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Abstract

‘Collaboration is an important aspect of the architects’ education.” (Kalay, Jeong 2001). The
teaching of architectural design is facing with increasing urgency those aspects of the peda-
gogy related to the collaboration within the learning activity. The legacy of design as problem
solving has been to consider collaboration a problem of effective communication where massive
amounts of data must be shared among heterogeneous participants. Therefore, achieving in-
teroperability among different CAD systems by way of organizing efficient databases has been
the core research issue. The initial effort started with standardizing product descriptions includ-
ing geometric information and constructing databases to organize them. The underlying theo-
retical assumption of these efforts is that a building is a product composed of the heterogeneous
products.

This assumption has been relatively valid and even successfully realized in several related indus-
tries, such as the automotive and shipbuilding manufacturing industries. However, the building
and construction industry continues to lag behind in this development because constructing a
centralized product database has turned out to be not feasible because the shared database
quickly becomes too large and unwieldy to support the dynamic process of multi-disciplinary
collaborative design.

In contrast to the failed centralized database model, we propose to develop a distributed model,
where each domain of expertise retains its own data in the form most appropriate for its needs,
and where ‘intelligent’ filters translate data into and from a neutral data structure. The discipline-
specific filters will transform the neutral representations into semantically-rich ones, as needed by
their domains of expertise. Conversely, they will translate semantically-rich, domain-specific data
into a neutral representation that can be accessed by other domain-specific filters. To the par-
ticipants, therefore, the data they see will appear semantically rich, even when it was generated
by another professional, thereby facilitating a high level of shared understanding. We also de-
velop a computational methodology that will prove that computer-analyzed and generated design
suggestions can actually help designers to achieve their goals better and/or faster. It will also let
them know ahead of time what will be the implications of their proposed actions, as seen from
other participants’ points of view. Once the participants contribute their knowledge to the repre-
sentation, it would be possible that each of them could see the other’s point of view.

The dynamic and semantically-rich representation would allow incoherent/favorable situations
to be highlighted and managed in real time and the participants to make alternatives reflecting
their intents more effectively. The impact of a network-based collaborative design transforms a
hierarchical/linear partitioned process into a distributed and interleaved one. In the filter medi-
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ated communication model, the participating professionals can affect one another bi- or multi-
directionally.

We propose the filter mediated communication model and its process to reflect the character-
istics of multidisciplinary collaborative design without sacrificing human-centered aspects, and
to solve real-world collaboration problems by focusing on a semantically rich representational
method at three different levels that are mediated by intelligent filters. By fulfilling the discussed
tasks, the experts from different disciplines participating in an AEC project are expected to bet-
ter understand the dynamic process of design, to achieve a high level of shared understanding.
and to facilitate the onset and dissemination of creative ideas.

Introduction

The legacy of design as problem solving has been to consider collaboration a problem of effec-
tive communication where massive amounts of data must be shared among heterogeneous
participants. Therefore, achieving interoperability among different CAD systems by way of organ-
izing efficient databases has been the core research issue. The initial effort started with standard-
izing product descriptions including geometric information and constructing databases to organ-
ize them. Following the standardization of product model data, Eastman (1991) proposed En-
gineering Data Model (EDM) to manage heterogeneous information carried by different design
and engineering applications.

The underlying theoretical assumption of these efforts is that a building is a product composed
of the heterogeneous products. This assumption has been relatively valid and even success-
fully realized in several related industries, such as the automotive and shipbuilding manufactur-
ing industries. However, the building and construction industry continues to lag behind in this
development (Tolman 1999). In the following sections, we will examine the Building Product
Model (e.g., ISO-STEP, IAI-IFC) and its problems, and discuss the Filter Mediated Communica-
tion Model as an alternative approach.

