (RQ6.1) In order to create a design scheme the number of actions (mouse 

clicks and movements) must be smaller than in other systems; 
o (RQ6.2) The number of actions during typical transformation tasks (such 

as transforming one design scene to another) must be smaller than in other 
systems; 

o (RQ6.3) The amount of control components (options, dialogs, toolbars) 
must be less than in other systems; 

 (RQ7) All features of the design system must be presented visually; 

 27



Chapter 3 Requirements for an architectural design system 

3. Requirements for the output: 
 (RQ8) Visualization of design information must be done in real-time and users 

must perceive the system as rapid; 
 (RQ9) Presentation of design information must be done in a rough and vague 

appearance: Users must identify the appearance of design elements as sketchy. 
The requirements were formulated in order to make the system easy and natural in use for the 
early stages of design. The system aims to offer flexibility, abstraction and freedom for the 
architectural design process. The next chapters present the system that was created based on 
the requirements defined above.  
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Chapter 4 Basic concept 
In order to develop a system that supports architects in an architectural fashion according to 
the requirements (see previous chapter) it is necessary to look at the way architects use 
graphic representations in the early stages of design. We base our concept on research of 
Henri Achten who studied the drawings of architects that are made during the early stages of 
design (Achten, 1996). The “Generic representations” framework of Achten describes the 
design process on the level of understanding of the architects and we use it as a starting point 
for a design system that supports the early design process. In the following sections we 
present the basic concept and define a set of graphic primitives and the structure of the 
system. 

4.1 Graphic primitives 

In section 2.8 we have made a classification of design systems on the basis of the geometrical 
primitives used. Current systems provide two extreme cases of geometrical primitives: basic 
primitives or primitives dedicated to the architectural domain. Both of them do not provide a 
good starting point for a design system that aims to support the early stage of design: generic 
primitives are too simple to be used, and architectural primitives are too strict to be used in 
early design.  
To improve on this it is necessary to define an alternative set of primitives, which is suited for 
the early architectural design. Research in the use of drawings by architects leads to the view 
that architects use well-defined forms of graphic representations to depict their design 
intentions (Do 1997, 1998, Verstijnen 1997, McFadzean 1999, Koutamanis 2001). In the 
analysis of 220 graphic representations related to early design that were taken from 
architectural sources these forms have been identified and described as graphic units (Achten, 
1997). 
Achten defines a graphic unit as a set of graphic elements that are organized in a specific way 
and that have a meaning that is agreed upon by many designers. In the research of Achten 24 
graphic units were defined. Some examples are zone, axial system, grid, circulation scheme, 
and contour (see Figure 4-1). A “zone” for example is defined by filled or closed polygonal 
shapes. The meaning of a zone is defined as an area that has specific properties, e.g., 
architects use a “wet zone” to define the space that is related to water (kitchen, toilet, etc.). 
The shape of the zone is not defined: it can be linear, curved, circular, polygonal, etc.. 

 29



Chapter 4 Basic concept 

 
However, if a particular element has been recognized as “zone”, it is clear for the architect 
how the element is used in the design, what its meaning is in the design process, and which 
decisions it presents. 

 
Figure 4-1. Graphic units. Figure A shows the palace of sultan Baz Bahadur, Mandu, India (Herdeg, 
1990, p.42, Figure 3). Figure B, C, and D show graphic units: (B) set of orthogonal lines at specific 

distance (grid); (C) filled closed polygonal shapes with different line-weights (zones); and (D) closed 
polygonal shapes (contours) (Achten, 1997). 

The architectural intentions are strictly defined in terms of specific interactions between 
graphic units. Any other kind of possible interaction or interpretations are not considered and 
in fact free to the designer. 
According to Achten, a design process consists of a sequence of states, where in each state a 
configuration of graphic units is considered. Achten labels these configurations as “generic 
representations”. Examples of generic representations are zone in contour, zone in contour in 
grid, and circulation in contour. Any drawing that belongs to the class defined by a generic 
representation deals with the same kind of design issues, thus enabling designers to reason 
about and to share their design drawings.  
It is important to understand that in order to produce, modify, or remove an instance of a 
generic representation the architect interacts with graphic units. Although the use of generic 
representations in a design system could be efficient for the control of graphic units, it is 
difficult to incorporate them, since the number of hypothetical generic representations is too 
large (only 50 of them were identified from the potential set of more than 12000), the relevant 
set of them is unknown, and they have an intricate structure. Therefore we focus on the 
constituent element of generic representations: graphic units. 
Graphic units can be considered as a medium to express the ideas in an architectural design. 
In the early phases the architect is trying to resolve basic issues of composition, layout, 
structure, circulation, and preliminary indication of arrangements. Most graphic units are 
concerned with structuring the design (e.g., grid, zone, circulation system), rather than 
describing the design itself (e.g., contour, complementary contours, element vocabulary). 
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Although some graphic units are already employed in drawing systems, their potential is not 
discovered, especially with respect to high-level knowledge. For example, a designer uses an 
“axial system” to show the symmetry between two contours. The axial system does not only 
describe the design, but also structures the information in the design. In most drawing systems 
the fact that two objects are mirrored copies of each other can not be stored explicitly; after a 
mirroring operation has been applied, higher-level knowledge (relationships between objects) 
disappears. The presence of an axial system as a separate structuring device and object in the 
drawing is ignored in such an approach.  
A grid is another good example in this respect. Drawing systems offer grids to position 
elements more easily, but only as a tool and not as a meaningful element on its own. There is 
a strong link between a grid and the objects that are coordinated on this grid, and changing 
one or the other should have consequences for either the grid or the objects that relate to the 
grid. Also, architects often use multiple grids simultaneously to structure the design and to 
relate to high-level concepts behind the final design (for example Bax 1985). The architect 
experiments with different orientations and scales, coordinates objects and grids relative to 
each other, and observes how the grids influence and enhance each other. In other words, a 
grid is not just a drawing tool, but also an important element of the design itself. 
The concept of a graphic unit is instrumental in the development of a design system. It 
combines graphic information with design content. Therefore we propose to use graphic units 
as graphic primitives (building blocks) in a design system. In summary, the reasons to do so 
are:  

 The notions of knowledge encoding and knowledge transferring via graphic units are 
well established within the architectural community, since graphic units are derived 
from acknowledged architectural sources; 

 Identified graphic units are relevant to the early stages of architectural design; 
 Graphic units can be used to analyze design processes (Achten and van Leeuwen 

1998, 1999), or to build design information systems (Achten, Oxman, and Bax 1998, 
Achten 2000).  
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Figure 4-2. Graphic units as graphic primitives for a design system. 
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In other words a design system that is based on graphic units would fill the gap between the 
too specific and the too general design systems, giving the architects a meaningful alphabet to 
express their ideas in the early stages of design (see Figure 4-2). 
We propose further that a design system has to incorporate not only the pure graphical and 
geometric aspects of each individual graphic unit, such as position, orientation, color, but also 
the conceptual and abstract level of information representation based on the designer’s 
understanding of graphic representations. Therefore in the next section we focus on graphic 
units and relations between them. 
 

4.2 Capturing the structure of design 

Since a graphic unit is a constituent element of generic representations, the presence of 
several graphic units in one generic representation implies relations between graphic units. To 
demonstrate this we take a particular sequence of generic representations (Achten, 1997, 
p.122). The provided sequence includes 24 generic representations (each of them defines the 
state of design) and describes the design of an office building (see Figure 4-3). Twelve 
instances of graphic units influence each other in the context of different generic 
representations. These influences appear in a graphical form (shape, size), spatial form 
(alignment, intersection, remoteness), and organization form (grouping). For example, the 
“contour” graphic unit has spatial influence in step 10 (the contour defines the tentative areas 
for schematic subdivision), graphical influence in step 16 (the contour defines the module of 
the grid), graphical and organizational influence in step 17 (the contour together with the grid 
coordinates zone), etc..  

 
Figure 4-3. The sequence of generic representations (Achten, 1998): steps 10,16,17. 

The architectural intentions are strictly defined in terms of specific interactions between 
graphic units. Any other kind of possible interaction or interpretations are not considered and 
in fact free to the designer. In summary, we aim at a system where during subsequent object 
manipulation all objects are active and influence each other and react to user actions in a 
meaningful and predictable way. We distinguish two aspects in this respect: the structure of 
the relations between graphic units, and the meaning of these relations. 
First, concerning structure. A number of graphic units can be interrelated in a complex way, 
forming a network of influences. And even two different graphic units can be related 
differently. As an example we take two grids: A and B (see Figure 4-4). A user can 
manipulate them separately (no relations between A and B); the user can experiment with 
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influences from one to another (A B, B A); or the user can relate grids that have identical 
size and orientation and use these grids as one tartan grid (A B).  

A B A B A B A B
 

Figure 4-4. Relations between grids A and B. 

An axial system (which present the notion of symmetry between objects) is a more 
complicated example: When a designer changes something in one contour and this contour is 
connected to another by means of an axial system, then the changes must be reflected in the 
other contour also. When the designer changes the position of the axial system, the positions 
of the contours also have to change (see Figure 4-5). 

ContourContour

Axial system

 
Figure 4-5. Contours are connected by means of an axial system. 

These examples demonstrate that the issue of structure between graphic units is based on two 
aspects:  

 An influence between graphic units can be of different types. It is expressed by 
relations between graphic units, either directed or undirected (bi-directional relation). 

 The graphic units and relations forms networks or graphs, possibly containing loops. 
Second, we look how the relations are used and what they mean for the architect. In this 
respect we define two types of influences that can appear between graphic units: generic 
influence and influence that is specific for the type of graphic unit.  
Generic influence concerns parameters that are common for all graphic units, such as 
position, size, and orientation. These parameters are variable and can be affected in related 
graphic units. Another important aspect in this respect concerns the constraints that can be 
applied to these parameters. For example, a designer must be able to freeze a related 
orientation of two particular graphic units, or to fix a distance between them, etc.. 
An influence that is specific to the particular graphic unit type demonstrates specific features 
of graphic units. In other words, via a specific property, a graphic unit can demonstrate its 
influence on a generic property. Let us take the grid. A grid helps to determine dimensions 
and locations of objects:  
• Determine dimensions: the lines in a grid are spaced at a particular distance, called the 
“module”. This module is a basic unit of measure. Every element that is placed in the grid, 
and is attached to the grid, has dimensions that are an integer multiple of the module.  
• Determine locations: the intersections of the lines in the grid determine the begin- and 
endpoints of elements that are placed in the grid. In this way, constant dimensions of the 
element and coordination of the objects in the grid are ensured.  
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Therefore, grid lines and their intersections have magnetism with respect to the objects that 
are connected to a grid. For example, a generic property (position) of a contour can be 
affected by a specific property of a grid (location influence). Other examples of graphic units 
with specific features are: an axial system that takes care of symmetry between objects, and a 
zone that defines specific properties for objects in a particular space. 
Finally, we propose that in a design system all graphic units have the same status: all graphic 
units are objects that can be manipulated and changed, and have a suitable visual 
representation. Relations between graphic units can be used to define the structure of design. 
The relations must sustain graphical, spatial, and organizational aspects of design. The system 
must provide basic possibilities to handle graphic units and relations between them including 
the possibilities to create, delete and modify their instances (Pranovich, 2002a).  

4.3 Conclusion 

We presented the basic concept of our approach, which aims at a design system that provides 
computer support for the early design process and doesn’t restrict the architect. Our approach 
is based on Henri Achten’s Generic Representation theory, in particular the graphic units he 
has defined. The concept of a graphic unit is instrumental in the development of the design 
support system, since graphic units combine graphic information with design content. 
Therefore we propose to use graphic units as building blocks in our system and to use 
relations to capture design structure.  
Summarizing, we aim at a system where the user can define a design in terms of graphic units 
and relations between them, such that during subsequent object manipulation all objects are 
active and influence each other and react to user actions in a meaningful and predictable way. 
This should enable an architect to define a design space and to explore this space in an 
effective, efficient, and hopefully creative way. 
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Chapter 5 Geometry engine 
In the previous chapters we defined the requirements for a design system and presented the 
basic concepts for such a system: graphic units and relations between them. Based on these 
concepts we describe in this chapter the core of the Structural Sketcher design system: a 
geometry engine that enables a designer to define and manipulate graphic units. 

5.1 Overview 

In this chapter we give an overview of graphic units and we present our vision of interactions 
with them. For this we focus on architectural intentions and describe the relations that can be 
defined for graphic units and especially on a subclass of constraints that plays an important 
role in design. Based on this we define our model of design by graphic units and relations 
between them. This model results in the construction of a geometry engine, which takes care 
of all interactions between the user and the network of graphic units. We give a mathematical 
model of how a geometrical transformation affects related graphic units and describe the main 
algorithms that are used in the geometry engine. Also, we give an overview of its 
implementation and describe the first prototype of Structural Sketcher. At the end of the 
chapter we give examples from the architectural domain. Finally, we draw conclusions based 
on an informal evaluation of this system.  

5.2 Graphic units 

Imagine a hypothetical design system that provides the complete set of graphic units. The use 
of such a system would be complex for the architect, especially in early stages of design, 
where he needs to use something very simple. For this reason the number of provided graphic 
units should be small. Taking into account requirement RQ 1.2 (the alphabet of design 
elements must be complete) the selection must include the most important and commonly 
used graphic units. Also we have to take into account another important aspect of an 
architectural design process: themes, which are the groups of generic representations that deal 
with similar design decisions (see Achten, 1997, p. 101). Graphic units can be used in the 
context of three different themes:  
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• Shape that concerns form, major building parts, their relative positions, dimensions, and 

their relation with the site. It provides important information about the general form of the 
building.  

• Structure that defines on a high level of abstraction what rules apply in the actual 
placement of spaces, rooms, and systems for further elaboration of the building design. It 
generally is not represented in the graphic representation at the end of the design.  

• Systems is related to the building design in physical parts such as rooms, structural cores, 
and furniture that takes place through positioning and dimensioning of elements. The 
influence of systems is fully worked out on the infill-level and detail-level of design. 

It is important that the selection of graphic units covers all these themes. 
Considering the set of graphic units just from the position of computer graphics one can 
observe a similarity between some of them. For example, graphic units such as simple 
contour, contour, complementary contours, specified form, elaborated structural contour are 
all represented as (filled or hatched) polygonal shapes (Ibid, p. 89). Moreover, there are 
conceptual relations between these graphic units: very often they succeed each other in a 
design process (Ibid, p. 115), in each successive step of a design they provide more details.  
Generalization of graphic units can be made. 
In the following section we make a selection of graphic units for a design system. In section 
5.2.2 we describe this set in more detail. 
5.2.1 Selection 
The following table shows all graphic units defined by Achten, the themes to which they 
belong, and the graphic units we derived from the original set, based on semantic proximity 
and geometric similarity. 

Graphic units Themes 
Pranovich Achten Shape Structure System

Simple contour X   
Contour X   
Specified form X   
Elaborated structural contour X   

Contour 

Complementary contour X   

Grid  X  

Tartan grid  X  
Structural tartan grid  X  

Grid 

Refinement grid  X  

Schematic subdivision  X  Subdivision 
Partitioning system   X 
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Circulation   X Circulation  
Circulation scheme   X 

Element vocabulary   X 

Structural element vocabulary   X 
Image  

Combinatorial element vocabulary   X 

Modular field Modular field  X  

Function symbols Function symbols  X  

Zone Zone  X  

Functional space Functional space  X  

Schematic axis Schematic axial system  X  

Axial system Axial system  X  

Proportion system Proportion system  X  

Measurement device Measurement device  X  

Table 5-1. Selection of graphic units. Types selected for implementation are shown in gray. 

The generalized set of graphic units consists of contour (defines design shapes with different 
levels of details), grid (defines design dimensions), subdivision (provides the principles of 
distinguishing between parts), circulation (defines principles in which circulation is 
established in a building layout), and image (provides a set of complex shapes such as 
furniture and construction elements). We call the last type an image, because graphic images 
can substitute these elements. The other graphic units (modular field, functional symbol, etc.) 
form unique classes on their own. For example, despite that a modular field is presented as 
parallel lines in one or more directions it cannot be considered as a grid, because it has no 
constant module (distance between lines). 
We have selected the following types of graphic units: contour, grid, image, zone and axial 
system for the implementation in the design system. The contour type is essential in design 
because the user constructs a design with contours and this is the only type that is used for the 
shape theme. The grid type belongs to the structure theme and contains different subtypes of 
grids. It has been selected because it provides an important instrument to structure the design: 
very often a designer starts from defining the dimension and orientation in design using a 
grid. An image class provides graphic units that are related to the structure theme. Also we 
include in the selection axial system and zone types, both of which are commonly used in a 
design.  
5.2.2 Description 
In terms of interactive computer graphics we define a graphic unit as follows: a graphic unit 
is a geometric object that has a visual representation and that can be manipulated. Its 
properties can be distinguished into two groups: 
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 Generic properties, which characterize graphic units irrespective of their type. Each 

graphic unit has a set of geometrical properties such as position, size, and orientation; 
and a set of graphical parameters such as color, and thickness of lines. 

 Specific properties, which depend on the type of graphic units: e.g., a contour can be 
open or closed; a grid can be orthogonal or not, etc.. 

Below we give a more detailed description of the graphic units that we have adopted in our 
work. 
We use data points to define the geometry of each graphic unit. Each graphic unit has an 
associated set of Ν∈pN

ℜ×

 data points , where each data point  is defined as 

. Moreover, for each graphic unit we give special features and 
characteristics concerning special behavior during interaction.  

pNpp ,...,1 ip

ℜ∈= ),( iyixi ppp

Contour: the most often encountered graphic unit in drawings of architects. It is the basic unit 
to construct the design. The variety of contours is large: open contour, closed contour, self-
intersecting contour, etc.. A contour is visualized as a polyline (see Figure 5-1). 

 
Figure 5-1. Contours. 

We define a contour as a list of connected points: 

),...,( 1 cppNContour np=  

where Ν∈pN defines the number of vertices, defines vertices of a contour, and 
 defines if a contour is open or closed. 

pNpp ,...,1

Β∈c
It has no special features, except gravity: it is sticky for other objects with respect to position 
and orientation. 
Grid: the alignment frame for the elements, which structures the design. The variety of grids 
is large: rectangular (Cartesian) grid, tartan grid, hierarchical (generic) grid (Bax, 1985), polar 
grid, curvilinear grid, etc.. The Cartesian grid (orthogonal grid with constant spacing) covers 
the majority of grids that the architect uses in a design process. We define grids as sets of not 
necessarily orthogonal lines. Each set is called a grid component and is visualized as a set of 
parallel lines. Data points define the structure of a grid:  

)...,( 0 GCNGC ppNgrid = , 

where  defines the number of grid components,  defines their origin, and each other 
data point  defines a separate grid component. Hence, the l-th grid component is 
defined by the points  and . The module of the grid, i.e., the distance between lines 

GCN 0p

GCNpp ...1

0p lp
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equals , and the lines are perpendicular to |||| 0ppl − 0ppl − . Hence, the set of lines is given 
by {( }),()( 0900 ,),(|), ℜ∈Ζ∈−+−+= λλ ippRppipx lloyxy

90R

, 

)

where  defines a rotation over 90 degrees (see section 5.3).  

By combination of grids and grid components more complex grids, such as the tartan grid can 
be defined (see Figure 5-2). 

Grid
component 1

Grid
component 2Origin

A B C  
Figure 5-2. A – grid representation; B – grid with two grid components; C – tartan grid presented as 

two connected grids. 

A grid has gravity: vertices close to a grid line snap to it (see section 5.7). To avoid cluttered 
images the grid is highlighted only for related objects and fades away from them (see section 
5.7).  
Axial system: defines the symmetry between twin objects; if one object is modified then this 
modification implies a symmetrical modification of a mirrored copy of this object. An axial 
system is visualized as a dashed line (see Figure 5-3).  

 
Figure 5-3. Axial system mirrors contours. 

Two data points  and  define its structure, i.e., mirroring is done with respect to the line 
through these points. Also, the indices of the mirrored objects are stored; hence an axial 
system is defined by 

1p 2p

,,( 21 MppAS = , 

where is the list of pairs of mirrored objects. These objects have the 
same type, which cannot be an axial system. 

GggM ji ∈= ),...},{(

Zone: presents a general characteristic for a set of objects, which geometrically belong to 
some area. For instance, to define the space that is related to water (kitchen, toilet, etc.) 
architects use a wet zone. Some zones supplement each other, when they define the areas with 
contrary characteristics: public – private, light – dark, etc.. A zone is visualized as a 
semitransparent filled polygon (see Figure 5-4). 
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Figure 5-4. Zone. 

