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Abstract: Decision support in conceptual design relies on the formalization of knowledge that is often approxi-
mate and ill-structured. We present a building information system that provides decision support in the early 
phases of architectural design, with a focus on the development of a building's load-bearing system. Common 
methods to represent relevant information in structural engineering are discussed and related to developments 
in knowledge representation and artificial intelligence. The implementation of various prototypes using an 
XML-based design ontology is described. 
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1  Introduction 
Structural design is a creative process carried out by 
specialized engineers in close cooperation with ar-
chitects and other planners. Numerous influences 
and sets of boundary conditions have to be consid-
ered, resulting in the development and evaluation of 
several design solutions and variants of these solu-
tions.  

Information in the early design phases is largely 
approximate and not exactly defined. This is also 
reflected by information representation during 
conceptual design, which is still dominated by verbal 
descriptions, sketches and drawings, both digital and 
on paper.  

Most often these representations cannot be inter-
preted automatically by computers, the semantics of 
the content require human interpretation. Due to lack 
of time, only few variants can be thoroughly ex-
plored during the conceptual design phase. 

Since it is desirable to reuse existing design 
knowledge (e.g., from previous design solutions), the 
development of methods to record the decision-
making process is required. With additional methods 
to retrieve and evaluate these processes, it should be 
possible to develop a greater variety of concepts and 
possibly gain more time for the investigation of in-
novative design ideas. 

The notion of reusing different kinds of design 
solutions and ideas is widespread in architectural and 
structural design. Reusable design knowledge may 
be comprised of both standard design cases and spe-
cialty component solutions that have been success-
fully employed in a previous project. 

As the use of object oriented methods and pro-
duct modeling becomes more and more popular, 
today's information technology is maturing enough 
to adequately support engineers and architects in 

case based design tasks. 
The application of object oriented techniques 

such product modeling in CAD, however, requires 
clearly defined solutions for a design case, and all 
object parameters to be specified at a rather high 
level of detail. Consequently, common product mod-
els like IAI/IFC can be better employed during later 
design phases (see 2.2 Building Product Modeling), 
in which construction details are developed. 

Moreover, the specialized object hierarchies of 
product models rarely resemble the terminologies of 
engineering practice. Although the objects and rela-
tions used in the product model are hidden behind 
advanced graphical user interfaces, problems can 
arise from this mismatch between the semantics of 
human and computer taxonomies. 

Derived from a philosophical context, the term 
ontology is used in computer science to describe a 
system of domain concepts and their relations. An 
ontological approach can be used to model the 
semantics of a domain with logical statements suit-
able for computer representation – but in a way that 
is still close to the human understanding of that do-
main. 

In our work, we examine the use of ontologies in 
order to model knowledge about the load-bearing 
behavior of buildings. With a focus on early design 
phases and conceptual planning, we try to develop 
methods to synthesize new load-bearing structures 
by reusing components of previously analyzed 
existing structures. To achieve a scalable level of 
detail for developing new structural designs, we have 
also been investigating  potential means of convert-
ing these conceptual models to standardized product 
model formats so that they may be reused in existing 
software applications. 



A decision support system that provides informa-
tion about generic design cases and built structures 
could aid the process of early structural design and 
facilitate the creation of alternate solutions.  

We describe decision support in an information 
system that enables the classification, storage and 
retrieval of available knowledge representations of a 
domain – in our case, structural engineering. Design 
knowledge is represented in a case base that contains 
both generic standard design solutions, and special-
ized design cases that have been constructed in real-
ity. Each design step can be defined by criteria that 
may be used to constrain the set of applicable design 
cases. 
 
 
2  Objectives and Methodology 
 
2.1  Data and Information in Architecture 

and Engineering 
Data can be defined as the “record of properties of 
arbitrary entities, (...) not bound to any specific 
system” or, regarding criteria, as “accuracy, preci-
sion, semantics and so forth (...) Data becomes 
information as soon as it is found to be relevant by 
any operational system.” [1]. 

Design in the domain of structural engineering – 
as well as in architecture – requires information of 
many kinds (textual, graphic, geometric, topological, 
geographic, etc.) to describe different aspects of the 
designed building, such as its shape, extent, location, 
orientation, or topological relationships of spaces 
and components. Although much information is al-
ready available in the form of digital documents, 
there is still the need for human interpretation of 
these documents [2]. 

Available design information can be classified 
according to its data quality [3]: 
• structured data might be represented by attribute-

value pairs, relational tables, and/or object-ori-
ented structures; 

• weakly structured data in the form of word-proc-
essing and spreadsheet files, or drafting-oriented 
CAD data; 

• raw data (e.g., raster images, graphics, audio or 
video files).  
Computer-aided design (CAD) in everyday prac-

tice is still often used more as a drafting board re-
placement, rather than in a truly object-oriented 
manner. Thus the acronym “CAD” might be more 
appropriately translated as computer aided drafting 
rather than computer aided design. Even when the 
designer employs object-oriented techniques such as 
product modeling in CAD, the tools available require 
clearly defined solutions for a design case, since all 
object parameters have to be specified at a rather 
high level of detail. 