Building Information Modeling

Building Product Models

In the 1970s, the National Institute of Standards and Technology (NIST) proposed a standard
for the exchange of massive geometric data, called the Initial Graphics Exchange Standard
(IGES), which defined a neutral data format as the lowest common denominator among CAD
systems that use it. While IGES has been developed and maintained by a governmental agency;,
Data eXchange Format (DXF) has been developed by Autodesk in order to meet customers’
needs. The technical objective of this approach is to transfer one CAD system’s data to an-
other and vice versa through the least amount of data extracted from available CAD systems
and other engineering applications. However, as CAD systems grew more diverse and sophis-
ticated, this approach soon revealed its limitation. The most notorious problem is that when one
application’s data is translated into one of the neutral file formats, the translated data is no
longer consistent with the original data because it loses the semantic information which was
relevant to the application.
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The complexity of the file formats is another problem. Both IGES and DXF require solid profes-
sional programming skills to understand and manage. These weaknesses were not easily cor-
rected so that searching for a new method was accelerated. With this motivation, the Interna-
tional Standards Organization (ISO) developed an international standard in 1984, known as the
Standard for the Exchange of Product Model Data (STEP) for computer-based description and
exchange of physical and functional characteristics of products throughout their life cycle, inde-
pendent of any particular system. A product model is an information model that implicitly contains
data regarding form and function of a product and aims at describing the targeted product
through its life cycle. A building product model is an example of a product model in the AEC
industry, which can describe the form (e.g., geometric information and its relationships) and
function (e.g., energy performance) of a building through its life cycle. Recently, these efforts
were reincarnated as Building Information Modeling (BIM) driven by several CAD system vendors
(Autodesk, GraphiSoft, Bentley, etc.).

Industry Foundation Classes

The newest and largest effort is collectively known as the Industry Foundation Classes (IFCs),
published by the International Alliance for Interoperability (IAl) in 1995.

The IFC is an open and non-proprietary data model specification in the AEC industry represent-
ing a fixed set of objects commonly used for the built environment. IFCs are used by computer
applications (not intended for humans) to assemble a computer processable model of the facil-
ity that contains all the information of the parts and their relationships to be shared among project
participants.

The philosophy of the IFCs is to electronically represent all possible aspects of a building including
products (e.g., doors, walls, fans, etc.) and abstract concepts (e.g., space, organization, process
etc.). These specifications represent a data structure supporting an electronic project model use-
ful in sharing data across applications. Each specification is called a ‘class.” The word ‘class’ is
used to describe a range of things that have common characteristics. For instance, every door
has the characteristic of an opening to allow entry to a space; every window has the characteris-
tic of transparency so that it can be seen through. Door and window are names of classes.

The classes defined in the IFCs model can be used in designing a structure, in costing and
scheduling, in providing critical data appropriate for contractors and subcontractors, in evaluat-
ing energy performance, or allowing facility managers and building owners to access data
pertinent to their business.

Problems and Limitations of BIM

For the past few decades, it appeared that such product models could serve the purpose of
collaborative design. Eastman (1997, 1998) proposed a universal building model, which was an
attempt to support multiple designers using different applications forming an effective multi-user
collaborative design environment. It is based on a central model that can be either partially or
entirely shared by participants, and specific design ‘views’ which are defined as units of or-
ganization specific to each participant.
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Although his approach supports different views, it is focused on converting and updating the

integrated model from multiple sources at the level of the applications themselves into a gener-

alized description of the entire building. Eastman’s, and other centralized data models, were well

defined and tractable enough to support a limited number of participants. However, the complex-

ity of the architectural product has generated more problems than the shared data model could

solve. The IAl have also identified the most time consuming aspects of their IFC definition prob-

lems as follows (Wix et al.):

e Ensuring as wide an agreement as possible within the industry on semantic definitions.

¢ Obtaining model reviews, handling the issues that result from review and ensuring that issues
resolution is open for all members to see.

* Integrating all domain developments into a single model that is internally self consistent.

e Ensuring technical consistency across the whole of the model and all of its supporting
documentation.

e Providing guidance to implementers to ensure minimum ambiguity within the model.

¢ Developing the necessary testing mechanisms to ensure that there is a means of guarantee-
ing compliance of software with the objectives of IFC design.

The listed difficulties would be true of all the integrated model approaches. It has become clear
that a single data model would not be able to serve all the requirements of all the participants.
In addition, the sheer magnitude of the combined data often exceeds the capability of its man-
agement by any one domain. Although an integrated model was expected to achieve interoper-
ability among different domains of expertise, it actually exacerbated their fragmentation and the
symmetry of ignorance.