Zones structure the design. Semantically using zones is close to standard grouping. The 
difference is that the decision whether an object belongs to a zone or not, is based on its 
spatial location. All objects that are partially covered by a zone are related to this zone. If an 
object is moved outside a zone then the relation between them vanishes. A zone is defined by  

)...,( 1 np ppNZone =  

where Ν∈pN defines the number of vertices,  and are the vertices of a zone. 
pNpp ,...,1

Image: for inspiration in the design process architects often use images. The designer can 
place different images on his workspace in order to trace elements and to draw on top of 
them, or he can place them in the drawing as illustrations. Another reason for including image 
as a graphic unit is that it can partly provide a substitute for some graphic units that are not 
included in the selection. For example, an image can substitute an element vocabulary, or 
some unsupported grids (e.g., polar grid). An image is defined by a bitmap bm that is placed 
in a parallelogram, defined by four points, i.e. 

Image ),,,,( 4321 ppppbm= . 

5.3 Interactions 

During a design process the architect creates instances of predefined graphic units and 
manipulates them. We propose to use manipulations of these instances as the main ingredient 
for interaction with the design.  
We use affine transformations to change the position, orientation, scale, and inclination of 
graphic units. The data points of a graphic unit are transformed according to: )( pTp = , 
where p is a data point that defines the structure of a graphic unit, and the transformation 

is given by 22: ℜℜT →
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Translation over a vector d  is given by 
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Scaling with coefficients and  is given by xs ys
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Skewing with coefficient is given by  s
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where coefficient is defined as s )tan(γ=s . The following figure shows the effect of 
skewing. 

 
Figure 5-5. Skewing applied to A results in B. 

Rotation, scaling, and skewing with respect to an arbitrary point  instead of the origin is 
given by  

a

aapTpTa +−= )()( . 

5.4 Relations  

In the previous sections we elaborated on graphic units and their transformations. In this 
section we elaborate on relations within sets of graphic units. 
During a design process the architect creates a set of objects and defines a design by 
configuring them. He may want something to be preserved in this configuration. Hence, if one 
object is changed, then the other one should change accordingly. To express this he may use 
relations. One important class of relations concerns geometry. The architect may use relations 
to express that objects shall keep the same size, orientation, or relative position when he 
interacts with individual objects. We can view these relations as geometric constraints that 
must be maintained. 
We take a simple example: consider two related contours A and B (see Figure 5-6(a)). 
Suppose we rotate A, what should happen to B? The answer is not unique and depends on the 
kind of relation we define between the contours. For simplicity we assume that we can control 
only two options with respect to the applied rotation: the orientation of contour B and the 
relative position of B to A. There are several types of behavior possible: B is not rotated and 
keeps its position with respect to A (see Figure 5-6(b)), B can be rotated around its own center 
(see Figure 5-6(c)), the center of B can be rotated around the center of A (see Figure 5-6(d)), 
or B can be rotated around the center of A (see Figure 5-6(e)).  
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We cannot state that one of these results is the correct one; it depends on the intention of the 
architect. Hence, he should be enabled to define each of those cases. The example shows also 
that we can distinguish two types of geometrical constraints. The first type concerns the 
relative position of objects; the second type concerns the transformation of an object with 
respect to its origin. The example also shows that maintaining constraints can be implemented 
in terms of transmission of transformations and their application (or not) on the origin (first 
type) or on the data points (second type) of a graphic unit.  
In the example the origins for the rotations of contours A and B are the geometric centers. 
However, the use of this simple model is too restrictive, because it is not possible to apply 
transformations at an arbitrary origin. Therefore, we use a separate origin, which can be 
defined for every graphic unit. From now on we refer to this origin as an anchor point. Thus, 
an anchor point can be associated to a graphic unit. 

Position of 
contour B is 
linked to A

Position of 
contour B is 
fixed

Orientation of contour 
B is linked to A

Orientation of 
contour B is fixed

b c

d e

A

A

A

A

B B

B B

BA

a

Initial position:

 
Figure 5-6 (a, b, c, d, e): The result of a rotation of contour A gives different results for contour B, 
dependent on the meaning of the relation between them. 

In summary, we propose that the use of relations that connect anchor points (and thereby 
graphic units) gives a good basis for a designer to define constraints and thereby the structure 
of a design. Also, flexibility in the meaning of relations is necessary. 

5.5 Conceptual model of the geometry engine 

So far we only discussed two objects, connected with a relation. The use of multiple relations 
can lead to complex networks. In the following sections we describe the geometry engine that 
takes care of transformations of graphic units taking into account the type of a transformation, 
the origins of graphic units, and different constraints that can be applied to graphic units and 
their relations. 
5.5.1 The basic principle 
We use directed relations, which point from one anchor point to another. Thus, anchor points 
and relations establish a directed graph, where the anchor points are the nodes and the 
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relations are the edges of the graph (Pranovich, 2003a). An alternative would be to use 
undirected relations, but we assume that in many cases the influence will be asymmetric. For 
instance, a large object will typically influence a smaller one, but not vice versa. However, if 
undirected relations are required, these can be modeled with two opposite directed relations. 
Given a graph, the next question is how to maintain the constraints imposed by the relations. 
One solution is to use generic constraint satisfaction techniques (Hower, 1996). However, this 
approach is complex to implement and difficult to understand by the users. Therefore we 
don’t aim to satisfy all constraints, we go for a simpler but effective solution: We choose one 
transformation at a time and send it across the edges in the graph. Thus, the transformation 
starts at a point selected by the user and it is propagated through the anchor points using 
relations, affecting the graphic units that are associated to the anchor points. Different types of 
constraints can be taken into account via transmission properties that are stored in relations 
and anchor points. In other words, the graph of anchor points and relations between them is 
used as a transformable skeleton for the manipulation of graphic units (Pranovich, 2003c). To 
realize this, two problems must be solved: how to handle arbitrary graphs and how to 
calculate the effect of transformations when they are propagated. Arbitrary graphs can lead to 
ambiguities, for instance multiple paths can exist from the anchor point to which the 
transformation was applied to an anchor point downstream. If transformations are processed 
differently along these paths, it is ambiguous which transformation should be used for the 
anchor point downstream. To prevent these ambiguities, we derive a spanning tree when 
transformations are propagated (see section 5.7.1). A spanning tree of a graph is a tree that 
connects all vertices (Bellman, 1957; Moore, 1959). This ensures that every connected 
graphic unit is affected only once. For the second problem we split the calculation of 
propagated transformations into two parts: the transformation of anchor points, and the 
transformation of data points of graphic units (see section 5.6). 
5.5.2 Formal definition 
In summary, our model is as follows.  
A drawing consists of graphic units, anchor points, and relations: 

),,( RAGDrawing = , 

where  is a set of  graphic units G GN Gi Nig ,...,1, = ,   is a set of  anchor points 
, and 

A AN

Ai Nia , = ,...,1 R  is a set of  relations RN Ri Nir ,...,1, = . 

Graphic units define design objects: 
},...,1),,...,,({ 1 GNi NisppNtgG === ,  

where  defines the type of graphic units (contour, grid, axial system, zone, or image), 
 defines the number of data points,  are the data points of graphic units 

(see section 5.3), and defines specific information that depends on a graphic unit type 
(see sections 5.2.2 and 5.7.4).  

tgi .
Ngi . Nii pgpg .,...,. 1

sgi .

Every graphic unit has at least one associated anchor point. Anchor points provide a local 
origin and define properties for a transformation of associated graphic units:  
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},...,1),,,({ Ai NitlpaA === , 

where  is the position of -th anchor point; pai . i Gi Nla ,...,1. = is the index of the associated 
graphic unit. In some special cases an anchor point can exist without a graphic unit, in this 
case . Furthermore,  defines properties that specify whether translation, rotation, 
scaling, and skewing transformations for an associated graphic unit must be transmitted: 

, . A graphic unit can have more than one associated anchor 
point. This can be used to define multiple local origins for the transformations of a graphic 
unit. When a graphic unit has two anchor points, and a transformation is applied to one of 
them, then the other anchor point is transformed as a part of a graphic unit. 

0. =li

,( RT tt

a

, t=

t.

4]

ai

1,0),. SkSi tta [. ∈tai

Relations connect anchor points and define dependencies between graphic units: 
},...,1),,,({ Ri NitesrR === ,  

where  and  are the indices of start and end anchor points: , 
; and r  specify whether translation, rotation, scaling, and skewing 

transformations for relation must be transmitted: 

sri .
N,...,

eri . Ai Nsr ,...,1. =

Ai er 1. = ti .
),,,(. SkSRTi tttttr = , . 4]1,0[. ∈tri

A geometrical transformation is initiated by the user (see section 5.3) and is propagated 
through the anchor points using relations, affecting the graphic units that are associated to the 
anchor points. Its effect depends on properties of anchor points and relations. The 
transformation of an anchor point  is defined as ia ii aa →:T ,T . It affects the 
position of an anchor point: 

22 ℜ×ℜ∈

).(. paTpa ii =  

The transformation of a graphic unit  is defined as ig iiG gg →:T , . It affects 
the data points of a graphic unit: 

22 ℜ×ℜ∈GT

).(. kiGki pgTpg = , Ngk i ....1=  

In the next sections we describe in more detail how affine transformations are propagated 
over a unique path in the graph resulting in the displacement of anchor points and associated 
graphic units. 

5.6 Geometrical transformations 

The user can apply an affine transformation T  to an anchor point , . Given a 
spanning tree of the graph, a unique path in this tree exists between and another anchor 
point : . The transformation is propagated over the spanning tree resulting in a 
displacement ∆  of anchor point   

0q

0q
Aq ∈0

nq Aqq n ∈...0

.,( qT n

r
)p nq

pqpqTpqT nnn .).().,( −=∆     (1) 
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5.6.1 Propagation of linear transformations 
Consider a linear transformation L (rotation, scaling, skewing) applied to anchor point , 
which is used as a local origin. The transformation 

0q
T  is given by 

).,().(.)( 000 pqxLxpqxLpqxT −∆+=−+=
r

     (2) 

For every anchor point  we write T  in terms of the unique path between and  
in the spanning tree. The transformation of q , ignoring transmission properties in relations 
on the path from  to , can be expressed as 

nq

nq

).( pqn

n

0q nq
p.

0q

∑
=

−−∆+=−∆+=
n

i
iinnnn pqpqLpqpqpqLpqpqT

1
10 )..,(.)..,(.).(

rr
  (3) 

where we use that , and that ∆∑
=

−−=−
n

i
iin pqpqpqpq

1
10 .... ),( xL

r
  is a linear function of x. 

The effect of transmission properties of relations is defined as 

∑
=

−−∆⋅+=
n

i
iinn pqpqLipqpqT

1
1 )..,()(.).(

r
φ     (4) 

where the function )(iφ  denotes the transmission properties of a relation between anchor 
points  and  ; 1−iq iq ( )∈i }1,0{φ . 

A geometrical transformation is propagated through the graph of anchor points as long as 
these points have outgoing relations. We offer two alternative modes for the propagation of 
geometrical transformations in the graph, which are defined by different functions )( iφ  

( ) Li tri .1 =φ        (5) 

( ) ∏
=

=

=
ij

j
Li tri

1
2 .φ

      (6)
 

where  is a transmission property for the transformation of relation  between anchor 
points  and ; . In (5) the transmission properties of relation r  
independently define the transformation propagated from node to node in the graph of anchor 
points. In (6) the chain of relations from the start relation  to the relation is taken into 
account: once not transmitted, the transformation is not transmitted further. 

Li tr .

iq
L

1r

ir

1−iq }1,0{. ∈Li tr i

ir

As an example, an anticlockwise rotation is applied in point  to the graph of anchor points 
 (see Figure 5-7). The dashed lines depict relations where the transmission 

properties are blocked. On the left the initial positions of the anchor points are shown; in the 
middle the result of the transformation for 

0q
{ 3210 ,,, qqqq }

2φφ =  is shown; on the right the result for 1φφ = . 
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Figure 5-7. Propagation of rotation in the chain of anchor points. Dashed lines visualize the relations 

that do not transmit rotation; normal lines visualize the relations that transmit rotation. From left to 
right: original position, effect of 2φ , and effect of 1φ . 

5.6.2 Propagation of translation 
We consider translation separately from other transformations, because it is a non-linear 
transformation, and hence equation (3) does not apply. Consider a translation τ  applied in 
anchor point . This is the transformation T of the point x given by 0q

τ+= xxT )(       (7) 

In a chain of anchor points from q  to  the transformation of an anchor point q  with 
blocking relations is simply  

0 nq pn .

τφ ⋅+= )(.).( npqpqT nn     (8) 

5.6.3 Transformation of graphic units  
We have described how geometric transformations are propagated through the graph of 
anchor points; next we consider how these transformations affect graphic units.   
Each graphic unit has an associated set of data points that defines its structure (see section 
5.2). These data points are transformed similarly as anchor points themselves; implicitly 
relations from anchor points to these data points are used. Furthermore, an anchor point 
defines which transformations are passed to these data points. If the geometrical 
transformation reaches an anchor point  on its propagation path and the transmission 
property of an anchor point allows the transformation of the associated graphic unit , then a 
graphic unit is transformed, where the anchor point serves as origin for the transformation. 
The new position of a point  is the sum of this point's position displacement after the 
transformation T, and its original position: 

nq

ig

ki pg .

( ) ( )pqpgTitqpgpgT nkiTnqkikiG n
..,..).( −∆+∆+= φ  (9) 

where ( pqpgT nki .., −∆ )  is the displacement of point  as a result of the transformation 
T, applied with respect to anchor point ; function 

ki pg .

nq ( )iφ  is defined in equation (4) and (5); 
 is the transmission property of an anchor point for the transformation Tn tq . T  of a graphic 

unit, ; Β∈Tn t.q
nq∆  is a transformation of the anchor point position  (which serves as a 

local origin), see (3). We define 
pqn .

0. =Tn tq  for translation, because the transformation is 

already handled in
nq∆ .   
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5.7 Implementation 

In this section we describe the geometry engine implementation. The following figure gives 
an overview. Ellipses denote processes, boxes denote data storage, and arrows denote data 
transport. 
The user can interact with graphic units, anchor points, and relations. He may either create 
(C), delete (D), and modify (M) them, which can result in affecting other objects: e.g., if the 
user deletes anchor points, then adjacent relations must be deleted also. He may modify 
properties of these objects and their structure (e.g., change the shape of a contour). Also he 
can apply geometrical transformations to them. When the user selects a graphic unit, a special 
geometry manipulator from an associated anchor point is activated (see chapter 7). Using this 
manipulator the user can apply transformations to a graphic unit. Every action of the user with 
the manipulator is processed as follows: 

1. Transformation calculation: the geometry manipulator produces the transformations 
given by the user (see chapter 7); 

2. Transformation correction: these transformations can be corrected with respect to the 
gravity field (see section 5.7.2); 

3. Spanning tree calculation: the spanning tree for the propagation of a transformation is 
calculated starting from the current anchor point (see section 5.7.1); 

4. Anchor points transformation: the transformation is propagated via the spanning tree. 
Anchor points are updated (see section 5.7.3); 

5. Graphic units transformation: transformations are propagated from anchor points to 
the graphic units. Graphic units are updated (see section 5.7.3). 

 
Figure 5-8. Data flow for the geometry engine (C - create, D – delete, M - modify). 
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5.7.1 Spanning tree  
We do not impose restrictions to the graph of anchor points: the graph does not have to be 
connected; multiple independent subgraphs can be used; the graphs can contain cycles. A 
simple propagation of transformations along the edges of the graph is therefore not possible. 
For instance, cycles will lead to endless propagation. We therefore derive a simplified graph 
from the original graph: a spanning tree. 
Many different algorithms such as breadth-first search (BFS), depth-first search (DFS), and 
minimal spanning tree (MST) can be used to derive a spanning tree (Goodrich, 2002). These 
algorithms give different types of spanning trees, which can result in different transformations 
of graphic units. We must select the most suitable algorithm for the architectural design 
context here, for this we consider the design process again.  
The architect makes a design by manipulations of objects. These manipulations imply 
directness: if there is a choice on how to affect objects then the objects must be affected in the 
most direct way. Hence, we must select an algorithm that provides the shortest path for the 
propagation of a manipulation to every node in the graph. 
Considering the different algorithms, the BFS algorithm provides the best result with respect 
to obtaining short paths in a spanning tree. The idea of BFS is to start with one node as root, 
add adjacent nodes, then consider the ones that are adjacent to the latter and have not been 
visited yet, and so on.  
An algorithm that derives a spanning tree by storing the relations from an anchor points graph 
( ) in a set  can be described in pseudo-code as: RA, S

AQ ⊂ ,  S

SpanningTreeCalculation (  SRAaS ,,, )

}{ SaQ = ; ; 0=S

while Q  0≠

     a := head(Q); 
     Q := tail(Q); 
     for ∀ r ∈R : r.s = a 
           b := r.e; 
           if  notmarked (b) 
                      mark (b); add (Q,b); add (S,r); 
                      for  ∀  gi : gi.t=AxialSystem, i=1,…, NG 

                                if  gi.M={a.l,b.l} 
                                        mark (findAP(gi)); 
                                        break; 
The input of the algorithm is a graph of anchor points (A,R) and a starting anchor point a . In 
the set S the algorithm stores relations that define a spanning tree. The algorithm begins 

S
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traversal of the graph from anchor point  that is placed in queue Q . While Q  is not empty, 
the first element a is checked. Unmarked elements b that have a relation from a are marked, 
added to queue Q, and a relation r is included in the spanning tree.  

Sa

An axial system is a special concern: when it is created the relations between twin graphic 
units and also from an axial system to these graphic units are automatically established (see 
Figure 5-9).  

a b

AS

 
Figure 5-9. The layout of relations between symmetrical objects (a and b) and axial system (AS). 

Thus, if a and b must be transformed symmetrically, then an axial system must serve as an 
origin for the symmetry and for this reason it cannot be transformed. Therefore, the algorithm 
marks the anchor point from the associated axial system. The special effect of the axial 
system on the transformation of mirrored objects is taken care of in the transformation 
algorithm (see section 5.7.3).  
To aid the user in understanding, we change the thickness of lines for outlines of activated  
graphic units and use colors to highlight a spanning tree when a geometrical transformation is 
propagated in the graph of graphic units. Red is used for the visualization of relations and 
graphic units that will be transformed; blue is used for relations and graphic units that are in 
the tree, but blocked for this transformation. The remaining elements are colored white. 
Figure 5-10 shows a graph of anchor points and a spanning tree, as it is presented to the user. 

 
Figure 5-10.The propagation of a transformation. 

5.7.2 Gravity 
In general, gravity results in the attraction of objects that are close. In a design process 
artificial gravity is a valuable tool for the users. Often a user may want to align two points, a 
point on a line, etc.. Here we implement gravity by adding an extra transformation dependent 
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on the relative position of graphic units. When several objects are involved, the situation 
becomes more complex. Here we resolve the ambiguity by using the strongest gravity force. 
All graphic units are defined by points, connected by lines. We distinguish the following 
types of gravity:  

• Between points based on distance; 
• Between a point and a line, based on distance; 
• Between lines, based on angle. 
 

 
Figure 5-11. Different gravity types. 

In our design system gravity is supported only for translation and rotation. Translation is the 
most often used transformation and we provide point-to-point and point-to-line gravity. For 
rotation we provide orientation gravity (line-to-line), which is the most effective for this type 
of transformation. The other types of transformations are not supported, because they are not 
commonly used and the use of gravity sometimes can be unpractical (e.g., rotation with point-
to-point gravity). The user can switch off gravity if this restricts the design.  
Below we provide algorithms to calculate the effect of different types of gravity for 
geometrical transformations of graphic units. We begin with point-to-point gravity for 
translation.  
Let  be a set of points that are translated, and qNipi ,...,1, = Njj ,...,1, =  is a set of points 

that potentially attract the points . Define ip c  as the vector ij pq −  such that | is 

minimal considering all pairs (

| ij pq −

ji ). If |, c | is larger than a certain threshold , then no gravity 

is applied, else 
tg

c  is added to the transformation. 
For translation we also provide point-to-line gravity. If one of the data points of a manipulated 
graphic unit gets in a point-to-line gravity field then a graphic unit is displaced such that this 
data points gets to the line of gravity. If several gravity lines are present an unexpected 
behavior of the manipulated object can happen. Suppose the user drags point p (that 
corresponds to the mouse cursor position) in a gravity field parallel to a gravity line L1 (see 
Figure 5-12; thick lines represent gravity lines, thin lines bound gravity fields). Point p is 
attracted to the line L1 in point p’ (see Figure 5-12(a)). When p (mouse position) gets in the 
gravity field of line L2 the point can get stuck in p” when the distance between p and L2 is 
smaller then the distance between p and L1 (see Figure 5-12(b)). Thus, the path of the point p 
that is dragged parallel to the line L1 is not straight (see Figure 5-12(c)). 
To improve on this the intention of the architect must be analyzed. We enforce a smooth 
behavior by aiming at a minimal change in the direction of the applied correction. 
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Specifically, suppose that the previous correction was oldc , and that there are multiple 
candidate corrections ic . We pick the candidate ic  for which the angle between ic  and  oldc  
is minimal. 