Another family of classic software applications 
for structural engineering includes calculation tools 
and software for frame or finite element analysis. 
The calculation results of these programs are of great 
importance for dimensioning the final design solu-
tion. Nevertheless, tools for conceptual structural 
design that work with approximate values are few 
and far between.  

A major step towards providing better structured 
data, as well as facilitating data exchange and inter-
operability, has been taken in recent years by the 
development and adoption of the Extensible Mark-up 
Language (XML), which is a text-based format for 
the structured description of data.1 It is also possible 
to define the logical structure and (to some extent) 
the semantics of documents by using Document 
Type Declarations (DTD), or so called XML Sche-
mas. Since it is a text-based and, therefore, both 
human and machine readable language, a longer life 
cycle can be expected for the information contained 
in XML documents than in application formats. 

Many recent versions of software applications 
used in building design support the export of XML 
data and can thus be used to convert older files. 
XML mappings of product model schemata (cf., 
following sections) either already exist or are cur-
rently being developed.  
 
2.2  Building Product Modeling 
An important effort to make architectural design data 
interpretable by computers has been made in the area 
of product modeling. Hereby not only the geometry 
of a designed object is modeled, but also all proper-
ties of the product that are relevant to all parties 
involved in the design process throughout the entire 
product life cycle.  The modeled aspects may 
include, for example, material and other physical 
properties or information about costs and labor. 

Product models can facilitate the communication 
and exchange of design data between the different 
parties involved in the design process. In combina-
tion with modern networking technologies, product 
modeling enables new levels of interoperability 
between the professions involved in the design and 
construction of buildings. 

The International Alliance for Interoperability 
(IAI) was founded in 1995 to improve software in-
teroperability in the AEC/FM industry (Architecture, 
Engineering, and Construction / Facility Manage-
ment). The developed product model, the Industry 
Foundation Classes (IFC), is nowadays supported by 
several important software manufacturers in the 
sector. 

Due to the high complexity of product models 
like the IFC and the fact that handling such complex 
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data models containing hundreds of different object 
types can be error-prone, there are still substantial 
difficulties in both implementing and applying them. 
Furthermore, it is virtually impossible to define 
design objects as long as their details are not exactly 
known. This complicates the application of classical 
product modeling during early phases of the design 
process, where the definition of design properties is 
still sketchy and imprecise. 

Current implementations of product modeling 
concepts appear to focus mainly on data relevant to 
business processes, e.g., for facility management or 
construction controlling. Also well supported is the 
detailed description of elaborated designs, though 
not their conceptual development. Although struc-
tural design data is included in some models, the use 
of product model data is not yet common in struc-
tural engineering. 

In contrast to the described implementation and 
application efforts of static product models like the 
IFC, there are research efforts to propagate the use of 
more dynamic data models, especially in the area of 
conceptual design [2],[4]. These approaches esta-
blish less complicated object types in the form of 
application-oriented meta-classes, which enable dy-
namic definition of domain concepts. 

 
2.3  Classification and Ontologies 
In order to retrieve design objects by specifying cer-
tain criteria, a knowledge representation system 
relies on taxonomic classification of its contents. 
Classification and a common vocabulary is also 
important to improve communication between pro-
fessionals, as well as to ensure that the technical ter-
minology is applied consistently. 

Common approaches to taxonomies are related to 
hierarchical library classification systems. Several 
national and international standards have been 
developed according to this approach (e.g., ISO/TR 
14177, ISO 12006-2, BSAB 96, SfB) [5],[6]. Since 
designers from distinct AEC domains (especially 
architects and structural engineers) have different 
views of the design object, their classification pri-
orites may diverge considerable. Agreement on a 
common, strictly mono-hierarchical classification 
system is even likely to be counterproductive. 

Therefore, from the designer's point of view, the 
need for classification also results from the necessity 
of a semantically well-defined vocabulary that can 
be used by all design participants. This calls for the 
development of an ontology that models design 
knowledge and information, while it semantically 
defines a common terminology. 

The term ontology originates from philosophy 
and denotes "a systematic account on the nature and 
the organization of reality" [3]. In the field of arti-
ficial intelligence, the concept of ontology stands for 

a system for representing domain concepts and their 
linguistic realizations by means of basic elements. 
With respect to design issues, “ontology defines the 
semantics of what is known about the design domain 
that the ontology covers” [3]. 
The combination of a design ontology with a simple, 
property-oriented product model appears to be a fea-
sible approach for building the core of a knowledge-
based system that incorporates decision support. 
 
