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This paper focuses on the emerging domain of digital free-form design, and
attempts to explicate its knowledge content and characteristics through a
systematic inquiry of the digital free-form design practice. The massive amount
of information associated with the design and construction demands of the
complexly shaped buildings demand explicit knowledge about the way various
information pieces relate to one another. This paper reports on the process
of developing a knowledge framework which serves as a reference model to
describe and explain the free-form design and production processes in terms
of the interaction of contextual conditions and according to the different ways
design problems are perceived and formulated by the members of the design
teams. The framework provides guidelines for the development of a web-based
design decision support system to support collaborative knowledge construction,
sharing and reuse in the domain.
Keywords: Digital free-form design; knowledge construction; knowledge
framework.
Introduction
Digital technologies have affected architectural design
and production on three distinct planes. First is the extent to which these technologies are integrated into
the design and production processes, and the emerging skills that the architects are expected to exhibit
pertaining to the diverse set of digital tools introduced
into the profession. The second is the emerging formal
and tectonic qualities and varieties in architectural
form facilitated by the representational capabilities of
advanced digital media. Apart from its representational
role, the new CAAD software has also attained a generative and evolutionary function as opposed to the

traditional use of media. Thirdly, as observed by Benne
(2004), technology is not only added to the existing
design processes, but it facilitates “a combined technoorganizational change”, where the respective roles and
links among the participants change along with the
technology and the knowledge content.
There is a large body of literature that covers various aspects of digital design and its theoretical and
methodological repercussions. Among the characteristics of the publications in the field, we identify
those that focus on; formulations of a theoretical
discourse in digital design (Kipnis 1993, Lynn 1999,
Oosterhuis 2002, Kwinter et al. 2004) and changing
theoretical and methodological directions (Berkel &
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Bos 1999) which provide significant theoretical and
discursive content and monographs of current design practice. Additionally, recent works by Kolarevic
(2003) and Zellner (1999) provide an in-depth focus
on the episodes of design practice with its emerging technological and methodological content, and
the emerging digital form-generation and fabrication techniques. In her recent paper, Theory and Design in the First Digital Age, Oxman (2006) reviews
the recent theoretical and historical background of
digital design, and defines a generic schema of design characteristics through which she formulates
the paradigmatic classes of digital design.
This paper stresses the need for a critical understanding of the structure and the state of the
knowledge that has emerged with the new digital
approaches in Free-From Architecture. Studying a
new and evolutionary design domain is a challenging task which requires the selection of a critical
strategy with an awareness of the possible contradictions between the past understandings and
emerging characteristics of design. We have identified 5 general categories in which digital tools and
technologies have been integrated most frequently,
facilitating new forms of interactions within and
across these categories, resulting in the emergence
of a new body of collaborative design knowledge
(Design Intentions, Representation, Fabrication, Rationalization, Materialization). The categories draw
the contextual framework of our further investigation while guiding our case analysis. It is stated, in
this paper, that the semantic relationships and dependencies between these categories characterize
the contextual and dynamic nature of the emerging knowledge in the domain of digital free-form
design. The following sections will report on the
process of developing a “knowledge framework”
which serves as a reference model to describe and
explain the free-form design processes in terms of
the interaction of contextual conditions and according to the different ways design problems are
perceived and formulated by the members of the
design team.
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Acquisition/construction of concepts
through content analysis
This section will give an account of how the data
collected throughout the case-studies have been
analyzed and conceptualized. The method used
for the acquisition and construction of concepts is
the manual coding of documents and transcripts
gathered on three cases. A content analysis of transcripts for each case aims to identify, explain and
compare the unique ways in which different practitioners frame design problems and solutions, the
terminologies they use to refer to specific concepts,
and the tasks and procedures they follow in unique
situations. Three projects have been selected which
are recognized as 3 diverse representatives of the
domain under study1. During the analysis of these
cases, rather than focusing only on the final product, we analyzed the project life-cycle, in each case,
focusing on the processes and decisions which led
to the final product. Figure 1 exemplifies how the
raw data extracted from these transcripts is analyzed and conceptualized (coded) into “concepts”
which are then used as the basic units of our comparative analysis (For the purpose of this paper we
only included a partial transcript for one of the cases
only. For a more extensive analysis of all three cases,
see Kocaturk, 2006).
These concepts are then clustered into conceptual sub-categories under each of the 5 main categories described as follows:
• Design Intentions - Form finding approach and
formal characteristics
• Representation - Representation and Exchange
of Design Information
• Materialization – Materialization of the Supporting Structure and its Elements
• Rationalization - Rationalization of the Structure and the Skin
1
(1) Web-of-North-Holland (WNH), by Oosterhuis Architects, in the Netherlands. (2) Dynaform Pavilion, by Franken
Architects, in Germany (3) Experience Music Project” (EMP), by
Frank Gehry, in USA.
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Figure 1
Extraction of domain concepts in WNH (Web-of-NorthHolland) Project

•

Fabrication - Fabrication of the Supporting
Structure and Surface Elements
These are the 5 recognized categories of various
design stages relevant to both design and realization processes and are characterized by the type of
problems and solutions they generate. This framework helped us to focus our analysis, constraining
irrelevant variation in our enquiry and provided the
contextual framework for our case analysis and data
collection.

