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to the extent to which the application facilitates generation, modification and utilization of design knowledge.
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1. INTRODUCTION

Over the past few decades, the CAD/CAM/CAE paradigm, which has initially emerged outside the realm of
building industry, has introduced new tools, processes and techniques for the generation and realization of
complex building forms and components. Digital technologies do not only assist designers in the creation and
realization complex architectural forms, but the different capabilities they provide also start to define new tasks,
values and concepts while shaping the new image of the emerging practice. The massive amount of information
associated with the design and construction demands of these complexly shaped buildings demand explicit
knowledge about the way various information pieces relate to one another, to be able to achieve an intelligent
use of those resources throughout the design process. This gives rise to a strong need for (computational) design
support systems that help not only to retrieve information but also explain the relationships between elements of
information (Bar-On & Oxman 2002). This paper presents the development of a web-based system (BLIP) to
support collaborative knowledge construction, sharing and reuse in the context of “architectural design
education”.
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This paper will introduce the theoretical and practical development of a web-based knowledge environment
(BLIP - Blob Inventory Project) which has been developed as part of a recently completed research project. The
research project aimed at formalizing a framework for a conceptual understanding of the emergent and cross-
disciplinary knowledge content of digital free-form design. Rather than giving a complete description of the
overall research, this paper will focus on and describe how an educational medium — a design studio — has
significantly contributed to the development and testing of the ideas developed throughout this research and the
development of a prototype (BLIP) to aid the explication of interdisciplinary knowledge content of digital free-
form architectural design. BLIP is initially developed as an interactive database and a web-based virtual
environment to support the construction of collaborative knowledge and has been developed and extensively
used in an educational context. It proposes a conceptual framework to collect, analyze and compare different
design experiences and to construct structured representations of concepts and their relationships. Later in the
chapter, the application of BLIP in two experimental workshops is reported and evaluated. The criteria to
evaluate the effectiveness of BLIP is defined as the capability of the system to extend the user’s ability to utilize
design knowledge, modify existing knowledge and to generate new knowledge.

The use of experimental design workshops fit well into the inductive and theory discovery approach of the
grounded theory as the methodology adopted for this particular research. This approach facilitated the generation
of theories with regard to the contextual and processual elements of the specific domain of knowledge under
study. One of the objectives of the teaching method applied throughout the research has been the involvement of
the students in the actual creation of knowledge. Such an approach challenges the more common “product
oriented” approach in architectural design education where students are implicitly guided and taught with an
understanding that design knowledge is encoded within the geometric artefacts (Mitchell 1990). We contradicted
this view of knowledge and propagated a rather process oriented view — knowledge as a collaborative and social
construct - which we claim as the key to the understanding of digital architectural design and its associated
knowledge.

1.1 Theories on the Formalization of Knowledge

Earlier studies have developed differing perspectives on the formalization of design knowledge and its use as a
means for design learning. Logan discusses the necessity of formalization of design knowledge models for
providing tools for further research (Logan 1985). He refers to the structure of relationships in design activity
and claims that design research should focus on understanding these relationships, rather than solving problems.
Akin introduces the formalization of knowledge as a system that explicates the behaviour of the problem solver
during the design process (Akin 1986), which can also be used in design education for the study of uncertainty.
Landsdown defines design as a transformation of an object from an initial, incomplete state to a final complete
one (Landsdown 1986). Since the transformation is brought by the application of knowledge, he sees design as
an information processing concept, and he stresses the need to focus to formalize this transformation process. In
this respect, what makes each design unique is in part determined by how the designer(s) bring different items of
knowledge together in varying contexts. Oxman and Oxman (1990) propose a structured multi-level model of
architectural knowledge and stress the need to provide meaningful relationships between levels, proposing a
formalism which represents the linkages between concepts (R. E. Oxman & Oxman 1990).

Lawson (1980) draws attention to the necessity to explore the perception of design situations and in particular
how they are recognized and classified. Through recognizing and constructing representations of knowledge of
previous designs the novice designer (the student) gradually builds up an ability to think in “designerly ways”
(Lawson 1980). Design learning then may be considered a process of knowledge acquisition and development in
which the knowledge is physically constructed. The constructional form provides a representation of the
structure of knowledge which the learner acquires. Such a framework provides the means, for both teacher and
learner, to explicate their knowledge. Educational research suggests that the organizational structure of
knowledge is at least as important as the amount of knowledge in understanding any particular knowledge
domain (Baron & Steinberg 1987). The organizational structure is generally augmented with a system of
classifications and abstractions. The classification is a reflection on the design knowledge and implicitly refers to
what is knowable, and proposes a framework to construct and model knowledge.
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1.2 A Review of Intelligent Support for Design