2.4  Ontological Decision Support 
The development work described in this paper 
intertwines various lines of research activity with the 
teaching activities at the author’s university under 
the heading of an integrated project titled “archi-
structura: Media Development System for Building 
Science and Structural Design.”2 

The overall archistructura concept encompasses 
the following three main application areas, which are 
being developed in parallel: 
• design aids – structural design support for archi-

tects and engineers, 
• study aids – courseware and accompanying learn-

ing resources, as well as 
• buildings – a database of documented design 

precedents with integrated case studies 
[4]. 

Several hierarchical taxonomies for the classifi-
cation of buildings and their load-bearing systems 
were developed in the context of the archistructura 
project. While these taxonomies served well for sim-
ple classification purposes in the growing building 
collection, their strict hierarchical structure did not 
prove to be flexible enough to support the projected 
extension of the system towards an explicit decision 
support applications. 

An important original aim of the archistructura 
initiative was to support product modeling. We 
stated earlier (cf., 2.2  Building Product Modeling) 
that classical product models tend to define rather 
complex object hierarchies, and demand a variety of 
highly detailed data in order to establish design 
entities. Product models for conceptual design 
phases, in contrast, call for more flexibility and the 
ability to handle ill-defined and qualitative data. 
Such models are described as a “semantic model of 
conceptual entities and their relationships” [8]. It is 
also stated that these models “should support user-
defined model object classes and re-classification of 
model object instances,” thus being flexible enough 
to allow changes of the classifying ontology system 
during its development [4]. 

Based on these requirements, we started to de-
velop a simple “meta-product model” to avoid the 
drawbacks of standard product models, namely the 
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specification of a high level of detail and complexity. 
In order to establish fundamental representations 

of design objects, we established a main object type 
called design item (Fig. 1). These objects represent a 
“design” in the broadest sense of the word, ranging 
from a complete building design to the specification 
of such component details as the cross section of a 
beam. 

 

 
Fig. 1: Meta-objects used to define the ontology. 

 
Each design item can link to one or more other 

items representing design tasks that may be specified 
as defining a design at a higher level of detail. Hier-
archical structures can be outlined for design items 
that include inheritance mechanisms comparable to 
those in object oriented programming languages. 
Thus it is possible to model relationships such as 
system → load-bearing system → simple load-bear-
ing system → girder → ... (where the operator “→” 
can be read as “is a generalization of”).  

This means that the designer can draw a decision 
on a higher – rather abstract – level (for instance, the 
decision “I will need a load-bearing system”) and 
evolve the more detailed decisions in other design 
items, which describe the intended design more pre-
cisely. Alternatively, a comparatively detailed deci-
sion may be established at early stages of the design 
process (for example, “I choose a beam as my main 
load-bearing system”). 

The described hierarchical relations between 
design items is realized by referencing the ancestors 
of an item. This allows the structuring of hierarchies 
with multiple inheritances, which is much more 
flexible than strict mono-hierarchies. A design item 
can thus have several parent objects (ancestors), e.g., 
a truss might be found as a child object of both beam 
and latticed component. 

Design items are essentially classified by speci-
fying their characteristic properties as design crite-
ria. Such criteria can also be seen as the questions 

that need to be answered at the applicable stage of 
the design process as represented by the respective 
design item. The objects that can represent a design 
item's criteria can be either other items, or – espe-
cially at higher levels of detail – values, ranges of 
values and/or simple formulas for preliminary cal-
culations.  

The transition from one design item to another, 
reasoned through interpretation of criteria by the 
user, represents a design decision that may require 
resolving a sub-design task. 

A simple inference mechanism was included 
which allows chains of criteria to be evaluated with 
respect to purpose. Constraints and obligatory values 
(e.g., for simulation) are checked by traversing an 
item's ancestors and other criteria.  

Depictions can be specified to render a given de-
sign item for the user. These can consist of descrip-
tive terms, pictures, descriptive texts, or other media 
(e.g., CAD or multimedia files). With this mecha-
nism, any files that were relevant in a design process 
can be archived and kept available to guide subse-
quent decisions. 

Although a predefined ontology covering the core 
domains of architecture and structural engineering is 
provided, this ontology can always be comple-
mented, changed, and refined by its users. Certain 
generic cases are included, representing standard 
applications and design solutions. New cases or 
adaptations of existing ones can be added to the 
database structure. 

Evaluation of constraints, feature combinations, 
and other aspects of the given ontology is left to the 
implemented application logic. Thus it is possible to 
react differently to specially defined criteria that are 
applied repeatedly in a variety of design contexts 
(such as, for examples, units or other dimensional 
properties). 