 
Figure 5-12. The conflict of gravities: The path of the point p that is dragged parallel to the gravity line 

L1 is distorted by the influence of the gravity line L2. 

For rotation we provide orientation gravity: let Nisi ,...,1),,0[ =∈ π  be a set of orientations 
for a rotated graphic unit (e.g., the orientations of edges in the contour), and 

Njm j ,...,1),,0[ =∈ π  is a set of gravitational orientations. Define  as the angle between 
 and  such that it is minimal for all pairs (

c

jm is ji ). If  is larger then a certain threshold , 
then no gravity is applied, else  is added to the rotation. 

, c tg
c

5.7.3 Transformation 
Below we give the algorithm for the transformation of anchor points and graphic units. 

 contains relations that define a spanning tree in the graph ( . },...,1{ RNS ⊂ RA, )

Transform ( , T) a
    for (∀ r :r ∈S, r.s = a) 
            b := r.e;                                                   // Adjacent anchor point 
            for  ∀  gi : gi.t=AxialSystem, i=1,…, NG   
                 if   gi.M={a.l,b.l}                               // If mirroring 
                      MirrorTransformation (T,gi);      // AS changes the parameters of transformation 
             Transform (b,T);                                    // Recursive spanning tree traversal 
             ;                                  // Transformation of anchor point position ),.(:. TpbTpb A=

             ; lbgg .:=

              if (g was not transformed yet) 

                    for (∀ )              // Transformation of a graphic unit pk Ngkpg .,...,1,. =

                             ;                            ),.(:. TpgTpg kGk =
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As input parameters the algorithm uses a graph of anchor points (A,R), an anchor point a from 
which the propagation starts, spanning tree S, and the transformation T. Using the relations in 
the spanning tree S the algorithm finds adjacent anchor points b that must be transformed. 
Next, it checks if a and b are related to mirrored graphic units. If so, then transformation T is 
mirrored by function MirrorTransformation according to the placement of an axial system 
(see section 5.7.4). Recursive calls of a function propagate the transformation to all anchor 
point in the graph, and then the transformation affects anchor points positions together with 
the associated graphic units. The transformation T  of an anchor point b is defined in 
equation (4) and (8). A graphic unit g, which is associated to the anchor point b, is 
transformed if it was not transformed before (a graphic unit may have several anchor points 
associated). The transformation T  of graphic units g is defined in equation (9). 

A

G

5.7.4 Features of graphic units 
The characteristics of the various types of graphic units give rise to some special 
implementation details. The first one is related to the grid: the use of several grids during the 
design can produce a cluttered image. To avoid this the grid is highlighted only for related 
objects and fades away from them according to:  

)
)1(

1,1min( ∑ +
=

i
k

gi
d

O  

where  is the opacity of the grid, is the distance from related graphic unit , and  is 
the fading coefficient.  

O
igd ig k

The second one is related to the zone. A zone has to affect graphic units that are within its 
influence. For this we use the following: If there are objects that are partially covered by a 
zone then relations from that zone to these objects are established automatically. If an object 
is moved outside a zone then the relation between them vanishes. 
The third one concerns an axial system. The user can mirror an instance of a selected graphic 
unit by creating an axial system: the relations between twin graphic units and also from an 
axial system to these graphic units are created automatically. Two data points of an axial 
system define its mirroring axis. We define mirroring over this axis by 
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where the mirroring axis goes through the origin and makes an angle α with the x-axis. The 
mirroring over the line that goes through the point a is aapMpM a +−= )()(

))(( pTM =

. To maintain 
the axis-based symmetry an axial system mirrors geometrical transformations between its 
twins. In our implementation for this we use a transformation T , where T is 
original transformation and 

M
MT is mirrored transformation that passed over an axial system. 

5.8 The first prototype of Structural Sketcher 

We have implemented a prototype of Structural Sketcher based on the principles presented in 
the previous sections. In this section we give a brief description. 
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All design objects in Structural Sketcher are provided via a toolbar menu (see Figure 5-13). 
The user can create, delete, and edit instances of different graphic unit types. He can create an 
anchor point, attach it to graphic units, and define relations between them. An anchor point is 
visualized as a ball. A relation is visualized as an arrow between anchor points. The user can 
define transmission of transformations for graphic units: a click on the right mouse button on 
a relation or anchor point gives a context menu from which all properties can be set.  

 
Figure 5-13. Screenshot of the prototype. 

The prototype of the system provides the possibility to create and store different schemes of 
relations R’s for a set of graphic units. Once the user has defined them, he can switch between 
them.  
A special manipulator is provided for the transformation of graphic units (see chapter 7). 
When the user activates a graphic unit (by a mouse click) the anchor point is also activated 
and the manipulator appears on the screen. The user initiates geometrical transformations with 
this manipulator. They are propagated through the graph of graphic units.  
The user can globally switch between two modes of the function )( iφ , which defines the 
mode for propagation of geometrical transformations in the graph (see section 5.6.1).  
To avoid cluttered images the user can switch on/off the visualization of anchor points, 
relations, and graphic units. Also he can switch on/off the gravity of graphic units. In order to 
simplify editing operations and to give the designer freedom in experimenting, ‘undo’ and 
‘redo’ operations are provided. Finally, the user can open and save designs as a file to disk. 
The prototype of Structural Sketcher was implemented using C++ and runs under MS 
Windows 2000. In Appendix A we provide more details of its implementation.  
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5.9 Examples 

To show the use of the Structural Sketcher we give a number of design examples.  
The first example demonstrates the use of different types of graphic units and relations 
between them. Suppose that an architect wants to make a floor plan of a restaurant. He starts 
the design from creating and experimenting with a grid (G1) that determines basic dimensions 
and locations for design objects (see Figure 5-14). As a starting point for the restaurant the 
architect defines the kitchen (contour C1); he orients and positions it according to the grid that 
helps with the positioning by gravity. He wants to connect the kitchen with dining rooms that 
must be symmetrical. Therefore he defines a dining room (by contour C2) and makes a 
mirrored copy of it (contour C3) by means of an axial system (AS1). Next, the architect 
defines the toilets (contours C4 and C5). He is not sure about their placement, but for the time 
being he places them in the orientation and dimension of the dining room (using a new grid 
G2). Finally, he denotes the toilets as space that is connected to water (zone Z1).  

  
Figure 5-14. Restaurant example: graphic units and relations between them. Every graphic unit on this 
figure has an anchor point. Relations between graphic units are presented as relations between their 

anchor points.  

Having such a scheme it is easy to make design variations. For example if the user 
manipulates a water-zone (Z1), then toilets are affected (C4 and C5); if the user modifies the 
shape of the dining room (C2) or aligns it to the kitchen (C1), then this modification is 
symmetrically reflected to the other dining room (C3) and even can affect the dimension and 
location of toilets. If the user manipulates the kitchen, then the whole restaurant will be 
affected. In this example the architect uses contours to construct the kitchen, eating rooms, 
and toilets. By means of grids, the axial system, and a zone he structures the design. Relations 
between these graphic units allow easy manipulations of design and therefore it helps in 
exploration of a design space. 
Next, we present the use of transmission properties for anchor points and relations. Suppose 
an architect designs a facade of a building (see Figure 5-15). He defines some windows on a 
wall and fixes their sizes. For window W2 an additional restriction is defined that fixes the 
distance between this window and the ground (for this anchor point AP2’ is used). The 
architect is not sure about the height of the building; therefore he experiments with vertical 
scaling.  
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Figure 5-15. The scaling of façade: a- before scaling, b- after scaling. A spanning tree, which is 

indicated by red color, shows the way of propagation of scaling transformation. 

As a result of a transformation the height of the facade increases. Window W2 keeps it size 
and remains on the level of the first floor. Its position was kept with respect to the auxiliary 
origin that is defined by AP2. The position of a window W1 (which has only a size fixed) 
changes. 
The variety in properties of relations and anchor points assists to achieve a large range of 
geometrical functionality in the manipulation of graphic units. They help the designer to 
specify the structure of his design explicitly, which enables him to explore different 
realizations. 
The last example is related to the layout of relations. The user can define different schemes of 
relations between graphic units and he can switch between these schemes. In such a way 
graphic units can be considered in different contexts. The following example demonstrates the 
relations between columns and the envelope of a building. 

 
Figure 5-16 (a,b): The user can choose which relation scheme he needs: a – he positions the 

columns; b – he positions the envelope of the building. 

We take two cases: the designer arranges the columns in the building according to the shape 
of the building envelope; and the designer arranges the building envelope with respect to the 
columns (see Figure 5-16). In these cases the user implies two different types of graphs of 
graphic units. In the first case the relations are directed from the envelope of the building to 
the columns (see Figure 5-16 (a)); in the second case the relations are directed from the 
columns to the envelope of the building (see Figure 5-16(b)). The user can create these 
schemes of relations and choose which scheme of relations between graphic units is more 
appropriate for a design at a particular moment.  

 55



Chapter 5 Geometry engine 

 

5.10 Evaluation 

We have evaluated Structural Sketcher on the basis of informal expert’s evaluations. Three 
experts were invited to evaluate the system: two of them were design practitioners with 
experience of 27 and 22 years and one of them was a PhD student from the department of 
Architecture. The system was demonstrated to them and participants were asked to carry out 
some tasks (e.g., to draw a particular design scheme, to redesign an existing scheme, etc.); 
also we asked them to make a free design using the system. Afterwards we asked their 
opinions about Structural Sketcher. 
According to the subjects, the system offers many options to define the relations between 
graphic units. The subjects considered all provided graphic units as very useful in 
architectural design.  They found that the variety in properties of relations and anchor points 
assists to achieve a large range of geometrical functionality in the manipulations of graphic 
units; the system allows modeling a complex behavior of graphic units. However, in order to 
use the power that is provided by the system, the user has to learn how to use it. Subjects 
found that it was quite difficult. Having too many options is not productive since the user has 
to manage a complicated user interface: the use of relations and anchor points sometimes 
becomes intricate for users. Moreover, participants complained that the system doesn’t give a 
sketchy feeling, which they would like to have during the early design.  

5.11 Conclusion 

In this chapter we defined a model of design in terms of graphic units and relations between 
them. In particular, we made a selection of graphic units that must be present in a design 
system, and elaborated on user interactions with them. In order to enable the user to control 
the network of interacting graphic units we built a model that describes the transformation of 
graphic units in a network. This model led to the construction of a geometry engine that takes 
care of these interactions. We gave some details of its implementation and described the first 
prototype of Structural Sketcher design system. We also evaluated this prototype with 
architects. The results reveal that Structural Sketcher is very effective in exploration of design 
variants, but also that it was quite complex for the user. 
Therefore, our next challenge is to improve the system by means of tuning the interaction 
techniques and creating a visual metaphor on top of the geometry engine in such a way that 
the user can design what he wants in an intuitive way.  
In the next chapter we present a user interface, which enables the user to specify the structure 
of his design implicitly, such that he can focus more on the design process than on the 
interaction with the design system. 
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Chapter 6 Interaction techniques 
In the previous chapter we presented an approach that led to the development of the geometry 
engine for the Structural Sketcher design system. This geometry engine serves as a 
manipulation tool for graphic units and relations. The expert’s evaluation of the geometry 
engine revealed that it provides much control on graphic units, but also that it was unnatural 
for the users. As a result, the focus of the user is shifted from a design process to interaction 
with the design environment. In this chapter we aim at new visual metaphors and interaction 
techniques on top of the geometry engine such that its power and flexibility are provided to 
the user in an easy and natural way. 
In the following sections we define our model of interaction between the user and a design 
system. First, we focus on architectural metaphors that can be transferred to Structural 
Sketcher. Next, based on this we define the interaction techniques. We discuss the 
consequences of new techniques with respect to the geometry engine and describe a new user 
interface for our system. 

6.1 Introduction 

As a starting point we consider desirable characteristics of a new user interface. In chapter 3 
we defined the requirements for the user interface of the system for early design: it must be 
simple and natural for the architect and the architect must be enabled to make a design in an 
easy and intuitive way. Moreover, the users want to control the design effortlessly. The user 
must be provided by a set of efficient features that allow controlling the structure of design in 
a natural way. Therefore a step in the direction of an interface that provides higher-level 
interaction techniques must be made. For this we have to consider design methods that pursue 
the principles of natural, familiar, and intuitive interactions and that are used by the architect 
in a conventional design process. 

6.2 Architectural metaphors 

In the following sections we consider some concepts that are used by the architect during the 
design process. In particular we focus on how the architect structures relationships between 
design objects.  
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As a starting point we consider the concept of natural manipulation of objects used by 
architects. Often the architect experiments by means of cutting, pasting and moving paper 
objects. In order to evaluate different configurations the architect manipulates them, places 
them on top of each other, etc.. A simple example is shown in Figure 6-1. The architect puts 
one piece of paper (B) on top of another (A). If he manipulates A, then B will be affected 
also. 

 
Figure 6-1. Example with two sheets of paper. 

This concept provides relations between objects implicitly, and it is intuitive for the architect, 
and very efficient for experimenting during the early design.  
Another approach that is often used by architects is the use of transparencies. A set of objects 
is drawn on one sheet of paper, and the architect makes a drawing on another semi-transparent 
sheet, which is placed on top of the first one. A transparent sheet represents a layer. In fact, a 
layering structure often dominates a design of an architect (especially for floor plans). For 
example, the architect begins a design from defining an envelope of the building, then he 
defines room spaces, and finally he arranges furniture (see Figure 6-2).  

 
Figure 6-2. Layers. 

The user can manipulate a transparency together with the objects drawn on it. Thus, the 
architect can experiment with layers of objects without affecting other layers. Layers also help 
to structure the relationships between sets of design objects. The relations between layers are 
defined when the user puts one transparency on top of the other. When the user draws on the 
upper layer, the objects from the lower layer influence the configuration of objects drawn on 
the upper layer. 
We think that both these two concepts are very useful for a design process. In fact, current 
systems provide these concepts, but provide them separately. For example, systems like 3D 
Studio, Photoshop, and AutoCAD provide layers and explicit relations between objects; 
systems like ArchiCAD and SketchUp provide only implicit relations between objects and 
layers are not possible. We find it challenging if a combination of these concepts can be 
realized, and focus on this in the next section. 
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6.3 Interaction model 

We aim at combining the intuitiveness of implicit relations between objects that is provided 
by the concept of natural manipulations and the efficiency of structuring relations between 
groups of objects that is provided by the concept of layers. Also we aim at removing 
limitations of these approaches by providing the possibility to manipulate objects separately, 
and to manipulate objects that interact with objects from different layers. In order to 
demonstrate the last we take a hypothetical design case.  
We consider a design that consists of three layers (envelope of the building, rooms and 
furniture). We focus on interactions between objects from these layers. In order to explore 
design variants the architect may manipulate different objects from different layers and he 
may want to use different interaction schemes. There are several questions that can be asked 
to define these interactions: Which layers must interact, which objects from this layer are 
involved, and how? For example, if the user changes the location of a room, there are several 
possibilities concerning the interaction of a room with e.g., the furniture layer:  

 The furniture from the room is manipulated also and remains inside the room. 
 The configuration of the furniture restricts the room location and may even influence 

the shape of the room. 
 The furniture remains unchanged. 

The relations in these interaction schemes depend on the concept used. Using the concept of 
natural manipulations, the object configuration defines which objects must interact (e.g., 
furniture inside a room is related to this room). Using the concept of layers the order of layers 
defines the interacting layers and the direction of this interaction (e.g., rooms influence 
furniture). The use of these concepts implies different schemes of relations between design 
objects: the first one considers relations between design objects ignoring the layers, the 
second one considers relations only between layers and associated design objects. Therefore 
in order to apply both concepts we have to define different interaction modes for a design 
system. In the first mode the architect manipulates objects (without layers) using implicit 
relations between them. In the second mode the architect manipulates layers and related 
groups of objects. Below we elaborate on these modes in details. 
6.3.1 Natural mode 
This mode provides the concept of natural manipulations (Pranovich, 2003c). In this mode all 
relations between objects are reconstructed by analyzing object configurations, and layers are 
ignored. We use a simple approach for this: When an object is manipulated, objects on top of 
it are manipulated also. There are several situations where this simple approach falls short. 
One of them concerns cycles that can exist between objects (see Figure 6-3 (a)): if an object 
gets in such a cycle it would be impossible to move it away. Another situation concerns the 
interaction of objects that are not comparable: the relations between object A and B are not 
well-defined (see Figure 6-3 (b)), so it is not clear what should happen if we move object B 
such that it overlaps with object A. These situations may result in conflicts. 

 59



Chapter 6 Interaction techniques 

 

 
Figure 6-3. Conflicting situations. 

One solution for this could be to ask the user each time to resolve a conflict when it arises. 
However, for continuous interactions of many objects this can be annoying. In order to 
prevent this we define the following: every graphic unit has a unique rank (ordinal label) that 
can be changed by the user. Relations between graphic units are automatically derived using 
the following rule: If graphic units overlap partially, then a relation from one with the lower 
rank to the one with higher rank is implicitly assumed (see Figure 6-4). 

 
Figure 6-4. The system extracts relations analyzing object configuration. 

Thus, a graphic unit  is defined as ig ),...,,,( 1 pNpi ppNdg = , where Ν∈dgi .  is an extra 
attribute that defines the rank of a graphic unit.  
Graphic units are visualized according to their rank. By default, relations between stacked 
graphic units link standard anchor points and all transformations are transmitted.  
6.3.2 Layer Mode 
This mode provides the concept of layers. Layers are similar to transparencies. We model a 
layer as a special type of graphic unit, infinitely large, and with specific behavior. In this 
mode relations are defined only between layers and graphic units. A layer does not have 
incoming relations, but may have outgoing relations. A relation  from the layer  

to graphic unit  exists, when (  is minimal and positive for i . 
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L
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The user can manipulate layers, what in terms of the geometry engine results in propagation 
of geometrical transformations to related graphic units. Moreover, the peculiar properties of 
layers are defined by the possibility to propagate: 

 Color: the outlines of related graphic units are colored according to the color of layer. 
This helps the user to identify which graphic units are related to which layer. 

 Visibility and status: the user can switch on/off the visualization of a particular layer 
which results in switching on/off the visualization of related graphic units. The 
graphic units that are switched off cannot be manipulated and do not reveal their 
influence. 
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 Rank manipulation: the user can change the rank of the layer which results in 

swapping ranks between groups of graphic units (see Figure 6-5 (a ,b)). 

 
Figure 6-5 (a, b, c, d). Rank manipulations: a - initial position (objects with rank 1, 5, and 8 present 
layers, other objects are graphic units that are related to these layers); b – a layer together with related 
graphic units is manipulated (“layer mode” is active): the blue layer is moved (its rank is changed from 
1 to 4) on top of the green layer together with blue graphic units; c – layer is manipulated irrespective 
to related graphic units (“natural mode” is active): the rank of blue layer is increased (from 4 to 5) what 
moves one blue graphic unit down to the green layer (from 5 to 4); d – graphic unit is manipulated 
(“natural mode” is active): blue graphic unit goes to the red layer (from 6 to 8).  

Rank change is also possible individually for layers (see Figure 6-5 (b, c)) and individually 
for graphic units (see Figure 6-5 (c, d)). In these cases relations from layers to graphic units 
are reassigned, and new colors for outlines of graphic units are propagated. 
Also, we provide the possibility to manipulate objects separately. For this we defined a 
special mode (Manual mode). In this mode all automatically implied relations between 
graphic units in the scene are temporally disabled. 
6.3.3 Pins and clips 
If only implicit relations were provided, the user would not be able to specify more subtle 
relations between graphic units. Therefore, for the natural mode we extend our model with 
pins and clips, which present explicit relations between graphic units (see also Aliakseyeu, 
2003). 
We first introduce a pin (the equivalent of the paper-pin), which is based on the idea of an 
auxiliary anchor. The pin between graphic units A and B represents an anchor point that 
belongs to A, and has an outgoing relation to B (see Figure 6-6). 