The nature of architectural design has proven to be an obstacle to the kind of utopianism em-
bodied in the data-centric approach. It can be likened to the making of a puzzle, where design-
ers search for individual solutions (spatial, structural, material, economical, etc.) that can fit to-
gether in some spatio-temporal context. It is an iterative, dynamic process, where propositions
are made and tested against goals and constraints that are both internal to each domain of
expertise, as well external to them (i.e., originating in other domains).

Filter Mediated Communication Model

Rationale

When the participants in a design process make decisions and negotiate with one another, they
use their own representations, knowledge, methods, and resources. Take three participants in
the design of an office building: an architect, a structural engineer, and a mechanical engineer.
The architect designs an initial layout and one or more lists of requirements and constraints,
using his own representational methods. The architect “publishes” the drawings in a way that
can be “read” by the structural engineer. Based on the architect’s input, the structural engineer
designs the structure of the building using his own knowledge and method of representation.
The structural or mechanical engineer most likely will review the architect’s drawings first, and
design the structure or HVAC using structural or energy codes and standards as well as his own
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disciplinary tool. Once his design is ready, the engineer “publishes” his design. However, if he is
unable to design within the range of the architectural drawings, the participant will ask the oth-
ers for modifications. This scenario is, of course, only a brief description of a rather lengthy and
iterative process, highlighting only three of the many participants. It can be easily complicated
by adding more participants. However, it sufficiently shows how each participant in the process
alternates between their ‘private’ representations, used during their own, internal design process,
and the ‘public’ version which they ‘publish’ for the benefit and use of the other participants.

The core of collaboration arises when all the actors can see the different views within the struc-
ture of the product’s model as a whole, analyze their inconsistencies, understand each others’
reasons and see their effects on the whole as well as on their view, evaluate others’ proposals,
assess the possible trade-offs, and eventually modify their own view.

This kind of process has to be directly interactive, in order to allow what can be called a “mute
discussion”. Two requirements are therefore requested: a complex representation of the shared
model, structured by views and including objects and mutual relationships; a means to mediate
a confrontation among different (or concurrent) ideas of the different actors. The representation
of the product’s model as a whole in the SDW is thus a complex one, as much structured as
possible, and in the meantime must be poor enough (“lean” model) to be understandable by all.
To allow the process to be truly collaborative, modifications should be targeted and real-time
interactive, mainly in the "creative” moments; any actors may well not know why another one
has done a modification but they certainly have to understand the effects, mainly for what they
are concerned.

We assume a kind of ‘filtering’ mechanism mediates between the private (domain-specific)
workspace and the shared public workspace. This filter strips the published version from each
of the participants’ private notations, sketches, calculations, and other design representations
that the participant uses during the design process, and which would be of no use to the other
participants. A similar but inverse filtering occurs when each participant receives the input gen-
erated by the others, and interprets and translates it into their domain-specific representation.

We contend that it is this ‘filter’ where much of the essence of collaborative design resides. It is
the process which adds disciplinary knowledge to input received from other participants, and
which makes each participant’s own discipline-specific representations easier to comprehend
by the others (much like a perspective drawing is a form of representation that makes it easier
for the client to understand the architect’s design). The ilter’ is thus a bridge between the private
workspace of each participant, and the public, shared workspace. In the public space, the
object level of information exists, which includes geometric and non-geometrical data as well as
semantic data attached to them. In the private space, there exist two levels: the conceptual and
the mechanical level. The participant’s tacit knowledge and beliefs are in the conceptual level.
In the mechanical level, ontology (a formal specification in the conceptual level), value systems
(the subjective and disciplinary value in which each expert views the performance of the product),
and various tools exist. The filter mechanism operates on top of these two levels.
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This approach matches conventional multi-disciplinary design processes. In conventional design
processes, such ‘filters’ are the knowledge used by each of the participating professionals. It
differs from the data-centric models of collaboration in that it uses no centralized database.
Rather, the project data is a collection of the individual contributions of the participants. If any
one of the participants wishes to see data produced by another participant, they have to retrieve
the relevant information from that participant then translate it into its own representational form
within its own workspace. The entire project can thus be regarded as a compilation of each
individual’s own representations. It comes from the interleaving, of the ‘filtered’ private views
linked by their mutual relationships.

