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abstrac: This paper presents multimodal representation of architectural design knowledge,
where explicit and implicit information are linked. The aim is to develop computational
environment that combines several modes of representation. Integration of interactive
digital-models library and ontological model of architectural design factors is investigated.
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résumé : Le sujet de cet article est une représentation multimodale des connaissances de design
en architecture, notamment par des informations implicites et explicites. L’objectif est de
développer un environnement numérique qui combine différents modes de représentation. Une
intégration entre une librairie de modèles numériques interactifs et une structure ontologique
de facteurs de design architectural est proposée et étudiée.
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1. INTRODUCTION

Architectural design is information-centric process. It can be perceived as a
successive concentration of the description of future characteristics of an
artifact, and leads from incomplete to complete, abstract to concrete, and conceptual to precise descriptions. It is a non-linear process that requires analysis,
evaluation, synthesis, and decision-making, thus entailing constant information
flow between the designer and environment. Types of information vary depending on the stage in the design process, and tend to transfer from general to
specific. Initial stage involves information about the requirements, building
types, environmental and contextual aspects, while later stages require specialized explicit data, such as products, materials, and standards. Discrepancies
between explicit and implicit information impose challenges for computational
tools and applications.
This paper proposes multimodal representation of architectural design
knowledge as a method for linking explicit and implicit information. The aim
is to develop computational environment that integrates several modes of representation. Interactive digital-models library has been developed to serve as
referents during design process (Iordanova et al. 2007; Iordanova 2009). Algorithmically modeled design knowledge and know-how contained in referents
have been proven to be useful for digital design. They are most creatively used
when internalized, but can assist the design process when transferred and
adapted to a new context as well. They can offer advantages for design exploration and for design knowledge transfer. Ontological model of architectural design
factors has been developed to capture conceptual knowledge associated with
building design (Zisko-Aksamija 2008; Zisko 2008). Types of factors include
environmental, structural, physical and contextual aspects, and are represented
through ontology. Ontology contains rules, characteristics and relationships
associated with design factors, and it has been utilized in a web-based application
aimed to foster analysis and decision-making in architectural design.
This discussion presents an investigation into interaction between ontological representation of architectural design knowledge and its embodiment in
interactive models of know-how, having visual expression. The complementary
nature of these two types of representation promises advantages in terms of
integrative system that contains both. The benefits are representations of different formats of knowledge (visual, linguistic, numeric), as well as relational and
procedural information, design rules, and characteristics. Interactive search and
query based on contextual constraints, and parametric variation of the model
based on the information received from ontology are the underlying drivers.
The article is structured in the following way: Initially, the need for a comprehensive, nonrestrictive and multimodal description of design knowledge is
discussed, followed by a research on representation of design knowledge
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through referents. Then an ontological organization is presented and an ontological structuring of design knowledge into a design-assisting environment
is exposed. Finally, based on the functioning of the two complementary
approaches, a model for their integration is proposed. At the end, some conclusions and perspectives for future work are discussed.
2. REPRESENTATIONS OF DESIGN KNOWLEDGE
2.1. Methods of representation: some historical aspects

Representations of architectural design have been evolving throughout the
history to reflect changes in building technology, materials, design practice and
construction. Greek builders described building designs primarily with words
(Hewitt 1984). Medieval master builders used geometric plan drawings. Renaissance period introduced linear perspective, pioneering new representational
mode of the spatial organization in three dimensions. Eighteenth and nineteenth centuries introduced geometrical representations in Cartesian system
using plans, sections and elevations. Twentieth century introduced advancements in information technology that allowed for novel representational
methods, primarily CAD systems, three-dimensional modeling, and simulations of building systems and performance. Currently, Building Information
Modeling (BIM) is the leading mode of design representation, where buildings
are represented through a common database of building information and
components. It is evident that methods for representations of architectural
products have drastically evolved; however, there is still a prospect for advancements and developments. Mainly, the described techniques are focused on
representation of architectural product—building, and further expansion is
needed to include representations of architectural knowledge in a way that it
serve and enrich the design process.
2.2. Explicit and implicit representation