Intelligent support for design includes modelling of designer activity, the representation of designer knowledge,
and the construction of systems that produce designs or systems to assist designers (Brown 1992). Knowledge
Based Systems rely on the extraction of generalizable and useful characteristics of the information and its
classification in a manner that is retrievable as well as applicable in similar future design situations. Knowledge
representation is considered as a prior condition to the development of knowledge support tools (Brodie et al.
1984). Both case-based, knowledge-based, expert and similar other systems rely on the explicit symbolic
representation of knowledge. These systems have mainly gone in two parallel directions in the support they
provide for designers. First, is the “automated design systems”; also called intelligent CAD (MacCallum 1990),
whose aim is full or partial automation of the design process; while the role of the human designer is to give the
initial requirements, evaluate solutions and build prototypes. The second is the “design support systems” that
aimes at assisting human designers in their tasks by recalling past cases (Watson & Perera 1997), critiquing and
navigating (Fischer 1992), reasoning and consistency maintenance (Smithers et al. 1990; Tang 1997). A design
knowledge support system, unlike a CAD system, does not actually design anything, instead, it attempts to
support the designer during the exploration of possible designs that could eventually help them to reflect on their
design decisions, become familiar with the problem structures and possible solutions, and to share their design
knowledge. While the former approach provides a design memory with facilities that automatically retrieve or
adapt previous cases, the latter provides a memory for indexing and retrieval of previous cases. In both
approaches there is a strong need to develop a formal representation of the design experiences. In the following
sections, we will report on the development of a web-based system (InDeS) which is based on the general
principles of design support systems.

The extent of knowledge we intend to represent covers a broad spectrum of information necessary for the overall
design and realization process, facilitating the exploration of collaborative knowledge in digital free-form design.
It is anticipated that through communication and collaboration domain knowledge could be shared by all
participants of the design team and contribute to the collective creation of collaborative knowledge. In this
context, knowledge is explained as the meaningfully organized accumulation of information through experience,
communication or inference (Zack 1999). The following sections will introduce the theoretical development and
implementation of a computational environment (BLIP) which proposes a framework to formalize the cross-
disciplinary knowledge elements in free-form design.

2. THE BLIP PROJECT

BLIP has originally been developed as a database, a computational environment to guide the users (researchers
and students) to collect, analyze, identify and construct structured representations of collaborative design
concepts and their relationships in digital free-form design context. It proposes a knowledge framework to
categorize the cross-disciplinary knowledge content of the domain under study. It has been developed as a
working prototype and has been extensively experimented in the context of a design studio. Consequently, it has
been continuously updated with new data entry.

2.1 The Need for Identification of the Digital Free-Form Design Knowledge

At the most generic level, a design process starts with the generation of a form, according to the formal,
functional, tectonic, aesthetic and methodological intentions of the designer. This form needs to be physically
and/or mathematically be described and represented for design evaluation as well as for the subsequent
engineering and production processes. In the meantime, the overall building form has to be divided into rational
cladding components, combined with a rational supporting structure during which the fabrication methods,
alternatives and economies have to be taken into consideration in relation to the formal and behavioural
properties of the materials comprising the tectonic elements of the surface and the structural system. There is
actually no definitive or linear order between these phases, but it is rather a cyclical loop during which the design
is continuously re-generated and re-shaped. For conventional design and production processes, designers could
manage these iterative processes intuitively, given the experience and familiarity with the standardized building
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elements and construction methods, which constitutes the general design knowledge of a designer. Nonetheless,
in the domain of Free-Form design, the emerging digital processes extends and adds to the existing design
knowledge with the definition of new tasks, concepts, organizational structures and dependencies between the
cross-disciplinary processes. Therefore, it is essential, first, to identify, classify and redefine the evolving
concepts and feedback loops in an interdisciplinary context.

In the following sections, rather than a complete and detailed description of the BLIP project, which would go
beyond the intention of this paper, we will give an overview of the system according to the extent to which it has
contributed to the development of a new contextual framework for knowledge elicitation. This contribution is
based on the application of its proposed knowledge framework and its basic representational formalism in two
design workshops which resulted with the identification of the essential requirements for an improved
representational framework for the domain under study.