Each one of the participants is responsible for authoring their own representations, and for re-
trieving the latest version of the design produced by the other participants. At any stage, but at
the very end of the design process, each contribution can be incoherent, thus the solutions
displayed in the shared workspace can be inconsistent both inside and among themselves. The
role of the ‘filter’ is to facilitate the participants work, mediating their different representational
forms and supporting the integration of their individual contribution on the shared product.

Ontology as an Extended Representation

The filter operates as an autonomous entity — an agent — that can take on partial responsibility
for exchanging information with other computational or human experts who have domain-spe-
cific knowledge. To do so, the filter uses its own built-in domain-specific knowledge. That
knowledge is represented as an ontology — a concept borrowed from philosophy and given a
specific technical meaning in computer science. An ontology is a formal, explicit specification of
a shared conceptualization: a common vocabulary and model of some concept or entity (Gruber
1993). An ontological framework can be used by a set of actors (humans, software applications,
artificial agents) so that they can communicate about the domain of discourse without neces-
sarily using a globally shared theory (Katranuschkov, 2003). In the context of the AEC industry,
an ontology can define a set of representational terms in some knowledge domains (architecture,
structural engineering, mechanical/ electrical/plumbing, construction, etc.).

These definitions associate the entities of the domain of discourse (walls, doors, columns, beams,
joints, bearing structures, and the like) with human-readable text describing what these entities
mean, and formal axioms that guide and constrain the interpretation and the use of the terms.
Thus, an ontology adds to the descriptive data logical statements about the nature of the de-
scribed entity itself. For example, if a data model describes a door in terms of its geometry,
material, cost, and other descriptive parameters, an ontology of doors adds concepts like con-
trolled passage, lockability, and the (necessary) relationship between a door and the wall in which
it is embedded. This expanded description provides a common vocabulary that defines mean-
ingful queries and assertions about the represented entity (e.g., does the door retain its ‘doorness’
when it is disassembled from the wall in which it is embedded, and used as a table top?).

To be more explicit, let us consider what may happen when information about a door is needed,
for example, to check its code compliance for fire egress. In a data-centric (e.g. IFC-based)
environment, this information would be stored in a shared project repository as a DOOR object
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and a number of related resource objects, such as MATERIAL, PROPERTIES, SHAPE, etc. An
appropriate query can easily be formulated, even answered. However, the answer might be
meaningless, if the door is not located in a wall, or it is locked or blocked and cannot afford
egress. In contrast, the ontology approach would allow us to define the concept of a door fully,
in a manner that does not depend on the ‘intelligence’ of applications that use it. It would provide
the sufficient means to execute operations on door objects, and interpret the results of these
operations correctly. Furthermore, it would be possible to define the ‘door’ object itself for a
specific context. Any geometric object with specific properties including performance can be
regarded as a door (Figure 2).

The door ontology describes not only geometric/non-geometric information, but also the se-
mantics, which enables to retain the underlying ideas. According to the semantics of the door
ontology in Figure 2, a door can retain its doorness only if it is embedded in the specific wall.

To fulfill its desired function as a means of high-level communication among the participants in
an AEC collaborative design project, the filter must behave in an intelligent manner. It must
operate both at a syntactical level (i.e., allow different applications to read the data), as well as
on a semantic level (i.e., convey the ontological meanings associated with the data). More spe-
cifically, we have identified two different levels of communication in the object level:

e Semantic level — expressing ontologies and relations (internal or external mappings) for a

particular domain.
e Syntax level — machine-processable format, such as XML.

Semantic Level

The semantic level is the first step towards inter-domain commmunication. It adds to the object
data the conceptual ontology that any one domain expert may take for granted, but which would
be viewed differently by another domain expert. It thus provides a more explicit, but abstract
way to describe information, encapsulating both conceptual and domain-specific data models.
The conceptual models may include elements such as generalization, aggregation, and cardinal-
ity constraints about the objects (e.g., that a door is a kind of opening and belongs to a spe-
cific wall). The domain models deal with vocabularies defined by domain-specific ontologies,
such as architecture, structural engineering, mechanical engineering, and general contractor to
name a few.