Differences between explicit and implicit types of knowledge require innovative modes of capturing and structuring information. Explicit knowledge is
easy to communicate, can be expressed alpha-numerically and can be stored
on different media. Implicit knowledge, on the other hand, is difficult to communicate and formalize, and is usually accumulated through a learning process
and practice. It can as well be “hidden” in a realization for whose creation this
particular knowledge was used. We call these artifacts “referents” thus meaning
architectural precedents, analogues and metaphors to which designers refer
during creative work. However, both explicit and implicit types of knowledge
are utilized in the design process, and advanced computational applications
should offer them to designers and support the transfer between these types.

CAAD Futures 2009_compile.indd 644

27/05/09 10:46:59

Multimodal Representations of Architectural Design Knowledge

645

Relationships between sources of ideas and completed design are complicated to quantify. Design requirements are usually the starting point of the
design; however, information gathering and application of previous knowledge
to new problems are some of the methods for executing ideas. That is how
referents play important role both as inspiration and as domain knowledge.
2.3. Data structures

Computational applications that support structured innovation and adaptation
require representations of implicit knowledge through information models.
Over the years, three different categories have been proposed and used: physical, logical and conceptual (Mylopoulous 1998). Physical information models
express conventional data structures in terms of records, strings, arrays, lists,
and are the most primitive forms. Logical information models consist of
abstract mathematical symbols, such as sets, arrays and relations. Conceptual
information models are the most expressive for modeling applications and
structuring information bases, since they rely on abstraction mechanisms
inspired by cognitive sciences and artificial intelligence.
2.4. Need for multimodal representations of referents

A study of cognitive theories on mental representation of knowledge gave us
valuable insights which could be used for computational approaches. For
example, category knowledge represents the fact that several representations
share the same pattern. It has a multimodal nature. This means that a category
exists, other than by its name and properties, by its picture, smell, sound, taste,
action and touch. The question is how the brain integrates category’s name and
all other relevant information through different modalities.
The structures through which category knowledge is represented, give us
ideas about the ways in which referents can be approached in design situations.
Smith and Kosslyn (2007) report four types of category structures, the first two
of which we find as directly linked to use of referents:
• Exemplars, which are individual category members, are very strong at the
recognition stage.
• Rules, which provide precise definition of the criteria for a category, are not
the first to be used at recognition, but provide a much more stable basis for
it. Different brain systems are used to represent exemplars and to represent
rules.

These cognitive aspects give precious conclusions in relation to the description of referents containing design knowledge, namely, they should: 1) be
represented in all possible formats of knowledge (imagery, features structure,
amodal symbols); 2) provide relational (declarative) and procedural informa-
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tion (including its objective and actions structure); and 3) support the creation
of exemplars, rules, prototypes and background knowledge in order to build a
rich and stable category representation (Iordanova and Tidafi 2007).
These considerations brought the idea of describing a referent (an outstanding building, for example) through chunks of knowledge embodied in it. Issued
from the theory of the fragmented organization of memories, a chunk is a
meaningful piece of information representing one aspect of an object or phenomenon. This idea was already explored by Oxman (1999), taking in consideration Issue, Concept and Form aspects of a referent.
In order to be coherent with the above described multimodality, procedural
knowledge is made available for the referents. It concerns the know-how, and
can have different aspects: know-how used to create the object; or procedures
by which the object can be transformed or manipulated. Some of the know-how
may be represented by rules. This way, other than serving as a visual exemplar,
a referent can facilitate the creation of rules and thus, enforce the category
knowledge. In a digital representation of a referent, we can encode a rule by a
parametric dependence, equation or an algorithm. The latter makes a process
or a procedure explicit. By giving a name to the parameters, we introduce also
propositional knowledge into the model. This way, the chunks of knowledge
become interactive models of chunks of knowledge in our proposal. They are
intended to serve as referents playing important cognitive role during the
process of design learning (Iordanova and Tidafi 2007).
3. DESIGN-KNOWLEDGE REPRESENTATION BY REFERENTS