 
 

3  Implementation 
The archistructura building information system was 
developed within an XML-based web development 
framework (Apache Cocoon3) in combination with 
eXist4, a native XML database. Among the benefits 
of using an XML-based framework are the long-term 
persistence of the developed information and the 
flexibility of the data model, which proved ideal in 
prototyping. 

In order to prove the overall concept, various 
prototype modules were developed for the desired 
integration of decision support for structural design 
purposes. The main objectives of these modules 
include ontology development and enhancement, a 
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management tool for design sessions, and tools for 
definition and preliminary calculation of structural 
systems. 

 
3.1  Ontology Editor 
The classification system of the archistructura sys-
tem was developed in a web-based tool using a tree 
structure to visualize the classification hierarchy. 
The web-based architecture proved especially useful 
when different people started working on the con-
tents of the classification, as the updated version is 
always available to every user via network connec-
tion. On this technical basis we started the imple-
mentation of a preliminary ontology editor, based 
upon XML data structures for design items and 
references between them. The functionality of that 
prototype includes the definition of all basic proper-
ties of a design item (cf., Fig. 1). 

Using this tool, a first ontology for architectural 
design tasks was developed, with a focus on struc-
tural engineering and related topics. 

As the ontology evolved, more and more entities 
had to be defined on a detailed level and the need for 
special functions arose (e.g., to constrain criteria to 
discrete values or to define a required cardinality for 
a property). In order to avoid “reinventing the 
wheel,” we  decided to fall back on existing tools 
and import the draft version of our ontology to Pro-
tégé 2000.5 This ontology editor was developed by 
Stanford Medical Informatics at the Stanford Univer-
sity School of Medicine and complies with existing 
semantic web standards (e.g., OWL and RDFS). 
Furthermore, it can be accessed by a Java API and 
thus be integrated in the existing archistructura 
implementation. This integration task is scheduled 
for the ongoing development of the structural design 
ontology. 

 
3.2  Design Session Tool 
The first application of our ontology is a simple 
decision support tool, where the user can perform 
typical steps in the design process, supported by 
rules of thumb and a selection of subsidiary design 
tasks.  

After choosing a certain starting point for the 
design process (e.g., building function, location, 
load-bearing system), the user navigates the hierar-
chy of ontology entities. Possible design steps or 
decisions are determined and displayed depending on 
the context of a specific entity. The user's choice is 
subsequently stored in the browser session. Thus a 
“decision tree” is constructed that represents the 
decision path through relevant variants. 
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Fig. 2: Input values for a pin-jointed frame and output 

of the calculation webservice 
 

 
Fig. 3: Pin-jointed frame visualization. 

 
3.3  Calculation Web Service 
As the determination of dimensions by simple rules 
of thumb is not always sufficient, additional tools 
were implemented to prepare the selected structural 
components for calculation with frame analysis 
software.  

We developed templates for a range of common 
structural systems (beams, frames, arches, etc.). 
These templates are used to dynamically generate 
input files for a frame analysis program in a common 
product model format [9]. Standard values are preset 
for parameters not yet explicitly defined at the 
current stage of the design project (e.g., standard 
load cases based on the intended function of the 
component).  
The dynamically created file can be sent to an appli-
cation server that provides a service for the simula-
tion of the component's structural behavior (Fig. 2). 



Calculation results are returned to the client and can 
be visualized three-dimensionally (Fig. 3). 

Recent developments include mechanisms for 
combining such component models in a manner that 
enables the generation of more complex simulation 
models for analyzing the structural behavior of a 
whole building (Fig. 4). 

 

 
Fig. 4: Combination of component systems to form a com-

plex load-bearing structure 
 
 

4  Summary and Prospects 
Applying knowledge based techniques is especially 
difficult in such complex domains as conceptual 
structural engineering, where many quantitative pa-
rameters are imprecisely defined and the domain 
terminology may be used inconsistently. The experi-
mental prototypes presented in this work address 
some of the problems of this area; further testing and 
integration within the context of a complex building 
information system is projected. 

The archistructura building information system is 
being developed mainly in an educational context 
(Rudy & Jaksch 2004). The described ontology shall 
be enhanced to define basic knowledge of structural 
design such that this knowledge can be made 
accessible to students via a web application that im-
plements the prototype session manager and decision 
support system. The tool will subsequently serve as a 
design aid for finding structural system dimensions  
during student design projects. 

The close dialog with students as prototype users 
and their project evaluation has already proven very 
useful in related educational projects within the ar-
chistructura context. Future developments include 
the expansion of the design ontology to other do-
mains of architecture, the application of the decision 
support system to analyze existing buildings, and the 
integration of parameterized structural components 

that can be further processed by analytical calcula-
tion tools. 
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