 
Figure 6-6. The Pin defines a one-sided connection between graphic units. It is presented by an 

auxiliary anchor point of a graphic unit A that has an outgoing relation to the graphic unit B. 

We define P  as a set of  pins PN Pi Nip ...1, = , and every pin is defined as  

),,( tvupi = , 
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where  is the index of the related anchor point, and Ai Nup ...1. ∈ Ri Nvp ...1. ∈  is the index of 
the associated relation, and  defines properties for transmission of transformations: 

 . 
tpi .

3]>SkSR ttt ,,. ,=<i tp 1,0[. ∈tpi

The user can use a pin to connect graphic units and block the propagation of a particular 
transformation. The user can modify a pin by changing its position and switching on/off the 
transmission properties. These properties control the properties of the associated relation: 

. tptr ivpi
... =

The pin presents a directed relation between graphic units, i.e., when object A is moved, 
object B is moved also, but not vice versa. To define relations between graphic units in two 
directions we introduce a clip (the equivalent of a paper-clip). Now the relation is symmetric, 
i.e., when either A or B is moved, the other object is moved also. We define T  as a set of  
clips , and every clip is defined as  

TN

Ti Nic ...1, =

),,( tqhci = , 

where  and  are the indices of anchor points that are associated to 
connected graphic units; c  defines properties for transmission of transformations: 

 . 
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Pins and clips provide explicit relations between objects. Therefore a situation is possible 
when two types of relations exist between objects: implicit (e.g., objects are overlapping), and 
explicit (e.g., there is also a pin between objects). It is obvious that for the propagation of 
transformations in this case the explicit relation must be used, because the user has stated this 
explicitly. To deal with this in the geometry engine, we define relations as 

, , where  is an extra attribute that defines if a relation is explicit or 
not. Explicit relations have a priority over the implicit relations when a spanning tree for the 
propagation of transformations is calculated. 

),,,( etfsri = RNi ...1= eri .

6.4 Limitations and extensions 

In the new model of our design system the user defines a drawing by means of layers, graphic 
units, pins, and clips: 

),,,( CPLGDrawing =  

This model differs from the model that we presented earlier (see section 5.5.2). In this section 
we discuss its limitations and extensions. 
A UML diagram shows how the new interaction technique affects the design system (see 
Figure 6-7). This diagram shows both the components that are hidden from the user (internal 
components) and the components that are available for the user (external components). 
Anchor points (A) and relations (R) between them are now internal components and are used 
only by the geometry engine. The user can access internal components indirectly using the 
external components: layers (L), graphic units (G), pins (P), and clips (C).  
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The new control structure differs from the previous one. In particular, there is a set of 
relations that are explicitly defined by the user, and a set of relations that are implicitly 
defined by the system. In order to distinguish these sets the property of explicitness (e) is 
added to relations. It influences the structure of a spanning tree for the propagation of 
transformations. Another new aspect is the value of rank (d) that is added to a graphic unit. 
Using the rank of graphic units and analyzing their configurations the system can derive 
implicit relations between graphic units. Layer is also new. It is a subclass of a graphic unit 
and it helps to structure the relations between groups of graphic units. Pins and clips are used 
to define explicit relations between objects and to block the propagation of geometrical 
transformations. In the new model the blocking of geometrical transformation affects only the 
transmission properties for relations. Therefore, transmission properties (t) in anchor points 
are not used. 
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Figure 6-7. UML of basic components, where objects are presented as classes. 

For a full class model of Structural Sketcher see Appendix A. 

6.5 User interface 

The user can create instances of different graphic units using the toolbar. Graphic units are 
visualized in the order according to their rank and they cast shadows on each other. The user 
can change the rank of a graphic unit by rolling the mouse wheel. By changing the rank of a 
graphic unit the user can change to which layer it belongs. To show the latter, the outlines of 
graphic units are shown in the same color. We visualize some graphic units with intentional 
roughness: The lines of contours and zones are extended over their outlines (see Figure 6-8). 
This gives the architect the feeling of sketchiness. 
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Figure 6-8. Layers and their control (bottom). 

Also, the user can create, delete, and manipulate layers. For the manipulation of the layer’s 
rank together with the rank of all related graphic units the user has a special tool: a tab 
control, where each tab is related to a particular layer. The order of the tabs corresponds to the 
rank of the layers. The user can swap layers by swapping corresponding tabs; as a result the 
rank of graphic units from related layers will be affected. In order to change the rank of a 
layer individually the user must activate the layer (by a mouse click on its visual 
representation) and change the rank by rolling the mouse wheel (similar to changing the rank 
of a graphic unit). The architect can switch on/off visualization of a layer with a double click 
on a corresponding layers tab. In this case graphic units from the switched off layer are not 
visible, cannot be manipulated and do not reveal their influence. The user also can apply 
geometrical transformations to a layer which results in transformation of all related graphic 
units. 
The pin is used to connect a pair of graphic units and to block propagation of particular 
transformations. The pin is visualized as a nail-head pyramid, where each nail-head has its 
own color and marks the blocking of a particular transformation (see Figure 6-9 (a)). The user 
can modify the transmission properties of a pin using a special “properties manipulator” (see 
Figure 6-9 (b)).  

 
Figure 6-9. a- the pin: each color ring denotes not transmitted transformation; b- the manipulator of 

pin’s properties: a click on corresponding zone switches on/off the transmission of related 
transformation; c- the clip presents symmetrical connection between graphic units.  

When the user activates an anchor point, the properties manipulator is activated. A mouse 
click on a corresponding zone of this manipulator switches on/off the transmission of related 
transformation (the center of the manipulator for rotation, the corner for scaling, and the bars 
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for skewing). If the transmission of a transformation is blocked then a corresponding zone in a 
manipulator is highlighted with red. 
The clip is provided for connecting objects, and is visualized as two balls that are attached to 
graphic units and are connected by a line (see Figure 6-9 (c)). The visualization of 
transmission properties and the manipulation of these properties is similar to the pin. 
The interaction mode is defined automatically: if the user manipulates graphic units, then 
natural mode is implied; if the user manipulates layers, then layers mode is implied; if the Ctrl 
button is pressed then manual mode is implied. 
Figure 6-10 shows an example of a design that is made in Structural Sketcher with the new 
user interface. 

 
Figure 6-10. Design example. 

6.6 Conclusion 

In order to make Structural Sketcher simple and natural for the architects we developed new 
interaction techniques. These techniques are based on architectural metaphors of the early 
design process that are easy and intuitive for the architect.  
We define interaction techniques on top of the geometry engine that provide a possibility to 
explicitly/implicitly control interactions between objects from different layers. For example, 
the architect can define relations by changing the rank and the layout of graphic units, and he 
can use layers to structure the relations between graphic units. Moreover, the user does not 
use relations and anchor points anymore, instead he is provided with new tools (pins and 
clips) that provide interaction with the system on higher level. 
Summarizing, the architect in our system can specify the structure of his design in a natural 
way, which should enable him to focus more on the design, rather than on interaction with the 
system. 
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Chapter 7 The KITE 
In the previous chapters we presented Structural Sketcher: a design system for the 
manipulation of graphic units. We focused on aspects of graphic units, structuring 
relationships between them, propagation of geometric transformations, and the definition of a 
visual metaphor and interaction techniques for the system. In this chapter we consider how to 
enable the user to initiate geometric transformations. In particular, we introduce a new type of 
geometry manipulator: the KITE (Kool Integrated Transformation Editor). This chapter is an 
extended version of (Pranovich et al, 2002b). 
We first give an overview of existing manipulation techniques for 2D geometry. Next, we 
present our approach that combines the benefits of classical approaches. We consider the 
implementation of the manipulator in our design system and we describe a user experiment 
that was performed in order to evaluate the manipulator. Finally, we present the results of the 
evaluation and draw conclusions.  

7.1 Introduction 

Despite the growing popularity and the growing number of graphic applications, the use of 
graphic software is still laborious. The manipulation of geometric objects is probably the most 
often occurring action, and hence a vital aspect for design systems. Much work has been done 
in the area of 3D geometry manipulations (MacIntyre, 1996; Bukowski, 1995). The area of 
2D manipulations using only a standard mouse as input device is not well elaborated. Our 
challenge is to enhance existing techniques for 2D geometry manipulation in order to provide 
an effective tool for the manipulation of graphic units in our design system. As a starting 
point we classify existing techniques for geometry manipulation. 
All drawing packages provide tools to control geometric objects. There are two standard 
approaches for this: 

• The box-based approach (used in packages such as MacDraw, Visio, Microsoft 
PowerPoint, etc.); 

• The frame-based approach (used in packages such as Maya, 3D Studio MAX, etc.). 
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In a box-based approach a manipulator is presented as a set of control points located on a box 
that encloses the object (see Figure 7-1). This is simple and natural for the user; the 
manipulator always has a fixed position with respect to the object. 

 
Figure 7-1.Box-based manipulator in Microsoft PowerPoint. 

The user is enabled to apply a predefined set of transformations on the object, such as 
translation, scaling, and rotation. The transformations in these packages work well for 
predominantly rectangular types of objects; however, for more irregular objects they often fall 
short. Often the transformations are restricted: The user is allowed to scale and rotate only 
with respect to fixed points; or a mode-switch is required to change these points or the type of 
transformation.  
The frame-based approach offers more flexibility: The user can position the frame of a 
manipulator in order to select the origin for transformations (see Figure 7-2). 

 
Figure 7-2. Frame based manipulator in 3D Studio Max. 

Unfortunately, the available transformations in packages that support a frame-based 
manipulator are often distributed over different tools. For instance, in 3D Studio MAX 
translation, rotation, and scaling are controlled by different manipulators, hence the user has 
to perform additional actions, which reduces the efficiency of these manipulators and leads to 
a complex user interface. Other common problems are precise alignment of the manipulator 
and the accuracy of manipulations. Furthermore, in both approaches the set of available 
transformations is limited, for example skewing is only rarely supported.  

7.2 Our approach 

The key idea of our approach for a manipulator is to combine the benefits of the given 
approaches (the ease of use of the box based manipulator and the flexibility of the frame 
based manipulator) without inheriting their limitations (Pranovich, 2002b). For this we do the 
following: 

• We provide all transformations via one manipulator. 
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• We provide an enhanced set of geometric transformations. 
• We provide gravity fields for easy positioning of the manipulator. 

This has resulted in the KITE (Kool Integrated Transformation Editor).  
The visual representation of the KITE is a rectangle with four different types of interaction 
zones (see Figure 7-3).  
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Figure 7-3. Manipulator interaction zones placement. 

The manipulator reacts directly to user actions. The user implicitly specifies the type of 
geometric transformation by affecting an interaction zone that corresponds to the type of 
desired transformation: 

1. Zones for translation:  

• Translation restricted to one axis: T yx T,  

• Non-restricted translation: T  yx ,

2. Zones for scaling:  

• Non-uniform one axis scaling: yx SS ,  

• Non-uniform scaling:  yxS ,

• Uniform scaling:  S

3. Zone for rotation: R  
4. Zones for skewing: yx SkSk ,  

The axis scaling and the skewing interaction zones, the uniform scaling zone and the rotation 
interaction zone coincide. The initial direction of the mouse at the start of a drag action is 
used to determine which one of two transformation modes becomes active. For example, if 
the user drags the mouse along the scaling/skewing interaction zone, then skewing is 
activated; if the user drags the mouse orthogonal to this interaction zone, then scaling is 
activated (see Figure 7-4). 
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Figure 7-4. Orthogonal mouse movements distinguish skewing and one axis scaling operations.  

A semi-transparent skin for the manipulator shows the interaction zones to the user (see 
Figure 7-5). The words and colored bars help the novice user to find the interaction zones. 
The manipulator provides visual feedback for all applied actions: the bars and words of the 
selected transformation are highlighted. The ball on the lower left corner of the manipulator 
defines the origin for rotation, scaling and skewing transformations. 

 
Figure 7-5. Geometry manipulations. 

The manipulator can be used in two modes: 
• Transformations are applied only to the manipulator, e.g., the user can adjust the 

origin, rotate, or scale the manipulator. A simulated magnetic field around objects 
facilitates precise positioning of the manipulator. 

• Transformations are applied to both the manipulator and the selected geometric 
objects. 

The selection of the mode is done via the keyboard space bar, which the user can press with 
his non-dominant hand. The first mode can be used to change the size of the manipulator, for 
instance for precise scaling. Optionally, the user can enable a mode to make the manipulator 
elastic: after each manipulation the manipulator restores its shape. 

7.3 A KITE for a design system 

We considered two different options for the implementation of the KITE in our design 
system. The first option concerns the use of one universal manipulator for all objects (KITE-
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U). In this case the manipulator is always visible. In order to apply a transformation to a 
graphic unit the user associates a manipulator to a particular graphic unit. This graphic unit 
can be defined implicitly as the closest graphic unit to the origin of a manipulator, or the user 
can associate a graphic unit explicitly by selecting it.  
The other option implies the use of a KITE individually for each graphic unit (KITE-I). In this 
case a manipulator is embedded in every graphic unit. Activation of a graphic unit (by 
clicking on it) activates the corresponding manipulator.  

7.4 Usability evaluation 

Assessment of a manipulation tool requires the evaluation of a variety of aspects. For 
example, several studies have been done to compare alternative interaction techniques for 
positioning and rotation tasks (MacKenzie et al, 1991; MacKenzie and Buxton, 1992; 
MacKenzie and Buxton, 1995; Kabbash and Buxton, 1995; Hinckley, 1997). In terms of 
usability metrics these comparisons of manipulators are based on evaluation of efficiency of 
use (time to complete the task) and accuracy (error rate) of manipulations (Mayhew, 1992; 
Whiteside et al, 1988). 
In our work we have to evaluate a tool that is developed for designers and may be used for 
different types of object transformations. Therefore we have to evaluate not only aspects that 
are related to performance, but also common usability parameters. Thus, the usability 
evaluation of manipulator also must consider learnability (learning time), flexibility 
concerning geometric transformations, and subjective satisfaction (Nielsen, 1993).  
We performed a small-scale user test where we have evaluated these factors for two versions 
of the KITE manipulator, a box-based manipulator and a frame-based manipulator. For tests 
of a box-based manipulator we used Microsoft PowerPoint (PPM); for tests of a frame-based 
manipulator we used 3D Studio MAX (3DSM) in 2D mode. 
7.4.1 Hypotheses 
The major research hypotheses were: 

1. The efficiency of use for object manipulations provided by KITE-I is higher than for 
KITE-U.  

If this hypothesis is true, then we choose the KITE-I manipulator as default manipulator for 
our design system, otherwise we choose the KITE-U.  
Next, we hypothesize about the quality of the selected KITE manipulator with respect to the 
box-based PPM and the frame-based 3DSM manipulators:  

2. The KITE is better than PPM and 3DSM with respect to 
- The efficiency of use for object manipulations; 
- The perceived learnability; 
- The perceived flexibility concerning geometric transformations; 
- The perceived accuracy concerning non-parameterized transformations; 
- The subjective satisfaction.  

In the following sections we validate these hypotheses.  
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7.4.2 Experiment  
Ten subjects (all males, average age of 24 years) participated in the experiment. All of them 
were MSc or PhD students from the computer science department.  
The test consisted of two parts: performing an assignment of object manipulations and filling 
in a questionnaire. The first part was performed in order to evaluate the efficiency of use for 
different manipulators. For this we measured the time a user took to complete an assignment 
that consisted of five tasks. These tasks required different geometric transformations of 
objects in 2D (see Figure 7-6). In particular: task I required rotation of objects with respect to 
their geometrical center and with respect to fixed points; task II required uniform and one-axis 
scaling; task III required translation, tasks IV and V required a combination of translation, 
scaling, and rotation in different proportions.  

 
Figure 7-6. The manipulation tasks. The left part of each figure shows the initial situation per each 

task, the right part shows the result to be made. 

 in each task demonstrates initial scheme, right figure demonstrates the result to be made. 

Only operations on a single object were allowed. This restriction was used to evaluate only 
the manipulator, and not the system and its environment. The tasks were performed in random 
order. Five users tested four types of manipulators: PPM, 3DSM, KITE-U, and KITE-I 
manipulators in a random order. After this the choice between the KITE-U and the KITE-I 
manipulators was made and the following five users tested three types of manipulators: PPM, 
3DSM, and the selected KITE manipulator.  

 72



Chapter 7 The KITE 

 
Before performing the series of manipulation tasks the subjects were instructed how to handle 
a particular type of manipulator. Every participant performed simple manipulations with a 
manipulator for approximately three minutes before performing the actual tasks. 
After performing the assignment the users were asked to fill in a questionnaire (see Appendix 
B). The questionnaire asked the users opinion with respect to the tested manipulators and also 
the learnability, the flexibility concerning geometric transformations, the accuracy concerning 
geometric transformations, and the subjective satisfaction factors that were perceived by the 
user for each type of a manipulator on a scale from 1 to 5. 
For the evaluation of PPM we used Microsoft PowerPoint 2000, version SR-1 (9.0.3821). For 
evaluation of 3DSM we used 3D Studio Max, version 3.0. For the evaluation of the KITE 
manipulator we used the prototype of our design system, version 1.2001-09. 

7.5 Results 

All users (100%) were familiar with PowerPoint, 40% of them were familiar with 3D Studio 
Max, and nobody was familiar with our application. 
Figure 7-7 shows the average times for performing all manipulation tasks together with 
corresponding 95% confidence intervals for KITE-U and KITE-I after five users. 

 
Figure 7-7. Two variants of KITE. 

The average time for performing all manipulation tasks using the KITE-U manipulator was 
48% more than for the KITE-I. Moreover, the KITE-I was faster than the KITE-U in all five 
tasks. The difference in time can be explained by the fact that for the KITE-I the user doesn’t 
have to restore the position of a manipulator for every object, while for the KITE-U the user 
has to perform this operation, which requires additional time. Statistical analysis using 
ANOVA enables us to test the significance of the difference for measured factor (Levin, 
1994). This test confirms that the type of a manipulator was a significant factor for the time of 
performance (F1,8 = 15.969, P = 0.004). These results confirm our first hypothesis. Therefore, 
we choose the KITE-I manipulator as a default manipulator for our design system and we 
continued the experiment with the KITE. From now on we refer to KITE-I as to KITE. 
The accumulated mean time a user took to complete all tasks in the second part of the 
experiment shows that KITE and PPM beat 3DSM in speed (the tasks with 3DSM took 89% 
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more time than with PPM and 115% more time than with KITE). Moreover, KITE was 13% 
faster than PPM. 
Figure 7-8 shows the results of manipulations by all manipulators for all tasks. We see that 
the KITE was faster than PPM for tasks I, II, IV, and V. This can be explained by the fact that 
the interaction zones for transformations in KITE are considerably bigger than in PPM (where 
zones for rotation and scaling are presented by control points) and 3DSM (where zones are 
also smaller and not explicitly marked). The size effect of an interaction zone also explains 
why in task III (which required only translation) PPM was faster then KITE. In PPM the 
whole space of an object is used as an interaction zone for translation, while in KITE only a 
small part of the manipulator is used for translation. Figure 7-8 also shows that KITE was 
faster than 3DSM in all five tasks. 

 
Figure 7-8. The mean time of different tasks performance with 95% confidence interval for different 

types of manipulators. 

Table 7-1 contains the results of an ANOVA based statistical comparison of different tasks 
that were performed by different types of manipulators (Levin, 1994). In particular, it shows 
the significance (P) if tested manipulators are the same with respect to the performance time 
(hypothesis null). We use 05.0=α  for the level of significance. Also, the table shows the F 
ratio defined as 
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For KITE and PPM it confirms that the type of manipulator was a significant factor for 
performance of tasks I, III, IV, and also for all tasks in total. For KITE and 3DSM it confirms 
that the type of manipulator was a significant factor for performance of tasks I, II, IV, V, and 
also for all tasks in total. 
In order to evaluate the overall efficiency of manipulators we use the total performance time 
for all tasks, because it combines different types of geometrical transformations that are used 
by the architect during a design process. The results support the hypothesis that the efficiency 
of use of KITE is higher than of PPM and 3DSM.  
Table 7-1. Statistical comparison of manipulators. Significant results are shown bold.  

Tasks Performance time F ratio Significance (H0) 
KITE vs. PPM 

Task I KITE < PPM F1,18 = 8.930 P = 0.008 
Task II KITE < PPM F1,18 = 1.237 P = 0.281 n.s. 

Task III KITE > PPM F1,18 = 11.790 P = 0.003 
Task IV KITE < PPM F1,18 = 4.568 P = 0.047 
Task V KITE < PPM F1,18 = 0.872 P = 0.363 n.s. 