Based on the above described cognitive aspects, design knowledge and knowhow were embodied in referents represented in multimodal formats and
structured in a library (Iordanova 2009). Multi-format representation consists
of visual information, interactive model which can be manipulated alphanumerically or directly on the screen, text, video, etc. Figure 1 shows a general
view of some visual representations of referents from the library.
figure 1. visual representation of referents, general view.
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Here is an example of the semantic description of a referent, chosen to be
part of the library because of its characteristic structure. An interactive generative model of the structure is available as well.
1. Generic information
a. Name of building: Waterloo Station redevelopment
b. Place: London, UK
c. Year: 1993
d. Architect/author: Nicholas Grimshaw and Partners
e. Function: Railway station
f. More information: http://www.e-architect.co.uk/london/waterloo_
station.htm
2. Architectural features (Can include structure, acoustics, visibility,
climatic performance, energy optimization, materials, response to wind,
sun and shadow, responds to site context, etc. Not all concepts are used
but only the ones for which this referent was retained in the library.)
• Structure (asymmetric form dictated by the site and the functionality
– the train height); three-pin arch, with the centre pin moved to one
side (allowing for the variation in height)
• Responds to site context (asymmetric form dictated by the site and the
functionality)
3. Digital features
a. Modeling type: Generation
b. Geometric description: Splines
c. Algorithmic description: Links between objects
Parametric distribution
Atom array
Data input
d. Physical simulations: None
The structure of this library, though, is not perfect in terms of establishing
links between referents and knowledge. That is why ontology is considered.
4. ONTOLOGIES AS KNOWLEDGE-BASED MODELS

Ontology is a knowledge-based representation of a certain domain, utilized to
structure information and express relations between ontology elements. It
describes individuals as the basic objects, classes as collections of objects, properties and characteristics of individuals and classes, and relations between them.
One of the earliest definitions was proposed by Neches et al. (1991), stating
that “an ontology defines the basic terms and relations comprising the vocabulary of a topic area as well as the rules for combining terms and relations to
define extensions to the vocabulary”, indicating the components, rules, and the
inferred knowledge obtainable through ontology. Gruber (1993) defines ontology as “an explicit specification of a conceptualization”, which is a generally
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accepted definition. Borst and Akkermans (1997) modified Gruber’s definition,
stating that “ontologies are defined as a formal specification of a shared conceptualization”. Conceptualization refers to an abstract modeling of a certain domain
or phenomenon by identifying the associated concepts; formal indicates that
the ontology structure should be machine-readable, and shared indicates that
the represented knowledge should be common knowledge accepted by a group.
There are numerous examples of ontologies developed for various domains and
applications, such as general ontologies describing concepts of time and events,
domain-specific ontologies describing mechanical components of a car or different structures of a protein, and also application ontologies.
Architectural design consists of concepts that underlie the physical structure,
and may be based on functional, cultural, and technological rules that guide the
organization of elements. Therefore, knowledge-based representation should
capture and represent range of concepts between the intention and the physical
structure of a building. In that sense, systems that support creative reuse of existing knowledge should contain design factors and drivers, and following section
outlines how ontology-based model of design factors has been developed.
5. ONTOLOGY STRUCTURE
5.1. Methods for ontology development

Several methodologies for ontology development have been recognized (Lenat
and Guha 1990; Uschold and King 1995; Swartout et al. 1997, Staab et al. 2001).
Proposed methodologies differ depending on the type of ontology domain,
and the type of associated problem or ontology scope. Methodology proposed
by Uschold and King (1995) has been utilized for this work, where four general
activities are performed during the development: identification of the purpose
of the ontology, ontology building, evaluation and documentation. Three strategies are suggested for identifying ontology contents:
• Top-down approach, where abstract concepts are identified first and gradually specialized into specific contents.
• Bottom-up approach, where most specific concepts are identified first and
gradually generalized into abstract concepts.
• Middle-out approach, where most important concepts are identified first
and then generalized and specialized into other concepts.