Meta-analysis
We created a meta-analytic schedule, a cross-case
summary table, in which the rows categorizes the
concepts according to cases while the columns categorize concepts according to the categories they
represent (Table 1). The purpose of meta-analysis is
to allow us to use the summary of case studies to
make theoretical generalizations. Categories consist

of similar concepts that have similar properties. Properties are characteristics that are common to all the
concepts in a category. This has been followed by a
vertical and horizontal analysis across the columns
and the rows of the meta-analytic table.

Horizontal analysis
The horizontal analysis aims to understand the value,
strength and direction of the links between the concepts in each project. Horizontal study is conducted
to analyze the interactions of context specific design
concepts and the emerging links between them,
which are identified as the main sources of emerging design knowledge. This will facilitate a deeper
understanding of how concepts are linked at different levels of abstraction; how strong these links are;
how do the value, strength and direction of these
links vary. The horizontal study is conducted parallel
to the vertical study to improve the terminology and
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sub-category descriptions under each category. The
horizontal analysis serves to formalize and compare
the strategic and situational interrelatedness of the
concepts within and across categories for each of
the 3 projects studied. The horizontal analysis conducted for each case is graphically illustrated in the
figure below (figure 2).
Following the commonly accepted notion that
there is never a complete representation of the design problem in the head of the designers (Lawson
1980), in the horizontal study, we focused more on
the local and non-sequential network of links in different design situations in each case. As has been
observed from the case studies, each category
comprises of a sequence of concepts (strategies,
solutions, techniques, methods) and their associations specific to each project. While the clustering of
these concepts under the 5 main categories help to
understand the purpose of each concept within its
context, showing the associations (or links) between
them try to explicate the unique ways in which different practitioners frame the design problems and
the solutions they bring to unique situations. The defining characteristic of these design problems is that
they are highly interdependent. It has been observed
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CNC-cutting
Manual Forming
Machine Code
Fabrication Tolerances

that the concepts and their association with (an)
other concept(s) accommodate different knowledge
types of the free-form design domain. For example,
the emerging concepts under each category such
as “Gaussian analysis” (figure 2b) or “Cold-forming”
(figure 2c) provide the declarative and procedural
elements of the emerging knowledge domain referred to as process and/or task knowledge. While
declarative knowledge comprises the facts that people know (what), procedural knowledge comprises
the skills people know how to perform (Anderson,
1985). According to the Jong and Ferguson-Hessler
(1986), an effective knowledge repertoire for solving
problems in semantically rich domains also contains
strategic and situational knowledge elements (how
and why) (Jong & Ferguson-Hessler, 1986).
Several differences have been observed in the
ways and extent to which designers incorporate
the digital and traditional tools and technologies
into their working processes. Similarly, how the design and implementation processes are structured
and conducted vary from one practice to the next
which have immediate consequences on the formal
qualities of the final artefact. For example, in EMP,
the division of the surface into individual cladding
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Table 1
A summary of the case studies
with extracted concepts (The
concepts included in this table are indicative rather than
final; new concepts have been
re-generated and re-named
recursively)

Figure 2
Emerging concepts and their
interactions (knowledge elements) across various design
stages in (a) Dynaform (b)
Experience Music Project (c)
Web-of-North Holland (WNH)

components has been determined by the available
sheet-metal sizes and the constraints coming from
the fabricator. This way, a link is created between the
cladding organization (Rationalization) and material properties (Materialization) which reflects the
general approach of the design team, affecting the
choices made, and the evolution of the final artefact.
While the form generation, representation and fabrication can be understood as processes that are more
technology driven and tool driven, the changes in
the rationalization and materialization processes truly reflect the transformation of the thinking process
of the designers from the analogue to the digital.
Another distinguishing factor between the
creation of these associations is that different associations may be generated between the two same
concepts by any member of the design team. For

example, while the cladding organization in EMP
is conducted by the architectural team, the same
process becomes the task of the engineering team
in the Dynaform project. While, certain relationships
are emphasized more in one project, others become
less important or ignored as the design process
progresses. With every project, new relationships
may be introduced either empirically or through
the introduction of new facts and relations that had
been previously suppressed.
New knowledge emerges not only by introduction of new concepts (tools, processes) but by also
the introduction of new links between concepts
which vary in their value, strength and direction. The
links created between concepts define the unique
ways in which different practitioners frame the design problems and the solutions they bring to unique
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situations. These links may change both in meaning
and form with regard to how they are associated and
according to the viewpoint of the project participant
(across disciplines) who creates this association. The
change in meaning relates to the dependency relation types (e.g. constraint, influence, inspiration) between different aspects, whereas, the change in form
relates to the change in the direction of dependencies (e.g. bi-directional, mono-directional).