2.2 Highlighting the General Features of Design Support Systems

Various approaches and systems have been reviewed in the general domain of architectural design which provide
knowledge support in the design process. Indexing is crucial in determining how the system will be used, how
the cases will be retrieved, and provides a reasoning process to use the knowledge in the system by remembering
the cases with common attributes to assist the user in comparing those cases with the problem at hand. The
organizational structure of the memory contributes to the capability of accessing relevant knowledge (R. E.
Oxman & Oxman 1990). Accordingly, a common issue in organizing design cases is the need to predetermine
the features (abstract concepts) to serve as indices for efficient access to cases (Maher & Garza 1997) and to
direct the users’ attention to the related material (Domeshek & Kolodner 1992). A slightly different approach to
memory organization is creating a memory structure as an associative network of stories related to these high-
level concepts, resulting in a semantic net which provides the basis for indexing. In such schemes, instead of
indexing the complete designs, every design story is indexed independently (R.E. Oxman 1994).

Representation of a specific case knowledge is another important issue. In the systems reviewed, it has been
observed that case-knowledge is represented either as complete representation of the entire case or in the form of
knowledge chunks (also called design stories) comprising graphical, textual or numerical information. Memory
organization will also affect the retrieval of domain specific knowledge. For example, in typological models,
instances and higher level generalizations are linked hierarchically from general (type) to specific (case),
whereas, in precedent-based systems, they are linked cross-contextually which enables access to the generalized
knowledge in a conceptual network. The identification of the relevant features for the system is to a greater
degree dependent on the knowledge content and will certainly affect the structure and organization of the
memory and the representation scheme in relation to the context that is represented. In this respect, the scope of
the domain and design stages addressed in BLIP has been very influential in the evolution of its cognitive model:

*  The scope and the domain

The scope can be defined as to capture emerging design knowledge related to formal, structural and
manufacturing related aspects of complex shaped building created in the context of digital architectural
design. Domain knowledge is also related to the design, engineering and manufacturing processes specific
to the formal properties of the artefact in question. These processes are interdisciplinary in nature, and
define the main contextual framework of the focus.

*  The design stages addressed

Conceptual and form development process is supported by whole product life-cycle knowledge (from design
through to production). The semantic relationships and dependencies between various processes of different
phases characterize the contextual and dynamic nature of the domain knowledge. Thus, we first try to
identify the “knowledge elements”, of the domain while capturing the “dependencies” between these both
within and across different phases of a project, and the changing “dependency paths” as the artefact
definition evolve.
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2.3 A Cross-disciplinary Framework for Knowledge Construction

The investigation of the emerging knowledge and the development of a framework to represent this knowledge
have been based on a semantic investigation of the knowledge content. The semantic investigation aims to
explain various interrelations that form the knowledge content, and facilitates the identification, capture and
evaluation of various design methods, techniques, tools in relation to specific design tasks.

A conceptual framework has been proposed to construct representations of domain knowledge according to 3
cross-disciplinary and generic aspects of design: Formal Aspects, Structural Aspects and Production Aspects.
The framework is used to discover and organize the knowledge elements under each category and their cross-
disciplinary interactions. This representational scheme does not, however, aim to propagate a division of roles,
but it rather intends to stress the concept of transformation to be able to compare the conventional understanding
of domain roles and tasks with that of free-form design. Such an approach is supported by various cognitive
psychologists who postulate that learning is a process that new knowledge is added to an existing knowledge
web/network by creating associations to existing knowledge (Anderson 1985). Thus, it has been anticipated that
building the categorization of emerging tasks, processes and concepts according to these three aspects could also
hold a key for the identification of new interdependencies among design activities across disciplines (Figure 1).

This could further clarify the changing roles of stakeholders and the degree of roles that different stakeholders
play in problem formulation, solution and in the overall creative act. In this framework, Formal Aspects refer to
the tasks, processes, tools and techniques used for the generation and development of the architectural form, as
well as the tectonic and geometric qualities of form. Structural Aspects refer to the tasks, processes, tools and
techniques that are used for the development of the structural system and components. And finally, Production
Aspects refers to the manufacturing techniques, processes, methods and tools used to produce the architectonic
elements of the skin and the structure. In summary, the database proposes a qualitative framework in order to
capture the free-form design process by showing its elements and their relationships.
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FIG 1: Interdependencies among cross-disciplinary decision activities. The relationships are indicative rather
than final

However, it is important to note that the knowledge elements of any design domain are rarely generic, but rather
dependent on the domain to which they apply. Among the domain dependent types of knowledge we aimed to
identify:

Knowledge related to domain terminologies

Knowledge related to the formal characteristics of the artefact.