All tasks KITE < PPM F1,18 = 4.516 P = 0.048 
KITE vs. 3DSM 

Task I KITE < 3DSM F1,18 = 33.590 P < 0.001  
Task II KITE < 3DSM F1,18 = 48.731 P < 0.001  
Task III KITE < 3DSM F1,18 = 4.009 P = 0.061 n.s. 

Task IV KITE < 3DSM F1,18 = 43.683 P < 0.001  
Task V KITE < 3DSM F1,18 = 35.549 P < 0.001  
All tasks KITE < 3DSM F1,18 = 51.540 P < 0.001  

 
Figure 7-9 shows a comparison of perceived learnability for KITE with respect to PPM and 
3DSM.  
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Figure 7-9. The comparison of KITE learnability with PPM and 3DSM. 

From this figure we see that PPM is easier to learn than KITE and 3DSM is approximately 
equally difficult as KITE. These results are confirmed statistically (see Table 7-2). The users 
found that the use of interaction zones that combine two types of transformations in KITE 
sometimes was difficult. The ability to handle these zones depends on the user’s experience. 
However, we have to note that all users were familiar with PPM already, some of them were 
familiar with 3DSM, and nobody knew the KITE. Therefore, different experiences with 
different types of manipulator could distort the results of learnability evaluation. A “before 
experience” must be counted for these manipulators. 
Figure 7-10 compares the perceived accuracy concerning geometrical transformations of 
KITE versus PPM and 3DSM. 

Accuracy comparison
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Figure 7-10. The comparison of KITE perceived accuracy with PPM and 3DSM. 

This figure shows that the accuracy of geometric transformations provided by KITE is 
significantly better than the accuracy provided by PPM and 3DSM. The users found the 
gravity of KITE useful; it helps to position the origin of transformations and orient the KITE 
manipulator. Moreover, the users liked the possibility of KITE to change its size in order to 
increase the accuracy of transformations. However, these results are not confirmed 
statistically (see Table 7-2). 
Figure 7-11 compares the perceived flexibility concerning the geometric transformations 
provided by KITE with PPM and 3DSM. 
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Figure 7-11.The comparison of KITE percieved flexibility with PPM and 3DSM. 

All users indicated that the KITE is more flexible in geometrical transformations than PPM. 
Indeed, KITE provides an extended set of transformations (different types of scaling and 
skewing). Moreover, the user can easily adjust the origin for geometric transformations by 
KITE, which is quite difficult for 3DSM and impossible for PPM. The results also show that 
KITE has approximately the same flexibility as 3DSM. These comparisons are confirmed 
statistically (see Table 7-2). 
Figure 7-12 shows a comparison of the subjective satisfaction score for KITE, PPM, and 
3DSM. Most of the users evaluated KITE with a higher subjective satisfaction score than 
PPM and 3DSM. These results are confirmed statistically (see Table 7-2). The appearance of 
the KITE manipulator together with the visual interactive feedback simplifies its use. Also, 
the use of an interaction style that provides all transformations in a single manipulator makes 
the use of KITE more intuitive. 

Subjective satisfaction comparison
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Figure 7-12. The comparison of KITE subjective satisfaction with PPM and 3DSM. 

In order to make a statistical analysis of tested parameters we used the Wilcoxon signed rank 
test, because it is oriented to nonparametric data analysis (Levin, 1994). The results of the 
analysis are presented in the following table. Significance (P) denotes the probability that 
tested manipulators are the same (hypothesis null). Also, the table shows the Z value defined 
as 
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where W is the sum of the ranks for the pairs of measured parameters with a positive 
difference, Wµ  is the mean of the test statistic W, and Wσ  is the standard deviation of the test 
statistic W. 
Table 7-2. Statistical comparison of non-parametric data. Significant results are shown bold. 

Factor Comparison results Z Significance (H0) 
Learnability KITE worse than PPM Z = -2.226 P = 0.026 
Learnability KITE better than 3DSM Z = -1.221 P = 0.222 n.s. 

Accuracy KITE better than PPM Z = -1.408 P = 0.159 n.s. 

Accuracy KITE better than 3DSM Z = -0.850 P = 0.395 n.s. 

Flexibility KITE better than PPM Z = -2.694 P = 0.007 
Flexibility KITE better than 3DSM Z = -0.333 P = 0.739 n.s. 

Satisfaction KITE better than PPM Z = -2.157 P = 0.031 
Satisfaction KITE better than 3DSM Z = -2.360 P = 0.018 

 
Thus, our second hypothesis is confirmed partially: the efficiency of use for object 
manipulations and subjective satisfaction provided by KITE are higher than for PPM and 
3DSM. The perceived flexibility and accuracy concerning geometrical transformations are not 
worse than for PPM and 3DSM. The learnability for the KITE is on the same level as for 
3DSM, but lower than for PPM. 

7.6 Limitations 

In the tested prototype of the KITE the gravity for adjusting the origin position and 
orientation of the manipulator was implemented only on the levels “point to point” and “line 
to line” (see chapter 5). These types of gravity help to position and orient the manipulator. 
Adding “point to line” type of gravity probably can increase the accuracy of transformations 
provided by a manipulator. 
The results also show that the size of the interaction zones influences the efficiency of the 
manipulator. We assume that not only the size, but also the shape and the placement of 
interactions zones influence the efficiency of a manipulator. Tuning of these parameters could 
improve the usability.  

7.7 Conclusion 

In this chapter we introduced a new geometry manipulator (KITE), a tool for 2D geometrical 
object manipulations. The key idea of the KITE is to combine the benefits of two classical 
manipulator solutions: box-based and frame-based manipulators. 
We performed an experiment, where users evaluated two versions of the KITE and also 
classical manipulator solutions. The results of the experiment showed that the KITE 

 78



Chapter 7 The KITE 

 
manipulator provides the flexibility of the frame-based approach and an efficiency that is even 
better then in a box-based approach. Moreover, KITE provides a high level of subjective 
satisfaction with respect to tested box-based and frame-based manipulators.  
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Chapter 8 System evaluation 
This chapter describes an overall evaluation of the Structural Sketcher design system that we 
presented in earlier chapters. The chapter consists of four parts. We begin with defining the 
goals of the experiments in the first section. In the second and third section we describe two 
experiments and analyze them. In the last section we draw conclusions. 

8.1 Goals of experiments 

Assessment of the Structural Sketcher requires the evaluation of different aspects. According 
to the requirements for the system (see chapter 3) they are: 

1. The suitability of design elements for early stages of design (RQ1); 
2. The appearance of the system (RQ9); 
3. The amount of time required to learn the system (RQ2); 
4. Subjective satisfaction (RQ3); 
5. The speed of object manipulation (RQ5); 
6. The efficiency of object manipulation (RQ6). 

The speed of object manipulation (RQ5) was already evaluated in the previous chapter (see 
evaluation of KITE in chapter 7); thus we do not consider it further. Also, we want to evaluate 
a vary important aspect that can be formulated as follows: 

7. The suitability of the system for early design phases. 
Our aim is to evaluate Structural Sketcher with respect to other design systems that are used 
by architects during the design process in early stages. For the evaluation we choose the most 
often used computer design systems: AutoCAD, 3D Studio VIZ, Adobe Photoshop, and 
ArchiCAD (these systems are considered in chapter 2); and we also include pen and paper. 
Additionally, we allow the user to extend the list of compared design systems by any other 
system, and to remove systems from this list if they are not relevant to early design. 
For the evaluation of these aspects we split the experiment into two parts. The first part 
evaluates questions 1, 2, 3, 4, and 7; the second part evaluates question 6. In the following 
sections these experiments are described.  
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8.2 Experiment-I 

We performed a small-scale user test, where 10 users with architectural background 
participated (seven males, three females, average age of 26.2 years). All of them were from 
the Department of Architecture (seven students and three employees). All of them were paid 
for the participation. 
8.2.1 Tasks 
The test consisted of four parts:  

1. Introduction; 
2. Tutorial; 
3. Making a design assignment; 
4. Filling in a questionnaire.  

The functionality of Structural Sketcher was demonstrated to users during the introduction; 
users were instructed how to use the design system. In particular, the concepts of graphic 
units, layers, natural manipulation, pins, clips and KITE were demonstrated. During the 
following fifteen minutes every participant learned how to use the geometrical manipulator 
and performed simple tasks with the design system. In the second part of the experiment users 
followed the tutorial, which took about 20 minutes. The tutorial consisted of four small 
repetition tasks (see Appendix C), which helped users to study how different features of the 
system can be used in a design. These tasks were performed step-by-step. After this the users 
were given a small design task for approximately 30 minutes (see Appendix D). It required 
designing a doctor’s practice on a predefined site. After performing the design assignment the 
users were asked to fill in a questionnaire (see Appendix E). We asked the users to give their 
opinion on the tested design system and other systems with respect to suitability for the early 
design, learnability, ease of manipulation, appearance (“look and feel”) of the system, and the 
level of subjective satisfaction provided. For the evaluation of these aspects we used a 
symmetrical scale from –3 to 3. This is a free choice scale that divides answers into positive 
and negative domains by a logical “neutral” center. 
8.2.2 Results 
Design assignment 
The use of Structural Sketcher posed no special problems to the experiment subjects. As an 
example of how the system can be used in early stages of design we give a description of a 
design that was performed by one of the test subjects. 
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Time Description Screenshot 
14:26 
 
 
14:29 
 
14:31 

The architect received an 
assignment and carefully 
examined it. 
He loaded an image of the site 
and adjusted its size. Also, he 
created several layers. 
He created a grid on a separate 
layer and defined its size (10 by 
10 meters). With assistance of 
the grid’s gravity he defined 
spaces for the doctor’s office and 
physiotherapist.  

 
14:34 
 
 
 
 
 
 
14:40 

On this stage the architect found 
that the grid that he used was 
inappropriate: it is too large to 
help in defining the area spaces 
for these rooms. He went several 
steps back and defined a new 
grid instead of the previous grid 
(5 by 5 meters). Also, he 
enlarged the image of the site. 
Next, he defined all the spaces 
according to the design 
assignment and arranged their 
approximate locations.  

14:43 
 
 
 
14:45 

The architect continued to 
examine the arrangement of 
spaces. Also, he defined a zone, 
which denotes the possible shape 
of the building. 
On this stage he realized that he 
doesn’t need a grid: it restricts 
his creativity; the orthogonal 
dimensionality is not useful for 
the triangular shape of the site. 
Therefore he switched off the 
visualization of the layer 
associated to the grid and 
continued to arrange spaces. 
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14:48 He began to use layers by 

associating contours to them and 
switching on and off their 
visualization in order examine 
different space compositions. 
Also he changed the shapes of 
some spaces from rectangular to 
triangular. Here the architect 
commented that he couldn’t be 
sure about the size area of 
modified contours and suggested 
to add the possibility of 
automatic area calculation for all 
drawn contours.  

 

14:52 The early design is finished: the 
doctor’s office, physiotherapist, 
and apothecary are defined as 
the working space, colored blue. 
Reception, secretary, waiting 
room, and break room are 
defined as the public space, 
colored red.  
The architect was very pleased 
with Structural Sketcher and 
asked a copy of this program for 
daily use. 

 
The following figures show some examples of design results of other architects. We think that 
the wide variety in results shows that the tool does not lead to standard solutions, but enables 
architects to produce creative results. 

          
Figure 8-1. Design results. 
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In the following we present the results in order of the questions asked. 
Which design systems 
We asked first which other computer systems the subjects found suitable for early design. The 
following figure shows the results. 

Evaluated systems
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Figure 8-2. Design systems that were considered and evaluated by architects as related to early 

design. 

We ignored systems mentioned by less than two architects, thus the list of compared design 
systems becomes: Pen and Paper (PP), Structural Sketcher (StSk), AutoCAD (ACAD), Adobe 
Photoshop (PhS), 3D Studio (3DS), ArchiCAD (Arch), MS PowerPoint (PPt), MS Paint (Pnt), 
and Corel Draw (CDr).  
Further, in the calculations for statistical analysis with respect to PP, StSk, ACAD, PhS, 3DS, 
and Arch we use 05.0=α  for the level of significance. Due the small number of subjects 
which mentioned PPt, we increase the level of significance here to 15.0=α . We do not 
statistically analyze Pnt and CDr due the insufficient amount of collected data for these 
systems.  
Also, we calculate the confidence intervals for the systems that were mentioned by at least 7 
users (PP, StSk, ACAD, PhS, 3DS, and Arch). For other systems we give only the average 
values without further analysis. 
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Suitability for early design 
Figure 1-3 shows the results (average values and 95% confidence intervals) for the evaluation 
of the following question: Are the systems suitable for the early design phase?  

Suitability for early design
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Figure 8-3. Suitability for early design. 

According to the tested architects PP (2.7 points) and StSk (1.9 points) are the best design 
systems for early stages. Most of the users found that StSk was easier, more natural, and more 
efficient than other (computer) design systems. They consider that StSk takes a place in 
between pen and paper and all other evaluated computer design systems. The statistical 
analysis confirmed this: the type of the system (StSk versus all other systems) was a 
significant factor with respect to the evaluation of the suitability of these designs system for 
early stages (see Table 8-1).  
Lernability 
The following figure shows the results (average values and 95% confidence intervals) for the 
question: Rate the following design systems for the amount of time needed to learn to use 
them. 
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Figure 8-4. Evaluation of learnability. 
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Again, PP and StSk scored the best (2.5 and 2.2 points accordingly). Users found that StSk 
was very intuitive and simple; it can be used after a short introduction, while the other 
systems require a lot of effort to be learned. Also, users evaluated Pnt with a high score (2.0); 
they found that this system is conceptually similar to PP and it is not overloaded with 
complex functionality. Statistical analysis confirmed that the type of the system (StSk versus 
ACAD, PhS, 3DS, and Arch) was a significant factor for the evaluation of their learnability 
(see Table 8-1). The evaluation of this aspect for PP and StSk did not confirm significant 
difference.  
Ease of manipulations 
The following figure shows the results (average values and 95% confidence intervals) for the 
question: Rank ease of manipulation of design objects for the following systems. 

Ease of manipulation
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Figure 8-5. The comparison of easy of manipulation. 

The best system was StSk (2.1 points). Users found that the KITE manipulator significantly 
simplifies the manipulations of objects. Probably because architects were highly experienced 
with ACAD and 3DS, these systems were selected as the second best (1.2 points each). This 
question also revealed that ease of manipulation is the weakest point of PP (it scored only 
0.1). Also, the large confidence interval for PP demonstrates the presence of two opposite 
opinions with respect to evaluation of this aspect. Some architects found that it is difficult to 
modify an existing paper drawing, because paper can become cluttered and in one stage in 
order to modify the drawing they need to redraw it on a new sheet of paper. Others architects 
see early design as a process, where they do not focus on one solution, instead they generate 
several alternatives with the ease of pen drawing. Thus, statistical analysis didn’t confirm 
significant difference of this aspect between StSk and PP. It confirmed only the difference of 
StSk with respect to PhS, 3DS, and ARC (see Table 8-1). 
“Look and feel” 
Figure 8-6 shows the results (average values and 95% confidence intervals) for the question: 
Is the “look and feel” (appearance) of the system appropriate for the early phase of design?  
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Figure 8-6. The comparison of appearance of the systems. 

Because PP is the sketchiest system it scored the best (2.7 points). StSk took the second place 
(1.6 points). User found that its visual effects (e.g., roughness of rounded shapes and lines 
extensions) make the design look sketchy. For the evaluation of sketchy appearance the 
statistical analysis confirmed that the type of design system was a significant factor in 
comparison of StSk versus PP, PhS, and PPt (see Table 8-1). 
Subjective satisfaction 
The following figure shows the results (average values and 95% confidence intervals) for the 
question: Rank the level of subjective satisfaction provided by the following systems. 

Subjective satisfaction

-1 0 1 2 3 4

Pen and Paper
Structural Sketcher
AutoCAD
PhotoShop
3D Studio VIZ
ArchiCAD
PowerPoint
MS Paint
Corel Draw

 
Figure 8-7. The comparison of subjective satisfaction. 

According to the tested architects, working with pen and paper gives the biggest subjective 
satisfaction (2.2 points). It can be explained by the fact that traditionally only PP was used for 
design and architects are well trained in its usage. StSk (1.8 points) is the computer design 
system that provides the best subjective satisfaction for early stages of design. Users noted 
that StSk was very attractive by its simplicity and effectiveness. Some of the architects liked 
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the colorful appearance of StSk, which according to them activate the right hemisphere and 
stimulate the creativity. However, statistical analysis did not confirm that the type of the 
design system (StSk versus PP, ACAD, 3DS, and Arch) was a significant factor for the 
evaluation of subjective satisfaction (see Table 8-1). The reason for this can be that architects 
were highly experienced with other design systems, and therefore they feel confident while 
using them. 
In order to statistically analyze these results we used the Wilcoxon signed rank test (Levin, 
1994), because it is specially designed for the analysis of nonparametric data. The results of 
this analysis are presented in Table 8-1 and show the significance of evaluated aspects for 
StSk versus all other evaluated systems. Significance (P) denotes the probability of hypothesis 
null: there is no difference between design systems with respect to evaluated usability aspects. 
StSk 
versus 

Suitability in 
early design 

Learnability Ease of 
manipulation 

Appearance Subjective 
satisfaction 

PP P = 0.005 P = 0.180 n.s. P = 0.065 n.s. P = 0.005 P = 0.102 n.s. 

ACAD P = 0.016 P = 0.005 P = 0.087 n.s. P = 0.029  P = 0.429 n.s. 

PhS P = 0.011 P = 0.014 P = 0.017  P = 0.038 P = 0.030 
3DS P = 0.016 P = 0.07 P = 0.039 P = 0.065 n.s. P = 0.914 n.s 

Arch P = 0.017 P = 0.017 P = 0.042 P = 0.034  P = 0.111 n.s 

PPt P = 0.109  P = 0.157 n.s. P = 0.317 n.s. P = 0.109 P = 0.102 

Table 8-1. Results of statistical analysis. Significant results are shown bold. 

8.2.3 Discussion 
The architects liked that Structural Sketcher was very easy to use and fast to learn. They were 
pleased by the efficiency of the KITE manipulator with respect to the manipulation of objects. 
During the design process the architects used different functionality of Structural Sketcher. 
They used contours to define spaces, grids to measure and structure these spaces, axial 
systems to define the symmetry between objects, and zones to merge some spaces. Layers 
were used to split the design from different floors, to separate functional spaces from each 
other, to dispose and revive associated graphic units. Some architects used pins and clips to 
define relations between objects, although others didn’t find the use of pins and clips suitable 
for this design task. 
The question about potential improvements of the system revealed that architects would like 
to have the possibility to draw lines, use textual annotations, and to use distance and area 
measuring devices. Some of them also recommended to extend the library of design elements 
by different types of contours that were not implemented in the prototype (e.g., circles, 
triangles) and to provide a possibility to join and separate these shapes. However, the 
architects found that the implemented design elements are appropriate for early design (the 
average grade in evaluation of this aspect was 2.0). Some of the architects suggested changing 
the default mode for relations between objects from “natural manipulation” to “separate 
objects” (see chapter 7) and to make the behavior of a zone less aggressive. Also, they noted 
that the possibility to apply copy/paste operations and also the possibility to transfer the 
design data to other CAD systems is crucial in a design process and must be implemented in 
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Structural Sketcher. They think that the system would benefit if a digital tablet was used. 
Also, they would like to extend the use of the system in order to support 3D design. 
According to the architects, the main features that distinguish Structural Sketcher differ from 
other computer design systems are: 

• KITE manipulator; 
• Graphic units;  
• Appearance of the system. 

The architects found that with the KITE manipulator they could modify drawings faster and in 
more efficient way than in other systems, what is very important in the early stages of design. 
Graphic units also distinguish Structural Sketcher from other systems, because all of the 
graphic units are meaningful for the early design stages (even some more graphic units can be 
implemented). Finally, users found that the appearance of the system makes it very easy to 
learn and simple to use, what is not always the case for other design systems.  