Purpose of the ontology discussed in this work is to represent architectural
knowledge, such as physical, environmental, and contextual characteristics
influencing building design. Protégé 2000 ontology editor has been utilized for
ontology development (Noy et al. 2000; Horridge et al. 2004).
Ontologies in general contain classes as concepts of a certain domain,
instances as real examples of these concepts, and associated properties and
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relationships. The Initial step is development of conceptual classes, and it usually begins with identification of competency questions, which are utilized to
scope the contents. Based on the above defined purpose, several questions were
developed to structure ontology, mainly:
•
•
•
•
•
•
•

What are the design factors that influence design decisions?
How is the architectural knowledge characterized?
What are the relationships between buildings and design factors?
How are buildings constructed?
What are the properties of existing buildings?
What are the roles of different agents?
How does an architect look and find information relevant to new and previous designs?

Responses to these questions initiated ontology development. The underlying assumption is that architectural design is not only based on inspiration,
but also a rational process, where problems or issues are solved based on certain
criteria, such as that choice of material depends on economic, physical, and
climatic characteristics. Ontology was constructed using a top-down approach,
where upper classes are most general and conceptual, and subsequent classes
are specialized to respond to the above questions.
5.2. Ontology contents

Main classes include Agents, Building, Design_Process, Design_Factors, and System_Considerations. Agents class is intended to represent different roles in the
process. Building class represents building as a physical object, where associated
properties are used to describe characteristics, such as location, height, surrounding area and environment, structural system type, materials, spaces, elements,
etc. Design_Process describes sequences in the process, and roles of agents during
these discrete points. Design_Factors is the major component of the ontology,
with the largest number of sub-classes and properties. Environmental, physical,
economic, socio-cultural, geometric, and technical aspects are contained and
described. System_Considerations class consists of metadata relations between
Design_Factors and Building, where types of design factors are associated with
higher-level design considerations, such as sustainable design, building envelope
design, economic and socio-cultural considerations.
Properties are utilized to assign characteristics to classes. Two general types
of properties are used: object properties and data-type properties. Instances are
used to populate ontology contents with actual data. Object properties are used
to describe properties of classes and are inherited by instance data that belong
to a particular class. Data-type properties are utilized to assign numerical values
for instance data.
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5.3. Restrictions and rules

Classes within the ontology are further defined using restrictions, which are
logical statements used as connectors between content. Existential restrictions
are used to describe a class or individuals of a class that have at least one kind
of relationship to another class. Universal restrictions describe the classes that
only have relationships to other classes or individuals of a class. Cardinality
restrictions specify the number of relationships. Value restrictions are used for
a specific data-type. Further, restrictions can be asserted for complex classes,
such as union, intersection, or complements of other classes.
Combination of classes, instances, declared properties and restrictions make
up the structure of the ontology. For example, Figure 2 portrays the portion of
contents of Design_Factors class, where relationships between building circulation and other ontology contents are constructed through existential restrictions. Restrictions associated with Vertical_circulation portray that this design
aspect depends on the structural system, types and location of access and egress,
types of building elements, and the minimum number of floors.
figure 2. partial ontology class structure and relationships.

Practical utilization of the developed ontology is aimed for design reasoning and support, and there are several ways in which information can be
explored. Reasoning support is one of the major advantages of representations
of human knowledge through ontologies, and structured methodologies for
information search. Ability to build complex queries is achievable, as well as
graphical search. Figure 3 presents one possible approach, in particular searching for types of activities and how they relate to building design. The depicted
methodology is bottom-up, where the initial start is from the lower level of the

CAAD Futures 2009_compile.indd 650

27/05/09 10:47:00

Multimodal Representations of Architectural Design Knowledge

651

figure 3. graphical representation of relations between ontology contents.