Vertical analysis
Vertical analysis aims to cluster these concepts into
sub-categories in a hierarchical organization. The
concepts extracted and collected during content
analysis for each case are compared with the other
concepts across cases. According to this comparative analysis, they are further classified in accordance
to their degree of generality. This further classification is required to understand if a concept represents a generic (applies across many situations) or a

specific (applies to one of few situations) situation.
The terminology used to label a concept, its level in
the hierarchy, the degree of abstraction and the generation of appropriate generalizations is determined
in a continuous comparison of cases. Similarly, each
concept is identified according to the category it
falls under and according to its semantic relations
with other concepts in the hierarchy.
This has led to the evolution of a taxonomy of
free-form design. For the purpose of our research,
the taxonomy is understood as the essential concepts representing the semantics of the free-form
design domain. We will use this taxonomy as a hierarchical concept vocabulary (figure 3) and to define
the framework to organize the knowledge content
of free-form design.
Within this framework, we recognize two sets
of relationships between concepts with regard to
the knowledge content they represent. One is the
hierarchical relationships between the concepts in
Figure 3
The hierarchical concept vocabulary of the domain
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each category, providing an outline of the tasks and
processes of the domain under study. The second relationship is the associations between the concepts
within and across categories. Accordingly, both the
concepts and the links between them can be considered as the variables that vary in each case and
that can be used to explain the unique ways in which
design problems and solutions are formulated.
As has been reported earlier in the horizontal
study section, the concept and their association
with (an) other concept(s) accommodate different
knowledge types. While some concepts and their
links refer to the declarative and procedural knowledge - also referred as process or task knowledge
- some others are identified as situated and strategic knowledge elements which may vary from one
project to the next. As for the knowledge content
it intends to support, we claim that the knowledge
content of free-form design, comprising of different
types of knowledge, can be explained either as an
instance of each concept, or as an instance of the
interconnection between two or more concepts in
this framework.
Similarly, the links between these concepts may
also change in meaning and form. It has also been
observed that new concepts are generated within
the practice with the emergence of new techniques
and methods in respond to the specific needs of the
designers. Therefore, rather than a static and formal
description of the domain concepts, we propose a
knowledge framework which consists of both the
formal and theoretical descriptions of the domain semantics. A knowledge framework further clarifies the
knowledge structure of the domain, links the structuring of knowledge with its unique content, facilitates
the assimilation of new concepts into the existing
structure, and allows its users to share and extend their
knowledge with others. Consequently, it provides the
means for the users to explicate their knowledge and
supports the individual and collective construction of
knowledge. Therefore, the framework should also allow extension with the introduction of new concepts
and links which we define as knowledge construction.

Summary of findings
The comparative analyses of case studies have
contributed to the understanding of the different
dimensions of knowledge and the factors contributing to its complexity in free-form design. A
knowledge framework is developed which is composed of a set of concepts, principles and experientially verified relationships useful for explaining
the free-form design processes. The knowledge
framework further proposes a knowledge structure to explain the semantics of the domain, linking the construction of knowledge with its unique
content, facilitating the assimilation of new concepts into the existing structure, and allowing its
users to share their knowledge. However such a
framework can never be complete given the continuous evolution of new concepts, methods and
technologies in design, which have led to the following questions:
• How can the knowledge framework accommodate change, incorporate different design experiences and new information?
• How can it evolve by the actual creators of knowledge themselves, thus contributing to a collective and collaborative creation of knowledge?
These questions give rise to a strong need for computational support systems that help not only retrieve information but also explain the relationships
between the elements of information reflecting the
dynamic and interdisciplinary nature of the emerging knowledge in this domain. Based on the findings
in this research, the following recommendations are
made for the development of a web-based system to
support the dynamic and collaborative construction,
acquisition and transfer of knowledge.
• The system should reflect the domain knowledge not only with the content of knowledge
it stores, but also with the dynamic associations
(links) it provides among knowledge elements.
• The system should refer to the domain terminology (taxonomy of concepts) and facilitate its extensibility with the addition of new information.
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•

•

The system should be able to accommodate both
specific and general domain knowledge elements
while allowing the user to distinguish them during knowledge construction and re-use.
The system must be able to facilitate knowledge
capture from differing sources and viewpoints
and must be capable of representing the evolution of knowledge through the design activity.
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