8.3 Experiment-II 

In the second part of the experiment we compared the efficiency of objects manipulation for 
AutoCAD, 3D Studio VIZ, PowerPoint, and Structural Sketcher.  
We selected AutoCAD and 3D Studio as competitors for Structural Sketcher, because 
architects commonly use these packages and these packages provide a high level of 
functionality. We also selected PowerPoint for the test: despite the fact that it is not 
commonly used in early design, it is quite efficient for simple tasks and therefore can 
compensate the complexity of AutoCAD and 3D Studio. 
8.3.1 Task 
For this comparison we selected the tasks I, II, and V from the tutorial (see Appendix C). The 
first task concerns the manipulation of separate objects (RQ6.1); the second task concerns the 
manipulation of structured objects (RQ6.2); the fifth task manipulation of separate and related 
objects.  
In order to evaluate the efficiency of manipulation provided by these systems we counted all 
mouse and keyboard clicks required to fulfill these tasks. To determine the minimum number 
of actions in performing these tasks the evaluation was made by experts in these design 
systems: one expert tested AutoCAD and 3D Studio, another expert tested PowerPoint and 
Structural Sketcher. 
8.3.2 Results 
The following figure shows the number of actions required to perform tasks I, II and V in 
AutoCAD, 3D Studio, PowerPoint, and Structural Sketcher. A click was defined as pressing 
down a mouse button, rotating the mouse wheel, or pressing down any button on the 
keyboard. 
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Figure 8-8. Efficiency evaluation. 

This figure shows that for manipulation of separate objects in task I and II StSk was the most 
efficient. PPt performed approximately the same as StSk, 3DS and ACAD were less efficient. 
Execution of task V in PPt was impossible, because it misses functionality such as creation of 
grids, skewing transformations, and changing the shape of objects. StSk scored the best in 
task V. 

8.4 Conclusions 

In this chapter we evaluated Structural Sketcher according to the requirements that were 
defined in chapter 3. For this we performed an experiment where architects learned how to 
use this design system and carried out a design assignment, and evaluated the system with 
respect to other systems. Despite the small size of the participant group, most of the results 
were statistically confirmed. The results of the experiment showed that the subjects 
considered Structural Sketcher to be the best design system for early stages of design in 
comparison with other computer support systems. It got the best score for learnability, easy of 
manipulation, appearance of the system, efficiency, and subjective satisfaction. In addition, 
Structural Sketcher could outbid Pen and Paper with respect to ease of manipulation of design 
objects and it was equal to Pen and Paper in learnability. However, for other evaluated 
aspects, such as the appearance of the system, subjective satisfaction, and suitability of the 
system for early stages of design Pen and Paper is still the best system for the early stages of 
architectural design.  
After the evaluation of Structural Sketcher it was updated according to the suggestions of 
architects and made publicly available at http://www.win.tue.nl/~spranovi/research.htm. 

8.5 Future work 

Considering the results of the experiments and taking into account the remarks made by 
architects the prototype of Structural Sketcher can be improved in several respects. 
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The first one is that we have implemented only five graphic units out of thirteen generalized 
graphic units. Thus, new graphic units can be added to the system (such as measurement 
device, schematic axis, etc.). Also, the possibility to use annotations should be added. 
An obvious extension is to enable architects to define their design in 3D. In the next chapter 
we consider this is more detail. 
Another important aspect is the use of pen input. Evaluated subjects suggested to enable the 
use of pen-input, because it would be natural for the architects. The current prototype was 
developed on standard desktop PC. This implies some restrictions to the use of current 
version of Structural Sketcher on pen-based platform. For instance, the use of the mouse 
wheel, and some buttons from the keyboard must be substituted. In this case the use of 
tangible user interfaces seems to be a good direction to go. 
Secondly, in order to make an unbiased evaluation of Structural Sketcher with respect to other 
design systems design tasks must be performed with all compared systems. Moreover, 
Structural Sketcher must be evaluated with respect to the following questions:  

• Do architects have more associations, ideas, or concepts when they use this system?  
• Is the quality of design positively influenced by the system?  
• Is the creativity of the architect stimulated by the use of the system? 

Evaluation of the system is another concern. Firstly, we have not evaluated the influence of 
sizes, shapes and positions of interactions zones of the KITE to the speed and efficiency of 
geometry manipulations. These interesting points must be studied, and can lead to further 
improvement. 
Also, the functionality of the geometry engine can be elaborated further. For example, for the 
propagation mechanism instead of filtering properties the use of functions that transform 
transmitted data (e.g., amplify or reduce) can be studied.  
Moreover, the propagation mechanism of the geometry engine can be extended for the use in 
other domains. For example, the propagation of other data types such as energy, material, etc. 
can be studied. It also may require the development of new design elements that generate, 
transform, or absorb different types of transmitted data (e.g., motion generator, heat 
accumulator, magnetic element). 
Finally, the use of some concepts that are described in this thesis (e.g., KITE, propagation 
mechanism) can be studied with respect to other stages of architectural design.
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Chapter 9 Towards a 3D sketching environment 
In this chapter we elaborate on 3D architectural design. In particular, we consider how 
concepts from the Structural Sketcher design system in 2D could evolve to a 3D system. For 
this we consider the use of current 3D computer support tools and also the use of conventional 
tools for 3D design. Based on these we define our approach. We describe how design 
elements, interaction techniques (natural manipulation, layers, pins and clips), and the 
geometry engine could be transposed for the use in 3D.  

9.1 Overview 

Paper-based presentations of building design have been the conventional method that is used 
for communication between the different disciplines of the building industry. These drawings 
contain unstructured graphic entities such as lines, text notations, dimensions and symbols. 
Through agreed conventions between various disciplines these graphic entities are interpreted 
as information from which the building can be understood and constructed. Any 
inconsistencies between the various buildings systems (mechanical, structural, electrical, 
HVAC, security) have to be found and corrected. It needs understanding, imagination and 
visualization ability from an architect to discover such inconsistencies since all drawings are 
projections. The third dimension needs to be constructed and visualized in the mind of the 
architect (Reffat, 2002).  
Traditionally, people made 3D conceptual designs with pen and paper, not with computers, 
even though computer models offer many advantages (Zeleznik, 1996). Reasons for this are 
the low overhead of a pen, the great expertise architects have in drawing, the simplicity with 
which many kinds of changes can be made, and the fact that precision is not required to 
express the idea. However, pencil and paper are also imperfect. After many changes the paper 
can become cluttered. Alterations such as showing the model from different viewpoints 
require new drawings. Collections of drawn objects cannot be transformed together. 
Sometimes the architect uses other media that can capture 3D design ideas, such as cardboard, 
rubber, foam, and clay. These media help to assess visual and spatial features of design 
elements and give visual cues for association or reminding of abstract concepts and functional 
issues. However, these media are weak in other aspects of design such as reusability, 
parameterization, and speed of design  (see chapter 2). 
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On the other hand, many 3D modeling computer tools are available that are good in 
generating arbitrary views of precise 3D models (isometric, perspective or axonometric 
views) and support high-level editing and revision. Since the inception of CAD, computers 
appear to have played a vital role in the practice of architecture, engineering and their allied 
profession. This however, is not the case for the early phases of design. ArchitecturalWeek 
(2000) reports that the most often used system for early 3D design is ArchiCAD (60% of 
users). However, only 30.3% of firms where ArchiCAD is used report an effective use. The 
effectiveness for other 3D drawing systems is even less. Most designers see CAD tools as too 
rigid, lacking the fluidity of the pencil, and they are practically much more difficult to use. 
Consequently, the use of the computer in the early stage of design is often limited and shifts 
to 2D sketching and image editing programs (Wolf, 1992). However, if 3D modeling is 
applied early in a project, it could significantly improve productivity (Reffat, 2002).  
Thus, the use of pen and paper can be superior to the use of computer tools, because of 
fluidity, immediacy, and portability. On the other hand, computer tools facilitate re-projection, 
editing, and refinement.  
In the next section we focus on directions of current research that aim at improving the 
support for 3D architectural design. 

9.2 Concepts for 3D design support 

Any design system offers the possibility to manipulate design elements in space. The 
difference between 2D and 3D design systems is in the dimensions of interaction space and 
design elements. We note these factors in X-D/Y-D style, were the X is related to the 
dimensionality of interaction space, and Y is related to the dimensionality of design elements.  
In this section we consider basic approaches for 3D design support by computer. For this, we 
classify them on the basis of dimensionality of their interaction space and dimensionality of 
their design elements. To begin with we consider the use of a 2D/2D system for 3D design.  
9.2.1 Conventional drawing (2D/2D) 
Conceptually these systems are similar to the drawings of architects on paper. Perspective 
drawings (formalized during the Renaissance) still constitute a fundamental part of art and 
design education (Durer, 1977, Ivins 1977). 2D/2D systems use isometric or axonometric 
projections of design elements into 2D space. A vivid example of such a system is sketching 
with projective 2D strokes (Tolba, 1999). The user makes a two-dimensional drawing that is 
projected to the surface of the sphere or cylinder centered at the viewpoint (see Figure 9-1). 
This facilitates the production of new projections generated from an initial perspective sketch 
and gives the impression of being immersed in the drawing. A similar approach is used in 
QuicktimeVR (2004). 
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Figure 9-1. Panorama of library is shown as unrolled cylinder (top) and two of the sketches used to 

created it (bottom) (Tolba, 2001). 

However, the obvious limitations of these systems are that 3D walk-throughs are not possible 
and that relative depth information between objects lacks. Moreover, perspective drawings are 
difficult to construct (Gill, 1975). Furthermore, like for all drawings on paper it is difficult to 
edit or reuse such a design.  
9.2.2 Inferred geometry (2D/3D) 
Other researchers have approached the problem by attempting to infer 3D models from 2D 
sketches. Some systems generate 3D models by interpreting perspective and axonometric 
sketches (Branco, 1994; Herot, 1976), or through gestural interfaces (Eggli, 1997). One 
example of a 2D/3D approach is SKETCH (Zeleznik, 1996). It is conceptually similar to 
Landay and Myer’s use of sketching to support the early stages of 2D interface design 
(Landay, 1995). SKETCH uses a gestural mode of input in which all operations are available 
directly in a 3D scene through a mouse. The user sketches the salient features of a variety of 
3D primitives and SKETCH instantiates the corresponding 3D primitive in the  scene. 
SKETCH allows both geometry and the camera to be gesturally manipulated, and uses an 
automatic grouping mechanism, similar to that described by Bukowski and 
Sequin (Bukowski, 1996) to make it easier to transform aggregates of geometry.  

 
Figure 9-2.SKETCH (Zeleznik, 1996). 
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SKETCH supports multiple techniques for editing geometry such as drawing shadows and 
oversketching (see Figure 9-2). Also, a simple constraint techique helps to edit objects. The 
user explicitly specifies the constraint with a gesture for an object and then applies a 
transformation. 

 
Figure 9-3. Resizing an object is done by “oversketching”' one edge with two parallel strokes in 

opposite directions (Zeleznik, 1996). 

Hovewer, the number of provided primitives in SKETCH is small and it may preclude 
complex objects from being made at all (Zeleznik, 1996).  
Another example is Teddy (Igarashi, 1999). This system also allows the user to create a 3D 
object via simple gestures. The user draws the outline of an object, and the system creates a 
plausible 3D shape with that outline. Another example is Viking that uses a constraint based 
approach to derive 3D drawings from 2D sketches (Pugh, 1992). The user draws line 
segments, and the system automatically generates a number of constraints, which then must 
be satisfied in order to recreate a 3D shape. 
The common difficulty with this approach is that the inferred geometry is often incorrect, and 
these errors become more and more apparent when the viewpoint changes significantly from 
that from which the object was initially created. Moreover, these approaches are restricted to 
polygonal objects, they are difficult to implement, and they are intolerant to noisy input; they 
may either find a wrong 3D solution, or do not find it at all (Zeleznik, 1996). 
9.2.3 Flying bitmaps (3D/2D) 
Some sketching systems like Harold (Cohen, 2000) create 3D models where the world is 
populated by 2D drawings or textures. The primary geometric primitive in such a system is a 
billboard. They are commonly used in interactive systems to render roughly axially 
symmetric objects with low overhead. A billboard is typically a plane with an image texture-
mapped onto it that rotates about some point or axis to face the viewer as much as possible. 
The primary drawback of the approach of Harold is that the relationships between objects 
change as the viewpoint changes. For example, imaging a fencing-in area, if the fences where 
all billboards, they would rotate through one another as the viewpoint changes. For this 
purpose a bridge billboard is introduced, which is a collection of planar strokes that is 
anchored to point on two billboards. 

 96



Chapter 9 Towards a 3D sketching environment 

 

 
Figure 9-4. Harold. The hammock is anchored to the trees. The left and right figure show objects from 

different viewpoints (Cohen, 2000). 

9.2.4 Real 3D (3D/3D) 
Most of the commercially available CAD systems use a 3D/3D approach; they provide a set 
of 3D primitives in 3D interaction space. Such systems aim at detailed design and provide 
many options and features. These systems can be used for early design also, with the 
advantage that data do not have to be reentered again. However, the user interface is often 
complex (see Figure 9-5): Tools and design primitives are optimized for the later design 
stages. This eventually restricts the architect’s creativity and the possibility to explore design 
space efficiently. 

 
Figure 9-5. The user interface in ArchiCAD can be obtrusive. 

Other sketching systems rely on the user specification of 3D coordinates directly, for example 
by drawing on pre-defined surfaces (Brent, 1992; Marshal, 1992). Deering, Sachs, and 
Butterworth take an approach for constructing 3D models that requires 3D input devices as a 
primary input mechanism (Deering, 1995; Sachs, 1991; Butterworth, 1992). 
In general, CAD modeling systems are ill-suited for the early stages of design. The creation of 
a 3D shape using CAD tools requires overly much precision and is time-consuming. 
Therefore, many of these systems are not used in the conceptual phases of design, or 
architects use such systems together with pen and paper. 
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9.3 Transposing Structural Sketcher to 3D 

Earlier we have presented Structural Sketcher which is based on metaphors that are natural for 
the architect. These are:  

 Graphic units that are used by the architect during early design; 
 Natural manipulation that is provided by implicit relations between graphic units;  
 Pins and clips that provides explicit relations between objects;  
 Layers to structure the design;  
 KITE – a geometry manipulator. 

The evaluation of the system shows that users want to apply these metaphors for 3D design. 
In this section we describe a possible direction to support early 3D architectural design and 
transpose basic metaphors from 2D to 3D. 
There are several ways to extend our system to 3D modeling support. The simplest one is to 
use the current system for 3D modeling design. For example, this 2D/2D approach can be 
applied by making a drawing on top of an isometric grid (see Figure 9-6).  

 
Figure 9-6. Projective 3D design in 2D/2D system. 

However, the use of concepts (natural manipulation of objects, pins and clips) that were 
developed for 2D can be obtrusive in this case. For example, the manipulation of a window 
position could affect roof timbers, because implicit relations between these objects will be 
created on such a drawing; while in a 3D representation of the house there would be no 
relations between these objects. Also, simple 2D rotation of a projection of a 3D object in 
such a system would result in a distortion of its shape in 3D. Moreover, the design made in 
such a system would have all limitations that are specific for 2D/2D design systems. 
A 2D/3D approach would be difficult to implement, since many constraint-based techniques 
must be applied and presented to the user. Moreover, sketching in 3D might seem to be a 
paradox (de Vries, 2000). Sketching is inherently 2D since it is executed in a plane on a flat 
surface using some drawing device (e.g., a pencil). Three dimensional creation and 
manipulation of objects presumes the activity being executed in a 3D environment on spatial 
objects. Therefore, in the following section we focus on 3D/2D and 3D/3D systems. 
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9.3.1 Drawing boards (3D/2D) 
In this section we consider how the basic metaphors we have used can be transposed to a 
system where 2D objects are manipulated in 3D interaction space. 
Graphic units  
By definition in this type of system 2D design elements are used. Therefore, we don’t need to 
modify graphic units.  
Natural manipulation 
In order to preserve the concept of natural manipulation that was used in 2D space we propose 
to use a so-called drawing board. Here, a drawing board is a plane on which a 2D drawing 
can be made by means of 2D graphic units (similar to the use of User Coordinate System in 
AutoCAD). Drawing boards can be extruded from lines that are drawn on a ground drawing 
board. The default extrusion is perpendicular to the ground drawing board. All graphic units 
that are placed on the drawing board are automatically related to it. Thus, the concepts of 
natural manipulation, pins, clips, layers and KITE as they were used in the 2D system become 
appropriate for every group of objects that are related to one drawing board.  
With this approach the coordinates of all graphic units are defined in 3D. However, the user 
can transform these 2D graphic units only in 2D (on a drawing board) with a KITE 
manipulator. 
Pins, clips and relations between objects 
The user can define relations between objects that are related to a particular drawing board 
(e.g., by mean of pins and clips). Also, relations between graphic units from different drawing 
boards are possible. We next consider what should happen if a graphic unit is transformed and 
this graphic unit is related to another graphic unit from another drawing board. We propose to 
transform the transformations such that they are confined to the other drawing board. Let’s 
imagine that a pin is defined between a window W1 and a door D1 that belong to drawing 
boards B1 and B2 (see Figure 9-7).   

    

Ground

B1 B2 B3 B4

W1 W2 D1

Pin

 

Figure 9-7. 3D/2D drawing example (left), the graph of relations between objects (right). 

This pin defines a relation, which is directed from W1 to D1 (the origin of a pin is at D1). If 
window W1 is translated vertically, it is obvious that the related door D1 should also be 
translated vertically. If window W1 is translated horizontally to the right, one possibility is 
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that door D1 also will be translated horizontally into the same direction (with respect of its 
drawing board). However, one can also imagine that the last transformation should result in a 
translation in the opposite direction. For example, it can be used to change the altitude of 
windows on a slanted roof that are placed opposite to each other. We denote these different 
effects as direction preserving and direction reversing. 
In order to transform a transformation when it is propagated between different drawing 
boards, we use local coordinate system. A point  on drawing board ix iΒ  can be expressed as  

iiiiii vuax βα ++= , 

with ),( ii βα  as local coordinates. For iu  we use a horizontal axis and for iv  a vertical axis, 
i.e.  

ii Nu Β×= )1,0,0( , and 

)1,0,0(=iv , 

where iNΒ  is a unit normal vector on drawing board iΒ . 
An affine transformation Τ  of  can now be defined as  1 1Β
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The factor k  controls whether the transformation is projected via direction preserving or 
reversing behavior. Direction preserving is achieved when a translation of  in the direction 

of  
1x

1u  gives a translation of   in (more or less) the same direction, whereas reversing gives 
an opposite translation (see Figure 9-8). The desired behavior has to be specified by the user, 
and is stored as a Boolean property shift in the relation. The value of  is defined as  
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Note that the sign of the normal iΒΝ does not have an influence here. 
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Figure 9-8 (a,b). Translation 1Τ in drawing board B1 is projected to 2Τ  in drawing board B2 in two 
different ways: preserving (left) and reversing (right) the direction of translation. 

Despite many other projections of a transformation are possible, we consider only the 
presented projections as important for architect, because these projections do not give 
distortions.  
Another important aspect is that the user must also be enabled to change a viewpoint in 3D. 
For this we propose to use the ground drawing board to which all other drawing boards in the 
scene are related (see Figure 9-7). The transformation of the ground drawing board changes 
the scene as if the viewpoint was changed.  
Layers 
The idea of layers can be transposed to 3D, were layers can serve as a structuring mechanism 
for relations between graphic units. We propose to use the same set of layers for all drawing 
boards. This enables the user to group elements distributed over various spaces. If the user 
affects a layer then related objects from all drawing boards will be affected. For example, the 
order of layers changes the order of related graphic units (and therefore relations between 
them) and a layer can be used to switch on or off related graphic units.  
Geometry manipulator 
A 2D KITE manipulator must be provided for the manipulations of graphic units that are 
placed on top of drawing boards. In order to manipulate graphic units in 3D mode the 
manipulator must be presented in projected form (see Figure 9-7). 
9.3.2 3D/3D system 
This type of system requires transposing of graphic units from the 2D into the 3D world. It 
would result in different 3D derivatives of basic 2D graphic units (e.g., volumetric objects, 
planes of symmetry, images that are mapped into the surface of different 3D objects, etc.). 
This also would require CSG (constructive solid geometry) operations in order to allow 
defining 3D objects as union, intersection, and subtraction of solid shapes (Wyvill, 1985; 
Foley, 1996). Additionally, the possibility to manipulate 3D objects in 3D space must be 
provided. However, we suspect that the interactions with such a system could be difficult for 
the user. In order to simplify the use of such a system new directions in the development of 
3D design systems must be considered (such as the use of artificial intelligence, immersive 
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environment, etc.). However, we believe that this could lead to something just as complex as 
a typical CAD system. 
Finally, we have to note, that most of the metaphors presented in this thesis are in 2D and they 
were developed based on the analysis of 2D architectural drawings. Therefore, in order to 
build a new generation of 3D design system a new design cycle that starts from analyzing 3D 
architectural designs must be initiated. 