Knowledge related to the representation of artefact (geometrical and non-geometrical properties)
Knowledge related to processes (from design generation to production)

Knowledge related to the semantic relationships and dependencies between various processes
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2.4 Constructing the Framework

A data structure has been developed composed of 3 aspects (formal, structural, production) and their related
features under each. The features are determined by a heuristic process of examination of the free-form design
context (literature review) as well as extensive case study analyses of built examples. Among an infinite number
of features that could have been selected to define the characteristics of each category, we have targeted and
determined a number of those according to the degree of change that has been observed to occur most in their
understanding and practice, as well as according to the degree of influence they have on the two other aspects.
For example, Generation of Form, or Method of Production are two generic features of any design process. Both
of these processes are included in the data structure because how these processes are practiced, and the
techniques/tools used to perform these processes have greatly changed in the context free-form design. Similarly,
while new approaches to form generation have been observed to have an enormous influence on the design of
structural systems to support these surfaces; various methods of forming processes are observed to change the
properties of materials they are applied to.

The generation and identification of features and their sub-features have been an iterative process, rather than a
priori. They have been inductively derived from the study of the phenomenon they represent under each
category. The features are generated through an analytical process of making comparisons to highlight the
similarities and differences that is used to produce lower degree features. Features are organized to have first
and/or second degree sub-features. While the features at the upper levels are characterized by context-
independent and generic terms, the sub-features at the lower levels are characterized by more specific terms
revealing the context-specific vocabulary of free-form design, extracted through the analyses of cases and
various other sources of literature. This has led to the organization of the features in a hierarchical structure, as
illustrated in Figure 2. The process of constructing and updating the features has been a collaborative process
between the authors of the BLIP project and the students under the supervision of the authors'.

"It is important to note that the process of constructing and updating the features has been based on a process of
discovery rather than following a rigorous methodology. Therefore, the hierarchical structure does not illustrate a
complete structure, though it is representative of how the domain data has been collected.
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FIG 2: The hierarchical organization of the features under each category

2.5 Data Representation

The system provides an extensible and flexible outline by allowing the addition of new features and sub-features
as new concepts are discovered. The features and sub-features are organized both in a hierarchical tree-structure
and a keyword network (fig. 3). While the hierarchical structure provides the general outline and the classes of
the knowledge content, the keyword network represents the semantic relationships between the features within
and across categories. Both the keyword network and the tree-structure provide an outline for organizing and
categorizing information while providing a structure to relate new contributions in the system (Kocaturk et al.
2003). The tree-structure also serves as an access point into the system.

The system allows the creation of semantic links between features. Features can be linked and interrelated via
documents. In this respect, the links between the features are not predefined (except for parent-child relations
between features and their sub-features). Interrelating features is made possible via document entry.
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FIG 3: The hierarchical tree structure and the keyword network

Documents contain information chunks (case-specific or general information represented textually, graphically
or a combination of both) which exemplify and/or describe in what way the features are interrelated. This aspect
complies with the initial aim of the system which tries to discover and document those inter-relationships. The
keyword network depicts the semantic structure for this document structure, in which each document is assigned
to one or more keywords from the keyword network. Documents provide data, information and knowledge
elements specific to the feature(s) they are associated with. Documents that are associated with one keyword are
referred as “feature documents”, whereas documents that are associated with two or more features are referred as
“link documents”. Link documents exemplify how the associated features are brought together and how they
mutually inform one another in a specific situation.

2.6 Data Entry and Document Organization

In BLIP, the documents are related to one another with a separate semantic structure for the categorization of the
documents. Authors only need to be concerned with associating the documents of their contribution to this
semantic structure. Consequently, relationships to documents from other contributions are automatically
provided through these associations (Kocaturk and Tuncer 2004). The semantic structure and how the link
documents are attached to the features within this structure are shown in Figure 4.
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FIG 4: Link documents attached to the semantic structure

As can be seen from the figure, the user who searches, for instance, the single skin feature will not only have
access to the documents associated only with this feature, but will also be able to see other features that were
previously associated with this feature via document entry (as depicted with the circular points in figure 4, which
connect two or more features). It can also be seen that any feature can be associated with any other feature or
sub-feature at any level. To summarize, the keyword network and the semantic structure provide the authors
with a structure to categorize and to relate their contributions to other documents in the system. Therefore, the
keyword network defines the context for the organization of documents. As this relational structure becomes
denser, the system is anticipated to provide better support for searching and browsing the information space,
unrestricted by the original boundaries of the contributions (or projects) (Kocaturk and Tuncer 2004). In this
organization of keywords and documents, various kinds of document relationships can be distinguished.
Documents are grouped under projects. By assigning keywords (architect, project name, etc.) to documents,
documents that share the same keywords are implicitly related. The documents are further related with the
features they share within the keyword network. The distinction between semantic (keyword network) and the
syntactic (document structure) structures ensures the extensibility and flexibility of the overall representation,
because the semantics can be easily altered at any time without requiring an adaptation of the syntactic structure
(Tuncer et al. 2002). The database is designed to be used for extensive cross-referencing and interactive searches
in order to capture and share information and knowledge.