This level fulfills the most important role in the filter model: adding semantically-rich information
that can be interpreted correctly by different domains of knowledge. As an example, consider
the design of a house. The plans produced by the architect include objects such as walls, rooms
and openings. The structural engineer must interpret the plans, retrieving the meanings of the
objects it contains. However, the structural engineer’s interpretation is often different from the
architect’s: He uses different vocabularies, such as “bearing walls”, “partitions”, and “frames.”
The structural engineer may, therefore, begin his task by translating the objects from the architect’s
representation into his own objects, creating a totally different representation of the same floor
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plan. The architect will have to go through a similar process when he receives the structural
engineer’s drawings.

The proposed filter mechanism will automate this interpretive/translation process, using the
semantics associated with each object that comprises the plans. It will interpret, add, or omit
data as needed by the domain expert. For example, the structural engineer’s filter will interpret
architectural WALL objects as LOAD_BEARING or NON_LOAD_BEARING objects, without
burdening the architect’s representation of the same data. With the addition of the suggestion-
based applications, which will be discussed later, the architect may be alerted when he tries to
modify a wall designated LOAD_BEARING by the structural engineer, but the data describing
the wall’s specific load bearing properties will be hidden from him.

This process requires that some or the whole of participants share a level of ontology to be able
to discuss about the same objects or concepts, as for instant the WALL of the previous exam-
ple: this entities have to exist in more than one domain and they have to share part of their
definition.

Syntax level

This level is intended to provide a common standard for exchanging data. We propose to adopt
eXtensible Modeling Language (XML) as a common syntax. The main task, therefore, would be
to tag each object using appropriate XML tagging. The tags alone will not carry meaning unless
they are connected to ontological information that is stored in the semantic level. Given a com-
mon syntax, given the participants share a level of project-independent ontology, the access to
multiple views is possible only if each of the participants defines explicitly both his internal and
the external connections to the ontological information. The filter mechanism will support this
design operations facilitating the participants in building their own semantic structure and “sub-
scribing” some relations to the others.

Communication Modes

In terms of computer networks, there are two common models of computer networking: the
client-server model and the peer-to-peer model (Barkai 2002). In a client-server model, the client
(the user’s computer) makes requests of the server to which it is networked. The server, typi-
cally an unattended system in a back room, responds to and acts on the requests. Data-centric
approaches usually use this model. On the other hand, the idea behind the peer-to-peer model
is that each ‘peer,’ i.e., each participating computer, can act both as a client and as a server.

The notion of decentralization is directly applicable to this model. Figure 3 shows the filter me-
diated communication model with published data contributed by each participant. Pure peer-
to-peer computing has no central server and router, and peers in this network act as clients and
servers. Hybrid peer-to-peer has a central server that keeps information on peers and responds
to requests for that information. Peers are responsible for hosting the information, letting the
central server know what information they want to share and for downloading its shareable re-
sources to peers that request it.
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Two communication modes
pure peer-to-peer (a) and hybrid peer-to-peer (b)

The major advantage of peer-to-peer models over the client-server model is that we can reduce
the size and complexity of the centralized data and even eliminate centralized control over the
data, which is expected to overcome the problems of the data-centric approach discussed
earlier. For practical purposes, we adopt the hybrid peer-to-peer model for filter communication.
This is because in the pure peer-to-peer model, peers may spend much time and effort to find
other peers and their resources. The shared data includes general information on peers, agree-
ments on how to describe ontological specifications for the specific domains, and the latest
version of each participant’s published data.

We regard each participant’s filter as a peer in the filter communication. When the filter obtains
a connection established between the server which has the shared data, it examines the consist-
ency of its maintained published data. First, it will publish the latest detected version of each
participant’s data. Second, if it detects inconsistency between the published data and the private
data, it will update its published data. Since each participant’s private data is dynamically changed
in the course of the design, the filter will update its own published data when it is requested to
provide information by other filters.