9.4 Conclusion 

We considered two models of 3D architectural design systems. In a 3D/2D version of the 
system the concepts of pins, clips, layers, and natural manipulation were extended to 3D. 
However, all graphic units are still 2D and they are put on drawing boards. A 3D/3D model of 
the system is an extension of the 3D/2D model, with 3D graphic units and manipulation 
techniques. 
The first model seems simple to use and can be very good for designing many-stored 
buildings. The possibility to project transformations between graphic units from different 
drawing boards simplifies the use of 2D graphic units in 3D space. The disadvantage of this 
model is the simplicity of the provided design elements in 3D and the necessity to create 
drawing boards that are not natural for the architects. 
The second model is more sophisticated and provides more flexibility in geometric shapes 
and their transformations. However, the use of such a model can be more complicated, 
because it requires much more options to be controlled. Probably the development of such a 
system could result in a new version of a typical CAD system. Therefore, in order to build a 
3D architectural design system of a new generation, a new design cycle that start form the 
analysis of 3D designs must be initiated. 
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Appendix 

Appendix A. Class model of Structural Sketcher 

Four main groups of classed can be distinguished in Structural Sketcher: graphic units classes, 
pins classes, clips classes, manipulator classes, and classes related to geometry engine (see 
Figure 1). CSupervisor is the main class that aggregates and controls all objects in the system. 
Also it manages all routine of the system interactions with the user. It uses different design 
patterns such as abstract factory, singleton, command, state, observer, adapter, filter, etc.. 
Most of the others classes are derived from CSuperclass. CSuperclass is a virtual class that 
declares: basic variables for geometric objects (such as color, transparency, width of line, etc.) 
and methods to access them; variables that are related to the routine of CSupervisor class 
(such as visibility of objects, their status, etc.) and methods to access them; other methods 
such as serialization, visualization, handling different events.  

CSuperclass

CRelation CAnchorPoint CGraphicUnitCGeometrical
Manipulator

CGPoint

CContour

CGrid

CAxialSystem

CZone

CImage

CLayer

CClip
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1
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1 1
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Figure 9-9. Class model. 

All graphic unit classes are derived from CGraphicUnit class that extends CSupervisor with 
generic properties of graphic units and aggregates CGPoint class that serves as a data point. 
CContour, CGrid, CZone, CAxialSystem, CImage, and CLayer classes present graphic unit 
classes. They define specific properties of graphic units and implement earlier declared 
methods.  
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CPin and CClip present pins and clips classes and implement methods declared in 
CSuperclass. Each of these objects has a properties manipulator (CPropManipulator). These 
classes present the adapter design pattern with respect to anchor points (CAnchorPoint) and 
relations (CRelation).  
Manipulator classes are presented by CGeometricalManipulator that provides the KITE 
manipulator and CPropManipulator that provides the manipulator for the properties of pin and 
clip. CGeometricalManipulator uses CMessage class to transmit a transformation that was 
initiated by the user to associated anchor point.  
CRelation, CAnchorPoint, CMessage classes are related to geometry engine and present 
relations, anchor points, and messages. Messages are used to propagate geometrical 
transformation between anchor points that are connected by relations. Anchor points may 
transmit these transformations to related graphic units. 
The prototype was implemented using Microsoft Visual C++ 6.0 using OpenGL graphic 
library and runs under MS Windows 2000. The prototype consists of 15500 lines of code and 
3500 lines of comments. The proportions of code are shown in the following figure. 

The distribution of the source code
Stationary

4%

Manipulators
7%

Geometry engine
9%

User interface
9%

Code generated by 
wizards 

16%

CSupervisor
20%

Graphic units
21%

Declarations and 
initialization

14%

 
Figure 9-10. The distribution of the source code. 
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Appendix B. Questionnaire for KITE 

1. How often did you use following packages (possible answers for this question: never (1), 
few times (2), quite often (3), and regular (4)): 
 PowerPoint 
 3D Studio MAX 
 drawing package with KITE-I manipulator 
 drawing package with KITE-U manipulator 

2. The efficiency of use for objects manipulations provided by manipulators (the table shows 
measured time, which user took to complete tasks via different manipulators): 

Manipulator/tasks I II III IV V 
PowerPoint      
3Dstudio Max      
KITE-U      
KITE-I      

 
3.  Evaluate the perceived learnability for the following manipulators (the user were asked to 

make an evaluation on scale from 1 (worst) to 5 (best)): manipulator in PowerPoint, 
manipulator in 3D Studio MAX, KITE-I, KITE-U; 

4. Evaluate the perceived accuracy of geometrical manipulations for: manipulator in 
PowerPoint, manipulator in 3D Studio MAX, KITE-I, KITE-U; 

5. Evaluate perceived flexibility concerning geometrical manipulations provided for: 
manipulator in PowerPoint, manipulator in 3D Studio MAX, KITE-I, KITE-U; 

6. Evaluate subjective satisfaction for: manipulator in PowerPoint, manipulator in 3D Studio 
MAX, KITE-I, KITE-U; 

 
The following table shows the obtained data for this test. 
Table 1.Questionairy results. 
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 Questions User Manipulator 

1 2-I 2-II 2-III 2-IV 2-V 3 4 5 6 

PPM 3 41 31 7 60 60 5 2 2 4 

3DSM 1 60 41 12 134 159 2 3 5 2 

KITE-U 1 31 32 16 72 120 4 4 5 4 

1 

KITE-I 1 23 16 10 48 70 4 4 5 4 

PPM 4 27 16 6 55 32 5 5 3 4 

3DSM 2 77 25 15 97 119 4 3 5 4 

KITE-U 1 40 20 12 69 71 3 3 5 5 

2 

KITE-I 1 31 16 11 50 48 3 3 5 5 

PPM 2 40 37 7 48 78 5 4 2 3 

3DSM 2 57 38 16 98 116 4 4 4 3 

KITE-U 1 22 20 10 61 59 2 2 3 2 

3 

KITE-I 1 28 13 12 40 39 3 2 3 3 

PPM 2 34 14 12 51 60 4 1 1 2 

3DSM 2 37 39 15 60 97 1 4 5 4 

KITE-U 1 38 30 16 81 72 4 4 4 4 

4 

KITE-I 1 29 11 13 47 49 2 3 4 3 

PPM 2 42 18 8 45 43 4 2 1 2 

3DSM 1 46 30 8 123 98 5 3 4 4 

KITE-U 1 31 25 15 68 66 5 4 5 5 

5 

KITE-I 1 19 14 8 49 51 4 4 5 5 

PPM 3 33 12 8 60 56 4 3 2 3 

3DSM 1 62 35 11 114 122 3 3 5 3 

6 

KITE 1 31 16 12 41 37 4 3 4 5 

PPM 3 31 16 9 45 43 4 3 2 5 

3DSM 2 71 33 20 90 148 2 4 5 3 

7 

KITE 1 31 19 17 40 43 3 4 5 4 

PPM 2 30 9 6 48 48 4 2 2 4 

3DSM 1 52 25 13 76 72 1 2 5 1 

8 

KITE 1 29 19 15 42 46 3 4 5 4 

PPM 2 46 13 7 41 45 4 3 3 4 

3DSM 1 43 26 19 81 79 3 4 3 3 

9 

KITE 1 31 18 9 44 41 5 4 4 6 

PPM 3 42 25 12 87 68 4 2 1 2 

3DSM 1 81 49 23 146 183 3 1 2 3 

10 

KITE 1 43 16 14 46 59 2 5 5 4 
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Appendix C. Tutorial  

1) KITE tutorial: the user translated, rotated, and scaled objects with respect to the KITE 
(blue boxed are to be transformed). 
 

1  2 3   

    Initial position               rotation + one axis scaling         translation + scaling  
 

 

4            5  

                      scaling and rotation with respect to the vertices of gray box 
 
 
2) Implicit relations and Layers tutorial: the user has to transform different sets of objects 
(kitchen (K) and two dining rooms (DR)): 

1 2 3   

       Initial scheme      rotation of DR’s             translation of DR’s  
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4    5    6  

         rotation of K and DR’s   the order of layers is changed          K is scaled 
 

7 8 9  

the order of layers is changed       DR’s are changed        the order of layers is changed 
 
 

10  11  

   objects in DR’s are moved DR’s scaled 
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3) Pin tutorial: 

1  2   3  

      Initial scheme                pins are added                  scaling is applied 
 
 

4 5 6  

      Initial scheme       pins are added and displaced      scaling is applied 
 
 

1’ 2’ 3’  

      Initial scheme             rotation of the blue box      pins are displaced   
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4’  5’  

rotation of the blue box      scaling of the blue box 
 
 
 

4) Graphic units tutorial: 

    1  2 3   
The contour is created   black grid is created  AS and new contours are created  

 

4   5    
grid moved, contours are rotated, pin is set   AS is moved together with contours   
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6    7   

the shape of the red contour is changed   the blue contour is rotated    
 
 

8    9    
 AS is deleted, red contour is transformed, clip is created  red contours are moved    

 

10           11  
 a zone on top of objects                    transformation of a zone affects all objects 
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Appendix D. Assignment: Brief for design task 

Family doctor’s practice at TU/e campus 
Site: Corner De Zaale and Den Dolech, on the west side of E-laag. 

 
Figure 1: Location of the site on the TU/e campus. 
 

 
Figure 2: Close-up of the site. 
 
Context 
The design is for a small family doctor’s practice for two family doctors, secretary and 
administration, one physiotherapist, and a pharmacy. The building design has to fit in the 
triangular site. The south side of the triangle measures roughly 40 m, the west side of the 
triangle measures about 43 m. Because of nearby parking facilities, there is no need to 
incorporate parking in the design, but space has to be allowed for covered bicycle-parking. 
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Program 
The following spaces with the recommended surface area have to be placed in the site (spaces 
may be combined/new spaces may be introduced): 
Name Number Surface area (m2) 
Family doctor’s office + 
treatment room 

2 40 

Physiotherapist (office + 
treatment room + storage) 

1 65 

Reception + waiting room 1 30 
Secretary (workspace + 
administration) 

1 15 

Apothecary (waiting space, 
counter, display area + 
storage) 

1 70 

Break room + storage 1 25 
Total  260 
10% circulation/installations  315 m2 
 
Additional requirements 

• The following rooms need to have an outside view: 
o Family doctor’s office 
o Physiotherapist office 
o Secretary 
o Apothecary 

• The following rooms need to have daylight but no direct view from outside: 
o Treatment room 
o Physiotherapy room 

• The following rooms may not have daylight: 
o General storage 
o Apothecary storage 

• The other rooms have no special requirements 
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Appendix E. Questionnaire for evaluation of the design system  

Pretest questionnaire: 
1. Age____     
2. Sex____  
3. Background  _________________________ 
4. Do you currently use a computer during early stages of design? (Yes/No) 
5. If you are using a computer in the early design phase, which programs (for example 

CAD programs, text processors, databases, etc.) are you using?  
6. In early design I use 

 Computer (CAD): ___ % 
 Sketch (pen and paper): ___ % 

7. Do you know of programs that are special for the early phase of design? Which one? 
Have you experience with these programs? 

8. Rate your experience in the following systems (you can include other systems, e.g., 
Arc+, Arkey, CorelDraw, FormZ, PowerPoint): 

System Low    …    High 
Pen and paper -3  -2 -1  0  1  2  3 
ArchiCAD -3  -2 -1  0  1  2  3 
AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
Posttest questionnaire: 
 
1. What are the strongest and weakest points of the tested system in comparison with 

CAD systems? 
2. What are the strongest and weakest points of the tested system in comparison with pen 

and paper? 
3. What would you suggest to improve? 
4. Is the alphabet of design elements (contours, axial systems, grids, and zones) 

appropriate for the early stages of design? 
Not at all      -3  -2 -1  0  1  2  3 Very much 

5. Which elements should be added?  
6. Are the systems suitable for the early design phase? 
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System Not at all   …  Very much 
Pen and paper -3  -2 -1  0  1  2  3 
ArchiCAD -3  -2 -1  0  1  2  3 
AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
7. Rate the following systems for the amount of time needed to learn to use them: 
 

System Slow    …    Fast 
Pen and paper -3  -2 -1  0  1  2  3 
ArchiCAD -3  -2 -1  0  1  2  3 
AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
8. Rank easy of manipulation of design objects for the following systems: 
 

System Difficult  …  Easy 
Pen and paper -3  -2 -1  0  1  2  3 
ArchiCAD -3  -2 -1  0  1  2  3 
AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
9. Is the “look and feel” of the system appropriate for the early phase of design? 
 

System Weak   …  Strong 
Pen and paper -3  -2 -1  0  1  2  3 

-3  -2 -1  0  1  2  3 ArchiCAD 
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AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
10. Rank the level of subjective satisfaction provided by the following systems: 
 

System Low    …    High 
Pen and paper -3  -2 -1  0  1  2  3 
ArchiCAD -3  -2 -1  0  1  2  3 
AutoCAD -3  -2 -1  0  1  2  3 
PhotoShop -3  -2 -1  0  1  2  3 
3D Studio -3  -2 -1  0  1  2  3 
Structural Sketcher -3  -2 -1  0  1  2  3 

 
11. What is your opinion about computer programs, which are developed to aid the designer 

in the early stage of design? 
12. Do you think that an increased use of information technology (computer tools) could help 

you to improve your design capabilities 
 
 
The following tables present obtained data for evaluated design systems. 
 
 User 1 User 2 User 3 User 4 User 5 User 6 User 7 User 8 User 9 User 10 

Computer 40 80 50 50 30 40 25 30 20 0

P and P 60 20 50 50 70 60 75 70 80 100

Age 37 35 24 23 28 22 22 19 30 22

Design Elements 3 0 2 2 2 2 2 2 2 3

 
Experience 

Pen and Paper 3 3 2 -1 1 3 2 2 3 3

ArchiCAD -1 1 1 1 0 2 1  -3 2

AutoCAD 3 2 3 2 2 3 3 2 2 2

PhotoShop 2 1 2 2 0 1 2 0 3 1

3D Studio 3 1 3 2 0 1 2  3 2
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Structural Sketcher -2 -1 -3 -3 -3 -3 -3 -3 -2 2

PowerPoint 3   2  2     

AutoDesk Revit   2        

Arkey    2       

Visio    1       

Corel Draw      2    1

SketchUp      -2     

MSPain        2   

ArchStudio        1   

 
Suitable for early design 

Pen and Paper 3 1 3 3 3 3 3 2 3 3

Structural Sketcher 2 0 2 2 3 2 2 1 2 3

AutoCAD 0 0 2 0 0 0 0 1 1 -2

PhotoShop 0  -3 -2 0 -2 -3 0 2 2

3D Studio VIZ 1 -2 1 1 1 -2 2  2 2

ArchiCAD   1 0 1 -1 1  1 0

PowerPoint 1   -1  -3     

Corel Draw      1    2

MS Paint     2   -1   

AutoDesk Revit   1        

Arkey    0       

Visio    0       

Physical Models     3      

SketchUp      1     

ArchStudio        1   

 
Learnability 

Pen and Paper 0 3 3 3 3 3 2 2 3 3

Structural Sketcher 1 3 3 2 2 3 2 1 2 3

AutoCAD -2 -1 1 0 -1 0 0 -1 -1 -2

PhotoShop -1  3 1 0 1 0 0 2 1

3D Studio VIZ -2 -3 0 -2 -2 0 0  1 -1

ArchiCAD   2 1 1 1 0  -1 -2

PowerPoint 0   2  2     
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Corel Draw      1    1

MS Paint     2   2   

AutoDesk Revit   2        

Arkey    -1       

Visio    2       

Physical Models     2      

SketchUp      2     

ArchStudio        -1   

 
Easy of manipulations 

Pen and Paper -3 3 -3 -3 2 3 3 -1 0 -3

Structural Sketcher 2 1 3 2 3 2 1 1 3 3

AutoCAD 0 3 2 1 1 1 0 1 0 3

PhotoShop -2  0 0 0 0 1 1 2 2

3D Studio VIZ 1 -1 2 -2 2 2 1  3 3

ArchiCAD   1 -1 1 1 1  -1 3

PowerPoint 2   2  -3     

Corel Draw      -2    2

MS Paint     0   -1   

AutoDesk Revit   3        

Arkey    1       

Visio    2       

Physical Models     1      

SketchUp      0     

ArchStudio        1   

 
Look and feel 

Pen and Paper 3 3 3 2 3 2 3 2 3 3

Structural Sketcher 2 1 2 2 2 1 1 1 2 2

AutoCAD -3 3 1 -1 -2 1 -1 1 -2 -3

PhotoShop -2  0 -2 0 -1 1 1 2 2

3D Studio VIZ -2 2 2 0 -1 2 -1  1 1

ArchiCAD   1 -1 0 2 -1  -2 -3

PowerPoint 0   -1  -3     

Corel Draw      -1    2
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MS Paint     0   0   

AutoDesk Revit   1        

Arkey    -1       

Visio    -1       

Physical Models     2      

SketchUp      0     

ArchStudio        1   

 
Subjective Satisfaction 

Pen and Paper 3 3 2 0 3 1 2 2 3 3

Structural Sketcher 2 2 2 1 2 1 1 2 2 3

AutoCAD 1 3 2 1 1 3 -1 2 1 2

PhotoShop 0  1 -1 0 0 1 1 3 2

3D Studio VIZ 1 2 3 1 -2 3 0  3 3

ArchiCAD   3 1 0 2 -1  -2 1

PowerPoint 1   0  -3     

Corel Draw      0    1

MS Paint     1   1   

AutoDesk Revit   2        

Arkey    1       

Visio    -1       

Physical Models     3      

SketchUp      -2     

ArchStudio        2   
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Appendix F. Efficiency evaluation 

The following tables show the results of performance for Tasks I, II, and V from the tutorial 
(see Appendix C). 

Task I 
 1→2 2→3 3→44→5 In total

AutoCAD 40 32 34 20 126 

3D Studio Viz 23 16 20 15 74 

PowerPoint 19 12 8 13 52 

Structural Sketcher 16 20 8 8 52 

 

Task II 
 1→2 2→3 3→4 4→5 5→6 6→7 7→8 8→9 9→10 10→11 In total 

AutoCAD 18 5 6 0(5) 5 0(6) 16 0(6) 16 20 86(103) 

3D Studio Viz 11 7 11 0(3) 4 0(4) 2 0(4) 16 12 63(74) 

PowerPoint 10 2 7 0(3) 2 0(3) 10 0(3) 8 4 43(52) 

Structural Sketcher 4 4 3 1 5 1 6 1 6 6 37 

 

Task V 
 0→1 1→2 2→3 3→44→5 5→6 6→77→8 8→9 9→10 10→11 11→12 In total

AutoCAD 4 8 22 10 0 8 13 11 0 10 9 5 100 

3D Studio Viz 7 1 19 10 0 7 16 13 6 13 4 2 98 

PowerPoint impossible - 

Structural Sketcher 1 5 10 7 2 3 1 3 2 9 1 1 45 

 
In order to show how tasks were performed, we give the description of Task II for the 
Structural Sketcher, AutoCAD, 3D Studio MAX, and MS PowerPoint. 
 
Structural Sketcher: in total 36 clicks. 
From step 1 to step 2: 4 clicks. 
Select dining room (1 click), rotate it (1 click). Select other dining room (1 click) and rotate it 
(1 click). 
From step 2 to step 3: 4 clicks. 
Select dining room (1 click), translate it (1). Select other dining room (1) and translate it (1). 
From step 3 to step 4: 3 clicks. 
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Select kitchen (1), rotate it (1), and correct the position of all objects by translation the kitchen 
(1). 
From step 4 to step 5: 1 click. 
Dragging grey layer to the top of the layer stack (1). 
From step 5 to step 6: 4 clicks. 
Move the KITE to the origin of scaling (2) and scale kitchen (1). 
From step 6 to step 7: 1 click. 
Dragging blue layer to the top of the layer stack (1). 
From step 7 to step 8: 6 click. 
Select the first dining room (1), scale it (1), and move it (1). Select the other dining room (1), 
scale it (1), and move it (1). 
From step 8 to step 9: 1 click. 
Dragging red layer to the top of the layer stack (1). 
From step 9 to step 10: 6 clicks. 
Select table in the dining room (1), rotate it (1), and translate (1). Select table from the other 
dining room (1), rotate it (1) and translate (1). 
From step 10 to step 11: 6 clicks. 
Select dining room (1), scale it with respect to one axis (1), correct the position of dining 
room by translation (1). Select the other dining room (1), scale it with respect to one axis (1), 
correct the position of dining room by translation (1). 
 