2.7 User Interface

Since the aim of the database is to allow cross-referencing between multiple projects, the user interface is
optimized accordingly. At any time, the screen layout provides feedback to the user about which aspect or
feature he is exploring and to which documents or projects they are associated. This allows both browsing to a
more specific feature — so called forward browsing — as well as for a more general feature — referred to as
backward browsing. Currently, the main starting point for data-retrieval is the predefined keyword network, in
frame A, on the left hand side of the screen (Figure 5, A). The selected feature will be highlighted and displayed
in the frame B on the top right hand side with the other features associated with it (Figure 5, B).
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This window only displays the features, and their associations via the link documents. For example selecting
Structural Behaviour feature under the Structural Aspects may be associated with features such as; Composition
of Structural Elements under the Structural Aspects, Skin Configuration under the Formal Aspects and/or
Method of Assembly under the Production Aspects. By the use of a menu window in combination with the
slider, the user can choose the degree of sub-features to be displayed in this window (locality), rotate
relationships web, or zoom in or out in this window. Clicking on a feature in window A or B will display the
related feature documents in frame C which may contain textual, graphical and/or numerical data containing
information on the selected feature (fig. 5, C). At the same time, frame D will display a description of the
selected feature (fig. 5, D). If a document is selected from the document list in frame C, frame D will then
display the content of the document. Similarly, double clicking on a link document (depicted as a circle) in frame
B will display the document thumbnail in frame C. Similarly, clicking on the thumbnail in this window will
display the document content together with its associated features in frame D (Figure 6). It is also possible to
start the search via projects. Clicking on the projects in frame A, will list all the projects in the system in Frame
C. Clicking on any project in this window will display all the feature and link documents that are indexed under
this project, in frame D (Figure 7).
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It is not only the features which are searchable but the links between two or more features can also be searched
by the user to access more specific information on the relationships between the selected features. Thus, the
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links between the features are also designed to store documents containing project specific information as well
as general domain knowledge. The database is automatically updated with feedback and serves as an interactive
medium to discover new relations among existing and new features

3. THE DESIGN WORKSHOPS

The following section will describe the application of BLIP in two collaborative design workshops conducted
with two separate groups of master’s level students. Each workshop comprised of an extensive study of the free-
form design context (based on case studies) followed by a collaborative free-form design assignment. The
criteria to evaluate the effectiveness of BLIP for efficient knowledge capture, construction and re-use is defined
as the capability of the system to extend the user’s ability to utilize design knowledge, modify existing
knowledge and to generate new knowledge. In order to do this, we have included the two crucial elements of
learning throughout the both workshops: analysis and design. While analysis is viewed as an effort to rationalize
and explicate the knowledge embedded in past designs, the design process can be viewed as the acquisition and
utilization of knowledge. As described by Dufty (1997); while learning by design helps to maintain experiential
knowledge, the activity of analysis, which includes “abstraction and generalization”, extend the utilization
capabilities of knowledge in a re-use process (Duffy 1997).

3.1 The Workshop Set-up

Both workshops started with case study analyses followed by a design assignment. In order to have the students
acquainted with the design context, they were first asked to analyze precedent design and production processes
and then to extract knowledge from these analyses to store in BLIP, by adding new links and features into the
system where necessary. The significance of case-based learning is that it links theory and application to real or
possible circumstances (Barnes et al. 1994). The knowledge identified in the case studies were formalized,
reshaped and reorganized and integrated into BLIP, encouraging the students to generalize and abstract ideas that
are explicit in particular situations, and later to use them in analogous situations in their design assignment.