When a participant’s filter connects to the server in order to retrieve the published data created
by other participants, it will immediately establish a special relationship called “subscription.”
This will facilitate communication among filters. If the filter subscribes other published data, it will
constantly check all new information on the published data so as to notify the participant and
respond to the changes in an appropriate way. Although there are some changes to the published
data in which the filter is interested, they may be able to be ignored if they do not affect the
project significantly. For this purpose, the filter has a mechanism to specify interest criteria to
determine whether the changes are relevant or not.
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Participant-oriented representation of an object

For example, if the architect has subscribed the structural engineer’s design and he is interested
in the diameter of columns, he would specify an interest criterion (e.g., if the diameter exceeds
10, then notify me). Based on the criterion, the architect’s filter will not notify until it violates the
dependency.

This distributed communication model envisions the filter mediated communication model in two
ways. First, it is an implementation of the notion that each individual’s own representations
comprise the entire project and they are responsible for producing their own representations.
Second, when each individual’s filter receives others’ published data which it does not understand,
it asks others’ filters for ontological information connected to the published data.

Discussion

Participant-Oriented Representation

Every participant creates their own objects by specifying geometric and non-geometric informa-
tion as well as ontological information (or semantics). Consider that the architect designs a
building with his own objects. In the schematic design phase, his objects would be generic in
that they only describe the function or performance and some of the simple geometry specific
to that object. It would be used to define spaces, enclosures and openings while he develops
some architectural plans of the building. In the course of subsequent phases, more detailed
specifications could be determined and added to the objects. For example, a door in the pre-
liminary design phase would be used to define an entering point to analyze circulation. At this
point, no specifications are needed. The color, material, finish, sound, fire-rating, and price might
not be taken into account. In the design development, the architect publishes the plans and the
same door object would be specified in more detail by the participating vendors. Figure 4 shows
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a participant-oriented representation of the architect’s door incrementally enriched by the
pieces of the other participant’s descriptive knowledge. As shown in the case study, a struc-
tural member would be treated in the same way. In the schematic design stage, it would be
modeled as a generic object. With time, the member would be more articulated and properly
dimensioned with the help of the structural engineer. Once the participants contribute their
knowledge to the representation, it would be possible that each of them could see the other’s
point of view. The dynamic and semantically-rich representation would allow the participants to
make alternatives reflecting their intents more effectively, which eventually leads to a state of
shared understanding.

Distributed and Interleaved Communication

As discussed earlier, the impact of a network-based collaborative design transforms a hierarchi-
cal/linear partitioned process into a distributed and interleaved one. where the sequence of inputs
is not pre-determined, but rather opportunistic. In the filter mediated communication model, the
participating professionals can affect one another bi- or multi-directionally. It means that op-
portunities can be recognized and acted upon in time to make the most of them, and problems
can be spotted earlier, when they arise, because more specialists will have access to the evolv-
ing product: they will not have to wait their turn to be consulted, at which time it may be too late
to recognize an opportunity or to avoid a problem.

Figure 5 shows that each participant has their own model which is relevant to each stage of the
project, where the continuous line indicates the bidirectional relationships mediated by the filters
and the dashed line illustrates their contribution to the design process. The continuous interac-
tion among the actors and/or their filters, allows incoherent/favorable situations to be high-
lighted and managed in real time, and may facilitate the onset and dissemination of creative
ideas.

The participants do not have to share a large and heavy integrated model. Rather, their intelligent
filter will access the information in the object level (geometric/non-geometric information and
ontologies) which resides at its own location and translate it into their own representation using
user-defined ontologies.

They would fill the gap between the heterogeneous representations preserving semantics as
long as they are based on the syntactical agreement (e.g., XML). While producing and consum-
ing the information, the participants and their filters construct a “knowledge chain” in which
subassemblies of the information are passed from one filter to another, each one contributing
its own piece of knowledge.

We propose the filter mediated communication model and its process to reflect the characteristics
of multidisciplinary collaborative design without sacrificing human-centered aspects, and to solve
real-world collaboration problems by focusing on a semantically rich representational method at
three different levels which are mediated by intelligent filters. By fulfiling the discussed tasks, the
designers from different disciplines participating in an AEC project are expected to better understand
the dynamic process of design, and achieve a high level of shared understanding.
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Figure 5 Discipline
The filter mediated communication model
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