ontology. As the radius of influence is broadened, the relations with other factors are revealed, where dynamic update of instance data is also shown. The
end result is more comprehensive than the initial start and offers a broader
perspective of the influence of activities on the design. This approach would
be beneficial because relationships between certain design factors and the
overall design are explicitly portrayed, and can be visually examined.
6. INTEGRATION METHODOLOGIES AND PROTOTYPE

Integrating the two approaches to describe architectural objects provides a
more thorough understanding and gives the possibility for an interactive and
creative exploration of both relations (from the ontology) and know-how (from
the interactive models). Thus, multimodal representations of architectural
knowledge are utilized, where conceptual knowledge model is used to express
architectural knowledge explicitly and three-dimensional interactive models
to express visual characteristics and implicit know-how. Primary aim is
improved representation and link between explicit and implicit knowledge,
and development of computational environments that support creativity in the
design process. Ontology structure contains aspects of architectural design
knowledge and information about specific examples, while interactive referents
contain visual and procedural properties. The ontological model is based on
capturing design factors and drivers, therefore explicit meaning is associated
with pieces of information that can be used and adapted to suit the needs of a
design problem. Modeled referents contain “chunks of knowledge”, and are
associated with examples of real buildings or methods of creation, and contextbased usage through ontology. These three-dimensional pieces of information
can be manipulated in existing CAD or 3D modeling programs and modified,
adapted and combined according to design criteria.
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Since the nature of the information and knowledge contained in ontology
and referents library are distinctive and complementary, there are essentially
two methodologies for integration of the two systems which were explored: on
the basis of the interactive referents library; and into the ontological structure.
The first method is representation of metadata contained in the interactivereferents library by populating contents of the ontology that relate to the
embedded knowledge, as seen in Figure 4. Second method is addition of referent models to the ontology structure, and population of necessary information
fields to reflect the meaning, contents and relationships between “chunks of
knowledge” contained in the referents.
Both methodologies have benefits and drawbacks. In the first case, benefits
are that existing interactive three-dimensional models are described using
contents of the ontology, and direct access for modification of models is possible. An overall view to the visual representations of the referents is possible
at a glance, because of the simple web-page structure adopted. Drawbacks are
that only partial contents of the ontology are utilized to express metadata,
therefore higher level and relations are not explicitly defined.
In the latter case, “chunks of knowledge” are described utilizing contents of
the ontology, and the relationships between the elements and the rest of the
contents are explicitly defined or inferred from ontology contents. For example,
Figure 5 shows properties of an element, and the relation to a particular building. Ontology structure is utilized to relate properties and values of different
types of information, and can be used to form queries, as seen in Figure 6.
However, interactive models cannot be incorporated and modified directly
from the ontology, but rather have to be isolated.
figure 4. integration based on the library of interactive referents.
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figure 5. “chunks of knowledge” utilized to express properties of an element.

figure 6. query for relationships between “chunks of knowledge”.

Further development will focus on integrated functional prototype that
combines benefits of both methods and elimination of drawbacks. Moreover,
integration with existing CAD systems via web-based application should be
explored, since dynamic access to information and knowledge is preferred.
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7. CONCLUSION AND FUTURE WORK

This paper presented investigation of multimodal representations of architectural design knowledge, particularly through referents library of three-dimensional models and ontological representation of design knowledge. Referents
library contains interactive models of “chunks of knowledge” utilized in architectural design, and ontology represents relations between the design factors.
Benefit of the combinatory representation is that implicit and explicit types of
knowledge are integrated. Two methodologies were explored for integration:
representation of referents characteristics through metadata that contains
properties of models; and addition of referents to the ontology. There are benefits and drawbacks for both methodologies, and further investigation is needed
to test the usability of both methods. Particular focus will be given to the possibility of switching between the two representations of interfaces, where
relationships between visual and conceptual semantic information can be
explored. Moreover, adaptive use of information results in the discovery of new
knowledge, and ontologies are extendable, providing users with a capability to
change, add, and delete information. As this new information is created, investigation into ontology restructure and adaptation is the next step of the
research.
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