The experimental setting for both workshops complies with the two philosophical models of experiential
learning as described by Kolb and Piaget. Kolb’s emphasis is on the experience, followed by reflection (Kolb
1984), which in turn is assimilated into a theory where new hypotheses are tested in new situations. Piaget
focuses on knowledge and the ability of its assimilation (Piaget 1971). This assimilation is related to the
students’ cognitive schemata which is influential for the acquisition and utilization of knowledge. In both
workshops, although all students who took part in the design experiments were Master’s level students, each
student had a different level of experience and familiarity with the design context. Since the students, as novice
designers, are known to have less experience in clustering of concepts, generalizations and abstractions, they
have been provided assistance on these aspects. The set-up of the workshop and the design assignments were
also optimized on this particular aspect by the following arrangements:

The role divisions between collaborating students intended to scale down the individual tasks to manageable
quantities and help them to focus more on the aspect of exploring multiple alternatives rather than one single
solution. As a final product they were asked to generate various conceptual solutions and compare them rather
than one single solution worked out in detail They were asked to generate conceptual solutions at different levels
of abstraction in a collaborative setting, thus encouraging them to develop a “parallel lines of thinking” (Lawson
1997). They were asked to define their design solutions in relation to the problems they have formulated, thus
encouraging them to make generalizations of the possible problem structures of the domain.

3.2 The First Design Workshop

After the case studies and getting acquainted with a base knowledge and the terminology of free-form context,
the students were asked to generate a double curved free-form roof surface, to develop a structural supporting
system and to generate alternatives for the fabrication of the structural elements. In this particular design
experiment, the students were asked to work as a team (throughout the whole process) in which the team
members were all assigned a specific role associated to the three aspects of BLIP: an ‘architect’ responsible for
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the formal aspects, a ‘structural engineer’ for the structural aspects and a ‘manufacturer’ for the production
aspects. Part of the assignment, in addition to the design task, was to create a memory map of their collaborative
design decision process, the rationale behind their problem formulations, and the justification of their particular
choice among the design alternatives/solutions that were collaboratively generated (Figure 8).

Structural Engineer Architect Manufacturer
Structural Aspects Formal Aspects Production Aspects
Max De Lara Cohen, Chris Kievid Dee Dee Lim Tomasz Jazkiewicz, Cheng
Hui Chua
Proposed Priorties Proposed
- Tubular steel supporting ->To maintain continuity in triangulated >Connections with nodes
structure, = Structure to have structure,

periablecenstty - The skin is the structure

Engineer to verify alternative - Least number of supports (3)
method

= Roof glazing with glass panes between

(structure with \'Iﬁriablc density) structure

Alternatives proposed

Proposed

>Glass panels can be a layer
rejected — beneath structure (rejected by
architect)

_{—)Non—linear (curved) beams‘

->Beams with variable radius

rejected

rejected | ’

=>Structure does not look feasible
although the idea of variable density

possible Engineer’s is still in consideration
2 proposition |9 Decision to use curved beams }4—
original

FIG 8: The students’ representation of their collaboration process

In summary, they were required to record their design process leading to information and to track the
dependencies between cross-disciplinary decisions and information in a collaborative design process. Later on,
they were asked to explicate their design experiences by storing both product and process related information
generated during their design process in the BLIP database by using the existing organizational structure
provided by the system. They were allowed to add new features and links into the database provided that they
were specific to the free-form context and at the same time generic enough to represent similar cases. The
students were free to use any software at their disposal. During the workshop, the students developed various
conceptual design alternatives for the downstream processes (Figure 9).
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FIG 9: Various structural form alternatives in relation to the architectural and manufacturing constraints

3.3 The Second Design Workshop

The second workshop was conducted with a new group of master students with a slightly different level of
design experience and familiarity with the context. After the case study analyses and getting acquainted with the
design context and terminology, the students were given a double-curved 3D geometry and were asked to
develop the surface into cladding components combined with a free-form supporting structure. Different from
the first workshop, they were given two initial constraints to start with. Firstly, they were not allowed to make
major changes in the given geometry. And secondly, all of the surface cladding components and the elements of
the structural system should be developable. Additionally, rather than dividing the group as architect, structural
engineer and the manufacturer, we defined each of their individual tasks separately so that we would not be
limiting their course of action (if necessary) across the domains. Each student was given one of the following
tasks:

1) Division of the surface into curved, developable cladding components,
2) Creating possible configurations of structural framing, composed of curved developable elements,
3) Exploring available cutting and forming technologies for structural parts and components (in this case steel).