AutoCAD: in total 86 clicks. 
From step 1 to step 2: 18 clicks. 
Select Rotate command (1), click selection window around two dining rooms (2), close 
selection (1), selection rotation center (1), rotate 90 degrees (1): both dining rooms rotated 
(6). Select Move command (1), click selection window around one dining room (2), close 
selection (1), click base point (1), move object to correct location (1): one dining room in 
proper location (6). Select Move command (1), click selection window around one dining 
room (2), close selection (1), click base point (1), move object to correct location (1): second 
dining room in proper location (6). 
From step 2 to step 3: 5 clicks. 
Select Move command (1), click selection window around both dining rooms (2), close 
selection (1), select base point (1), move objects (1): both dining rooms in correct location (6). 
From step 3 to step 4: 6 clicks. 
Select Rotate command (1), click selection window around dining rooms and kitchen (2), 
close selection (1), select base point (1), rotate 90 degrees (1): rotated ensemble (6). 
From step 4 to step 5: 0 clicks. 
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This is not really an AutoCAD option, since the layers are not conceived as implying any 
drawing order. If an object should appear on top of another, then this has to get a higher Z-
value: Select Move command (1), select kitchen (1), close selection (1), choose base point (1), 
move in Z-direction (1): 5 clicks. However, taking into an account that this step is necessary 
only in Structural Sketcher, we don’t count clicks here. 
From step 4 to step 6: 5 clicks. 
Select Scale command (1), select kitchen (1), close selection (1), set center point for scaling 
(1), scale object (1): smaller kitchen (5). 
From step 6 to step 7: 0 clicks. 
This is not really an AutoCAD option, since the layers are not conceived as implying any 
drawing order. If an object should appear on top of another, then this has to get a higher Z-
value: Select Move command (1), select both dining rooms by selection window (2), close 
selection (1), choose base point (1), move in Z-direction (1): 6 clicks. However, taking into an 
account that this step is necessary only in Structural Sketcher, we don’t count clicks here. 
From step 7 to step 8: 16 clicks. 
Select Scale command (1), select contour of both dining rooms (2), close selection (1), 
determine center point of scale command (1), scale objects (1): both outlines are scaled up (6 
clicks). Select Move command (1), select one contour (1), close selection (1), set base point 
for moving (1), move object (1): one contour in correct location (5 clicks). Select Move 
command (1), select other contour (1), close selection (1), set base point for moving (1), move 
object (1): other contour in correct location (5 clicks). 
From step 8 to step 9: 0 clicks. 
This is not really an AutoCAD option, since the layers are not conceived as implying any 
drawing order. If an object should appear on top of another, then this has to get a higher Z-
value: Select Move command (1), select both dining room contours (2), close selection (1), 
choose base point (1), move in Z-direction (1): 6 clicks. However, taking into an account that 
this step is necessary only in Structural Sketcher, we don’t count clicks here. 
From step 9 to step 10: 16 clicks. 
Select Rotate command (1 click), select two tables, one in each dining room (2), close 
selection (1), select base point (1), rotate 90 degrees (1): rotated ensemble (6). Select Move 
command (1), select one rotated table (1), close selection (1), set base point for moving (1), 
move object (1): one contour in correct location (5). Select Move command (1), select other 
rotated table (1), close selection (1), set base point for moving (1), move object (1): other 
contour in correct location (5). 
From step 10 to step 11: 20 clicks. 
AutoCAD has no scaling along 1 axis. The command used up to now, Stretch, only effects the 
last selection group. Because it is not possible to get in one selection all objects of the dining 
room, a different technique needs to be found. This is achieved by means of blocks: the 
insertion of a block can take place along 1 axis. 
AutoCAD 20 clicks: Select Make block command (1), type name for block “dr1” (1), select 
suboption Choose objects (1), select objects that have to be in block by selection window (2), 
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close selection (1), select suboption delete (1), close Make block command (1): a group of 
objects named “dr1” has been created (8). Select Erase command (1), select other dining room 
with selection window (2), close selection (1): the other dining room is erased (4). Select 
Insert block command (1), give Y-value for scale 0,33 (1), close dialogue window (1), close 
on correct location to insert scaled group (1): scaled dining room is located (4). Select Insert 
block command (1), give Y-value for scale 0,33 (1), close dialogue window (1), close on 
correct location to insert scaled group (1): other scaled dining room is located (4). 
 
3D Studio: in total 63 clicks. 
From step 1 to step 2: 11 clicks. 
Select 4 rectangles from DR (4), select Rotate command (1), rotate objects (1): one DR 
rotated (6 clicks). Select 4 rectangles from second DR (4 clicks), rotate objects (1): other DR 
rotated (5). 
From step 2 to step 3: 7 clicks. 
Select Move command (1), move DR (1): result one DR moved (2). Select other DR (4), 
move DR (1): result other DR moved (5). 
From step 3 to step 4: 11 clicks. 
Select DR’s and K (9), select command Select and Rotate (1), rotate objects 180 degrees (1): 
rotated DR+K (11). 
From step 4 to step 5: 0 clicks. 
3DStudio Viz 4 has no display order: if objects have to be displayed in a specific order, then 
this has to be “tricked” by moving objects in the Z-direction. Select K (1), select Move 
command (1), type in positive Z-translation (1): K displayed on top of other objects (3). 
However, taking into an account that this step is necessary only in Structural Sketcher, we 
don’t count clicks here. 
From step 5 to step 6: 4 clicks. 
Select command Select and Uniform Scale (1), scale K (1), select Move command (1), move 
K (1): 4 clicks 
From step 6 to step 7: 0 clicks. 
3DStudio Viz 4 has no display order: if objects have to be displayed in a specific order, then 
this has to be “tricked” by moving objects in the Z-direction. Select DR contours (2 clicks), 
select Move command (1), type in positive Z-translation (1): DR contours displayed on top (4 
clicks). However, taking into an account that this step is necessary only in Structural 
Sketcher, we don’t count clicks here. 
From step 7 to step 8: 2 clicks. 
Select command Select and Uniform Scale (1), scale DR contours (1): both DR contours are 
scaled (2). 
From step 8 to step 9: 0 clicks. 
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3DStudio Viz 4 has no display order: if objects have to be displayed in a specific order, then 
this has to be “tricked” by moving objects in the Z-direction. Select DR contours (2), select 
Move command (1), type in negative Z-translation (1): DR contours displayed in old order 
(4). However, taking into an account that this step is necessary only in Structural Sketcher, we 
don’t count clicks here. 
From step 9 to step 10: 16 clicks. 
Select top small rectangle (1), select Rotate command (1), rotate rectangle 90 degrees (1), 
select Move command (1), move rectangle to left middle position (1), select top small 
rectangle (1), move rectangle (1): U-composition of small rectangles (7 clicks). Select top 
small rectangle (1 click), select Rotate command (1), rotate rectangle 90 degrees (1), select 
Move command (1), move rectangle to left middle position (1), select top small rectangle (1), 
move rectangle (1), select bottom rectangle (1), move bottom rectangle: U-composition of 
small rectangles (7). 
From step 10 to step 11: 12 clicks. 
Select both DR’s plus small rectangles (8), select command Select and Non-Uniform Scale 
(1), scale objects (1), select Move command (1), move objects (1): scales DR’s (12 clicks). 
 
PowerPoint: in total 43 clicks. 
From step 1 to step 2: 10 clicks. 
Define one dining room together with tables as one group (3), define another dining room 
with tables as one group (3). Select rotation (1), rotate selected dining room (1), select another 
dining room (1), and rotate it (1). 
From step 2 to step 3: 2 clicks. 
Translate one dining room (1), translate another dining room (1). 
From step 3 to step 4: 7 clicks. 
Select kitchen with dining rooms (1), select rotation mode (1), apply rotation (1), apply 
translation in order to correct the result of rotation (1), select translation mode (1), deselect a 
group of objects (1), and  apply translation to the kitchen (1). 
From step 4 to step 5: 0 clicks. 
Bring to front (3 clicks). Taking into an account that this step is necessary only in Structural 
Sketcher, we don’t count clicks here. 
From step 5 to step 6: 2 clicks. 
Apply scaling to the kitchen with respect to its centre (2). 
From step 6 to step 7: 0 clicks. 
Select and bring to front (3). Taking into an account that this step is necessary only in 
Structural Sketcher, we don’t count clicks here. 
From step 7 to step 8: 10 clicks. 
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Ungroup the objects that were grouped in step one (3) and deselect them (1). Make a new 
selection of two dining rooms (1) and apply scaling with respect to their centers (2). Deselect 
selected objects (1); translate each dining room (2). 
From step 8 to step 9: 0 clicks. 
Select objects and bring to front (3). Taking into an account that this step is necessary only in 
Structural Sketcher, we don’t count clicks here. 
From step 9 to step 10: 8 clicks. 
Select the table (1), select rotation mode (1), rotate table (1), and translate it (1). Apply the 
same set of operation to the other table. 
From step 10 to step 11: 4 clicks. 
Select two dining rooms together with tables (1) and define them as one group (2). Apply 
scaling to this group (1). 
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Summary  
The architectural design process consists of a number of phases. Starting from the assignment, 
initial ideas are created, which are refined and extended, until finally a set of drawings results 
from which the building can be built. The early phases are probably the most crucial ones in 
this process. Here, the overall concept is defined, and errors made in these phases can only be 
corrected later on at high costs. 
Traditionally, architects use pen and paper for the early stages. Architects have great expertise 
in drawing, their use is simple and has low overhead, and a high precision is not required, and 
even counterproductive. The last decades many systems to support architects have been 
developed. These are primarily suited for the production of final technical drawings. 
Architects do not use them in the early phases, because they do not offer the freedom, speed, 
and ambiguity needed there. Nevertheless, the use of a computer could offer benefits, such as 
ease of modification and editing as well as higher level support. The aim of the project 
described in this thesis was to develop a computer-sketching tool to support architects in the 
early design stages. 
In chapter 2, the design process is analyzed and the activities and needs of architects in early 
design are identified. Furthermore, advantages and disadvantages of current systems for 
Computer Aided Architectural Design (CAAD) are studied. It was found that simple tools do 
not offer benefits to architects, whereas sophisticated CAAD systems restrict their creativity. 
Therefore, there seems to be a need for a tool that is both simple to use but that does provide 
support in design such that the architects are not restricted. 
Next, requirements for such a system are defined in chapter 3. Based on these a new approach 
is defined, based on Henri Achten’s Generic Representation theory. This approach aims at a 
system where the user can define a design in terms of graphic units and relations between 
them, such that during subsequent object manipulation all objects are active and influence 
each other, and react to user actions in a meaningful and predictable way. 
In chapters 4 and 5 a model of a design in terms of graphic units and relations between them 
is defined. A selection of relevant graphic units is made, and the user’s interaction with them 
is elaborated. In order to enable the user to control the network of interacting graphic units a 
model is defined for the propagation of geometric transformations. Based on this model a 
geometry engine is constructed, which forms the kernel of the first prototype of the Structural 
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Sketcher design system. Evaluation of this prototype with architects reveals that such a design 
system is very effective in exploration of design variants, but also that this prototype is too 
complex to be useful. Therefore, the next challenge is to improve the system by means of 
settling a visual metaphor on top of the geometry engine such that the user can design what he 
wants in an intuitive way and can focus on the design process rather than on the interaction 
with the system. 
In chapter 6 a new interface is presented. This interface is based on architectural metaphors 
from the early design process. The following concepts are used: 

• Natural manipulation: relations are automatically generated by analyzing the spatial 
arrangement and order of graphic units; 

• Pins and clips: explicit relations between graphic units can be defined in a natural 
way; 

• Layers: relations between groups of design elements can be defined; 
• KITE: a 2D manipulator is provided to define transformations of graphics units. 

The new interface is evaluated in two experiments. In the first experiment (chapter 7) the 
KITE is evaluated. The results of the experiment show that the KITE combines the benefits of 
classical manipulator solutions, i.e., the flexibility of the frame-based approach and the 
efficiency of the box-based approach. Moreover, the user found that the KITE provides a high 
level of subjective satisfaction with respect to the tested box-based and frame-based 
manipulators. 
In the second experiment (chapter 8) architects evaluated Structural Sketcher according to the 
requirements that were formulated earlier. For this, architects are learned how to use 
Structural Sketcher and carry out a design assignment. The results of the experiment are that 
the subjects consider Structural Sketcher to be the best design system for early stages of 
design in comparison to other computer support systems that can be used for early design 
(e.g., ArchiCAD, Autodesk AutoCAD, etc.). Moreover, Structural Sketcher got the best score 
for learnability, easy of manipulation, appearance of the system, efficiency, and the level of 
subjective satisfaction. In addition, Structural Sketcher could outbid pen and paper with 
respect to ease of manipulation of design objects and was comparable to it with respect to 
learnability. However, for other evaluated aspects, such as the appearance of the system, 
subjective satisfaction, and suitability of the system for early stages of design pen and paper 
are still the best solution for the early stages of architectural design. 
Finally, in chapter 9 the possibility to extend Structural Sketcher to 3D architectural design is 
discussed, i.e., how concepts from the 2D design system could evolve to a 3D system. As a 
first step in this direction, a design system is proposed where the architect can make a design 
by means of 2D graphic units that are placed on the surface of drawing boards, located in 3D 
space. The model for such a system seems simple to use and can be suitable for designing 
many-stored buildings. In the next step this model could be extended with 3D graphic units 
and 3D manipulation techniques. This would provide more flexibility in geometric shapes and 
their transformations, but also introduces much complexity. 
The prototype of Structural Sketcher is publicly available at 
http://www.win.tue.nl/~spranovi/research.htm. 
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Samenvatting  
Het architectonische ontwerpproces bestaat uit een aantal fases. Op basis van de opdracht 
worden eerste ideeën gegenereerd, die vervolgens worden verfijnd en uitgebreid, totdat 
uiteindelijk een set tekeningen resulteert waarmee het gebouw kan worden gebouwd. De 
beginfase is waarschijnlijk het meest cruciaal in dit proces. Hier wordt het globale concept 
gedefinieerd en fouten in deze fase kunnen later alleen tegen hoge kosten worden 
gecorrigeerd.  
Traditioneel gebruiken architecten pen en papier in de beginfase. Architecten hebben een 
grote tekenvaardigheid, het gebruik van pen en papier is eenvoudig en goedkoop en een grote 
nauwkeurigheid is niet nodig en zelfs schadelijk. De laatste tientallen jaren zijn vele systemen 
voor het ondersteunen van architecten ontwikkeld. Ze zijn vooral geschikt voor het 
produceren van de uiteindelijke technische tekeningen. Architecten gebruiken ze niet in de 
beginfase, omdat deze systemen niet de vrijheid, snelheid en ambiguïteit bieden die hier 
gewenst wordt. Niettemin, het gebruik van een computer zou voordelen kunnen bieden, zoals 
het eenvoudig wijzigen en bewerken als ook ondersteuning op een hoger niveau. Het doel van 
het project beschreven in dit proefschrift was het ontwikkelen van een computer-gebaseerd 
schetsgereedschap om architecten te ondersteunen in de beginfase van het ontwerpproces. 
In hoofdstuk 2 wordt het ontwerpproces geanalyseerd en worden de activiteiten en behoeften 
van architecten in de beginfase geïdentificeerd. Verder worden voor- en nadelen van huidige 
systemen voor Computer Aided Architectural Design (CAAD) bestudeerd. Het blijkt dat 
eenvoudige gereedschappen geen voordelen bieden voor architecten, terwijl geavanceerde 
CAAD systemen hun creativiteit beperken. Er lijkt daarom een behoefte te zijn aan een 
gereedschap dat eenvoudig in het gebruik is en ondersteuning biedt waarbij de architect niet 
beperkt wordt. 
Vervolgens worden in hoofdstuk 3 de eisen voor een dergelijk system opgesomd. Hierop 
gebaseerd wordt in hoofdstuk 4 een nieuwe aanpak gedefinieerd, gebaseerd op de Generic 
Representation theorie van Henri Achten. Deze aanpak mikt op een systeem waarbij een 
gebruiker een ontwerp kan definieren in termen van grafische elementen (graphic units) en 
relaties ertussen, zodanig dat bij hieropvolgende manipulaties van objecten alle objecten 
actief zijn en elkaar beïnvloeden en op een betekenisvolle en voorspelbare wijze reageren. 
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In hoofdstuk 5 wordt een model van een ontwerp in termen van grafische elementen en 
relaties gedefinieerd. Een selectie van relevante grafische elementen wordt gemaakt, en de 
interactie van de gebruiker ermee wordt uitgewerkt. Om de gebruiker in staat te stellen om het 
netwerk van interagerende grafische elementen te besturen wordt een model gedefinieerd voor 
het propageren van geometrische transformaties. Gebaseerd op dit model wordt een geometry 
engine geconstrueerd, die de kern vormt voor het eerste prototype van het Structural Sketcher 
ontwerpsysteem. Uit evaluatie van dit prototype met architecten blijkt dat een dergelijk 
ontwerpsysteem zeer effectief is voor het exploreren van ontwerpvarianten, maar ook dat dit 
prototype te complex is om bruikbaar te zijn. Daarom is de volgende uitdaging het verbeteren 
van het systeem door middel van het toevoegen van een visuele metafoor bovenop de 
geometry engine, zodanig dat de gebruiker op een intuïtieve wijze kan ontwerpen wat hij wil, 
en dat hij kan concentreren op het ontwerpproces in plaats van op interactie met het systeem. 
In hoofdstuk 6 wordt deze nieuwe interface gepresenteerd. De interface is gebaseerd op 
architectonische metaforen uit de beginfase van het ontwerpproces. De volgende concepten 
worden gebruikt: 

• Natuurlijke manipulatie: relaties worden automatisch gegenereerd door de ruimtelijke 
verdeling en volgorde van grafische eenheden te analyseren; 

• Punaises en paperclips: expliciete relaties tussen grafische eenheden kunnen op een 
natuurlijke manier worden gedefinieerd; 

• Lagen: relaties tussen groepen ontwerpelementen kunnen worden gedefinieerd; 
• KITE: een 2D manipulator wordt aangeboden om transformaties van grafische 

elementen te kunnen definiëren. 
De nieuwe interface is geëvalueerd door middel van twee experimenten. In het eerste 
experiment (hoofdstuk 7) wordt de KITE geëvalueerd. De resultaten van het experiment laten 
zien dat de KITE de voordelen combineert van standaardoplossingen hiervoor. Verder vond 
de gebruiker dat de KITE in vergelijking tot deze standaardoplossingen prettig in het gebruik 
was. 
In het tweede experiment (hoofdstuk 8) hebben architecten Structural Sketcher geëvalueerd 
volgens de eerder opgestelde eisen. Architecten leerden hoe Structural Sketcher te gebruiken 
en voerden een ontwerpopdracht uit. De resultaten van het experiment waren dat de 
deelnemers Structural Sketcher het beste ontwerpsysteem voor de beginfase vonden in 
vergelijking met andere computer-gebaseerde systemen hiervoor, zoals ArchiCAD, AutoDesk 
en AutoCAD. Bovendien, Structural Sketcher kreeg de hoogste score voor leerbaarheid, 
eenvoud van manipulaties, uiterlijk, efficiency en subjectieve tevredenheid. Structural 
Sktecher werd beter gevonden dan pen en papier voor wat betreft eenvoud van manipulaties 
van ontwerpobjecten en vergelijkbaar ten aanzien van leerbaarheid. Echter, voor andere 
aspecten, zoals uiterlijk, subjectieve tevredenheid en geschiktheid voor de beginfase bleken 
pen en papier nog steeds de beste oplossing voor de beginfase van het architectonische 
ontwerpproces. 
Tot besluit wordt in hoofdstuk 9 de mogelijkheid tot uitbreiding van Structural Sketcher naar 
een 3D systeem besproken, i.e., hoe concepten van het 2D systeem in een 3D systeem zouden 
kunnen worden gerealiseerd. Als een eerste stap in deze richting wordt een ontwerpsysteem 

 138



Samenvatting 

 
voorgesteld waarin de architect een ontwerp maakt door middel van het plaatsen van 2D 
grafische elementen op het oppervlak van tekenborden, die zich in de 3D ruimte bevinden. 
Het model voor een dergelijk systeem lijkt eenvoudig in het gebruik en kan geschikt zijn voor 
het ontwerpen van gebouwen met veel verdiepingen. In een volgende stap zou dit model 
kunnen worden uitgebreid met 3D grafische elementen en 3D manipulatie technieken. Dit 
geeft meer flexibiliteit in geometrische vormen en hun transformaties, maar introduceert 
tevens veel complexiteit. 
 
Het prototype van Structural Sketcher is beschikbaar via  
http://www.win.tue.nl/~spranovi/research.htm. 
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