They were required to collaborate throughout the whole design process as in the first design workshop, however,
in this particular assignment, each student was asked to focus on his/her own individual task for the development
of the alternatives for this task, and at the same time to consider the consequences of his/her decisions across
other tasks. Meetings were held between the students to mutually each other about the progress. The conceptual
design variables (formal and procedural) developed by each student were discussed and new dependencies
between the tasks were discovered. In the end, the compatible design alternatives were identified, among which,
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one highly compatible path, satisfying all mutual constraints (the thick arrow in Figure 10), was selected as a
potential solution (Figure 11).
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FIG. 10: Proposed working scheme for the second workshop

The other variables, together with the knowledge they retain were stored in BLIP. The abandoned design
alternatives and their partial solutions were also stored in BLIP for future reference. It has been observed that in
this particular experiment the students were more innovative and creative not only in terms of the variety of
design solutions, but also the methods and strategies they have invented to deal with particular constraints and
dependencies between tasks.

3.4 Comparing the Workshops Based On Student Performances

The student performances in the two workshops have been evaluated and compared with regard to both
individual and collaborative learning experiences of the students. However, it is important to note the following
changes in the setup of the second workshop assignment have been observed to have direct influence on the
different performances of the students: Firstly, we did not limit the course of action of the students by defining a
discipline specific role to each group (as opposed to the first workshop). Rather, we assigned them specific tasks
which, by definition, required the integration of cross-disciplinary decisions. Secondly, we gave them two
specific constraints which automatically aided their problem formulation process. And thirdly, the students were
not necessarily asked to develop their design alternatives together at every step of the design process, but they
were rather encouraged to gather at certain intervals to discuss and compare their interim solutions.
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Production

FIG 11: Compatible solutions selected for the cladding patterns, the structural configuration and the laser cut
structural elements

These changes in the workshop set-up have been observed to increase the student performances, promote
beneficial cognitive processes and consequently increase their knowledge acquisition and utilization. In the first
workshop, throughout their design process the students were more focused on problem solving rather than trying
to identify the dependencies between concepts at a more abstract level. The only dependency type they
interpreted between concepts across domains was constraints (Table 1).

TABLE 1: Comparisons of the workshops based on student performance

Workshop 1 Workshop2
Knowledge Integration and | Pragmatic Explorative
Collaboration
Design Approach Problem Solving Problem Finding

Solution Oriented

Process Oriented

Constraints Satisfaction

Strategy/Method Development

Knowledge Generated Specific Generalizable

Consequently, their approach to “problem solving” was mainly in the form of negotiation and reconciliation
between the groups to satisfy those constraints. Consequently, the design alternatives were chosen according to
the ease of production and realization. In this respect, their collaboration process and the way they integrated
different information across disciplines were observed to be quite pragmatic. Eventually, the knowledge they
created was more solution specific and they had difficulty in abstracting and generalizing the knowledge
generated.
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The second group, on the other hand, has been observed to perform better in abstract thinking and generating
generalizable knowledge content which could be stored and re-used. Moreover, their creativity was oriented
more towards making associations between concepts to define problems and generating alternative strategies and
concepts. In this respect, while the first group generated more alternative products, the second group was more
productive regarding the development of alternative strategies and approaches. We have also observed clear
differences between the two workshops regarding how collaboration took place in each. In the first workshop,
the students interpreted collaborative design as an activity that was the result of a continuous attempt to develop
the easiest path along a chain of constraints across cross-disciplinary tasks. In the second workshop,
alternatively, collaboration has been interpreted as first; to construct a shared conception of various dependency
types between cross-disciplinary tasks, and then; to explore these varying degrees of dependencies during their
individual creative design and integrating others’ viewpoints in the generation of design alternatives.

3.5 Generalizable Results of the Two Workshops

In both workshops, students utilized and generated different types of knowledge. These different types of
knowledge were iteratively utilized and generated during both problem solving and problem formulation
clarifying why and how a solution was generated in a specific way or how a problem was formulated that led to
the final solution. For example, how to divide a double curved surface into individual and developable cladding
components is a strategic knowledge, while the maximum thickness allowable for a steel plate in CNC cutting is
a factual knowledge. Currently, different knowledge types cannot be differentiated in BLIP. Therefore, the
structuring and representation of knowledge should be enhanced in order to capture and differentiate different
knowledge types that are used in problem formulations and solutions.

It has also been observed that the current database is lacking the ability to represent varying dependency types
between concepts (features). During design, various links between the same features can be created based on
how the problems and solutions are formulated. These linkages reflect different viewpoints of the designers on
the evolution of the artefact for the construction of a collective understanding of the domain. This collective
understanding reveals one of the essential aspects of collaborative design process which is to represent and
manage the interactions among the individuals’ unique perspectives and viewpoints (Lu & Udwadia 2000). For
example; a specific manufacturing technique will pose certain constraints on the allowable thickness and
curvature of a building component. If the available manufacturing technique is influencing the decisions
concerning the geometrical properties of this component, or if the desired formal qualities are influencing the
choice of a specific manufacturing technique (or a combination of a few) could both lead to a creative product or
a process in different ways, based on the choices made. Creativity, in this respect, may be linked to the ability of
creating innovative links in both problem formulations and solutions in new and unexpected ways. Therefore, in
order to support the creativity; the organization and structuring of knowledge should be able to support the
identification and capture of different links and relationships between concepts which could allow the users to
modify them and apply them in new contexts. During their design processes the students had discovered various
new concepts (features) and their associated knowledge which were difficult to place under one of the 3
categories of BLIP.

These concepts have been observed to be mainly procedural and operational in nature displaying the following
characteristics:

* emerged across the boundaries of the three disciplines (design, structural design and production)

*  highly multi-dimensional and interactive

* facilitate the creation of new internal processes and social interactions specific to the domain

* requires the engagement of stakeholders at various levels and are highly influential for the evolution of
the artefact.

Based on these findings, we conclude that the categorization of the initial framework of BLIP, based on

disciplinary segregation of concepts, is not inclusive of the emerging collaborative concepts in free-form design.
The initial framework proposed, focusing on 3 disciplinary aspects, proved to be useful for the novice designers
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to understand the emerging knowledge elements and organizational roles in comparison to an existing
understanding. However, it also proved to impose a certain way of thinking, lacking the contextual
understanding of the domain under study. This approach has been observed to hinder creativity in the first
assignment. In the second assignment, it has been observed that defining design tasks, not specific to a certain
discipline but rather specific to the context, independent of the solver, each design participant tried to develop a
solution for the given situation, and develop alternatives for its execution. This approach proved to encourage
collaboration, development of a shared knowledge and understanding among the design participants which also
contributes to the collective creativity of the team members. Therefore, instead of categorizing and labelling the
concepts (features) according to disciplinary classes, it has proved to be more useful to categorize them in
relation to the specific problems they attempt to solve (or create), revealing the unique knowledge content of the
domain. We claim that such a categorization would also reflect the collaborative and integrative nature of the
free-form design processes and could serve to construct a shared understanding of the domain knowledge.

Different than the analysis of designs, the actual design is a non-linear process of knowledge exchange whereby
shared meanings are created between the members of the design team. The design workshops provided the
students with an understanding of the dynamics of teamwork and group learning which generates a shared
understanding and collaborative knowledge. Consequently, we distinguish collaborative knowledge from the
individual creation of knowledge, which is constructed through the interaction of multiple actors, embodies the
dynamic elements of knowledge that would be difficult to generate by an individual (Lee 2004). This view
propagates a rather process oriented view of knowledge which is seen as a key to the generation and
understanding of collaborative design knowledge.

4. CONCLUSION - EVOLUTION OF A NEW FRAMEWORK

The observations we obtained from these workshops have considerably contributed to the further development of
ideas in our research. At the very least, the workshops provided a medium to:

1) Further identify the additional knowledge content (features) constituting the free-form design domain and
describing them by their relationship to other concepts (gained through direct design experience)

2) Test and evaluate the effectiveness of the proposed framework for efficient knowledge capture, construction
and re-use

3) Evaluate the existing organization and structure of knowledge in BLIP to the extent to which it supports and
contributes to creative and collaborative design.

4) Recognize particular cognitive aspects of design required for knowledge acquisition and for the construction
of useful knowledge structures.

We conclude that in order to explicate the emerging knowledge content of freeform design, we need to focus on
its creation process. Therefore, we require a more extended framework which reflects the collaborative, situated,
and emergent characteristics of the domain knowledge, and which can facilitate the discovery of emergent
interactions between its context specific concepts (e.g. tasks, processes). Based on the observations and findings
of the previous section, the initial a priori framework has been extended and categories have been re-defined.
Consequently, we have identified 5 general categories where collaboration has been observed to occur most
frequently among the stakeholders and which have been identified as the main sources of the emerging
knowledge associated with the change in the design practice:

*  Form finding approaches and formal characteristics

¢ Rationalization of the Structure and the Skin

* Representation and Exchange of Design Information

*  Materialization of the Supporting Structure and its Elements

¢ Fabrication of the Supporting Structure and the Surface Elements
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This framework has been used to identify, compare and evaluate different design experiences in different
projects (case studies), and to identify the concepts emerging under each category together with their context
specific interactions. This has facilitated a deeper understanding as to “how” and “why” design knowledge had
developed into the final artefact in each specific case.
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