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ABSTRACT

Knowledge-Based System Approach to Integrated Design of Multistorey
Office Buildings at the Preliminary Stage

Mathi Ravi, Ph. D.

Concordia University, 1998

The work described in this thesis represents a significant original contribution in identifying,
acquiring, synthesising and organising design knowledge related to tall buildings. Due to the
non-formalised nature of preliminary design, no computer-based tools could be developed
using common procedural programming methods. Preliminary design stage also has the
maximum ability to positively impact the final cost of the building project. In the absence of
computer-based tools and also due to resource and time constraints, the current preliminary
design tasks are mostly restricted to exploring one or two design alternatives often
proceeding with a less than efficient solution. Therefore a computer-based design tool that
could be used by designers at the initial stages of a project to explore many design
alternatives on a comparative basis could potentially lead to better and more economical
designs than those produced without such a design tool. Preliminary design needs the
consideration of all relevant parameters affecting the product designed. For multistorey
buildings the architectural and structural design considerations are closely tied together and
in this work an integration of the two is demonstrated. Architectural planning considerations
for office buildings and feasible structural solutions are incorporated in a knowledge-base. A
model for the design system is developed that incorporates the gathered design knowledge in
declarative form which is then used to selectively generate and evaluate integrated building
design solutions. Thus part of this work is the implementation of a knowledge-based system,
Tall-D, using a development tool. Then, a methodology is devised for the testing of Tall-D
under practical conditions. External industry experts are invited to furnish completed project
designs and evaluate the corresponding designs performed by Tall-D by answering a
comprehensive questionnaire. The result is a very favourable endorsement of the many facets
of the current work as well as that of Tall-D system performance and features. The overall
thrust of this work has been to research the area of preliminary design with a view to

originating computer-based tools for this phase in engineering.
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CHAPTER 1

Introduction

1. 1 General

The designers of buildings have profitably used the computer in routine design office
chores such as structural analysis and drafting over the last three decades. This was the
result of increasing familiarity with computer applications, decreasing hardware costs
(since the 80s) as well as the availability of a wide range of application software. The
driving force was the need to increase both productivity and accuracy in designs. A large
percentage of architectural/engineering firms now have some data-processing equipment.
Even the smallest firms are acquiring computers and those with modest~ systems are
upgrading theirs. Yet the use of the computer aids so far is restricted to applications
which can be characterised as detailed design, whereas the potential to improve both the
design process and the resulting buildings is greatest at the preliminary design stage. The
reason is the major influence that preliminary design decisions have on the overall
performance as well as on the life-cycle costs of the building project. There are only few
computer-based systems available to assist in these early design tasks as opposed to the
extensive availability of tools for structural analysis, member design, detailing etc. The
reason is that the preliminary design process is typically a not so well-defined procedure,
making consequently conventional programming techniques not suitable to automate such

a process.

The knowledge-based system (KBS) approach, a derivative of research in the area of
Artificial Intelligence, provides a practical technique for computer-based decision-making

in less formalised areas, such as preliminary design. In general, applications of the KBS



approach to building engineering problems have focused on narrow domains. The reason
for this was to ensure robust system performance with relative ease given the scarcity of
affordable software environments capable of developing large knowledge-based systems.
However, preliminary building design by nature encompasses multi-disciplinary design
decisions. At an early design stage, the designer has considerable influence on the
building subsystems and each design decision affects various subsystems. In computer-
aided building design, integration therefore holds the key for improving the design
process. There are few computer-based design systems however that attempt to address

this need for integration in automated building design.

The KBS developed and described in this report is an experiment in simulating
integrated building design and consists of modules capable, on the one hand, of
assembling overall building configurations, and on the other, of developing compatible
lateral and gravity load-resisting structural sub-systems. These two areas of building
design are representative of the architectural and structural domains, and are considered

in an integrated way in the proposed computer-based design system.

1. 2 Motivation and Relevance

The motivation for the current work comes from the fact that there is great potential
for taking advantage of computers in the work place including the design office.
Computers are basically used for design at the detailed stage or for drafting. However
there is a lack of computer-based applications at the preliminary stages as already
mentioned, where there is potential for the greatest gains and impact on in the final design
and throughout the life-cycle. A research project that incorporates the characteristics of
preliminary design in order to develop a computer-based system that encompasses the
different disciplines in a practical situation, will contribute to realising some of the

unfulfilled gains in an enhanced preliminary design process.

There are numerous examples of inadequate performance in buildings that can be

attributed to deficiencies in design and construction. There is major scope for improving

1-2



the design process at the preliminary stages of design. Moreover designers can no longer
consider the different components and systems in buildings in isolation. An integrated
approach that spans horizontally among the different building engineering disciplines and
vertically in increasing detail down to the component level would be highly desirable.
Due to the complexity of such an approach and the practical limitations of manual design,
automation using computers is an obvious choice. As mentioned above, at the preliminary
design stage, the use of KBS techniques is promising to realise such design automation.
Hence in this work, an attempt is made to contribute towards improvement of the design
process by developing a computerised system that follows the KBS approach. The reasons
for selecting the preliminary phase of integrated building design as the domain and to
implement it as a KBS are many. Primary among them are:

a) The preliminary phase has a greater potential for achieving significant design
improvements than the later design phase;

b) Computer-based tools are not currently available to perform integrated design
tasks; an attempt is made in this work to account for integration issues as
these relate to architectural and structural domains;

c) The choice of the KBS approach as the means of exploring computer-based
integrated design follows from the nature of preliminary design, which is a not
well formalised process, i.e. not suitable for a procedural programming

language.
1. 3 Objectives and Limitations
1.3.1 Objectives of the Work

The main objective of the current work, which follows from the motivation above, is
to improve design practice by developing a computer-based system capable of accounting
for preliminary design as well as integration between disciplines. The objectives of the
work can be itemised as follows:

a) To contribute in the formalisation of a significant portion of knowledge in the area

of structural layouts and structural elements design of tall buildings.
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b) To establish a design process model for the integrated design of buildings at
the preliminary stage by investigating the issues related to the two areas of
structural and architectural design;

¢) To develop an integrated design tool, the Tall-D system, that can be used to
explore different altemnatives for multistorey buildings; and

d) To demonstrate the applicability of the knowledge-based systems approach to
implement the above integrated design model by means of an object-based
model of building and components, and with a rule-based declaration of the

design knowledge.
1.3.2 Limitations of the System

The system considers for integrated design purposes the two domains of architectural
and structural design, and treats these as representative of two interacting fields of
expertise in design decisions.

The limitations of the proposed preliminary design system are listed below:

a) The computer-based system considers only rectangular floor plans with office

occupancy, and only one typical storey layout being used over the‘height as
the basis of structural design.

b) Building height is restricted to the equivalent of fifty storeys and no
consideration is given to the substructure and to underground levels, nor to the
presence of a plaza.

c) Concrete or steel construction is considered. Composite construction which is
also employed in high-rise construction is considered only where a concrete
core and steel perimeter columns occur. Composite columns and composite
shearwall construction are not covered in Tall-D.

d) Energy consumption and thermal comfort considerations which are dependent
on the HVAC system, the envelope, the building thermal mass, building shape
and orientation also influence decision making at the preliminary design stage.

Only the building shape factor is included, however, in the current work.



1.4 Layout of Thesis

In Chapter 2, the building design process and knowledge-based design systems are
presented. A discussion about the nature of the design process as well as the role of
architects and engineers as design partners is included. The different components in
typical KBS, the solution of problems by knowledge-base systems, a review of related

work in KBS for building design applications as well as integrated design are presented.

In Chapter 3, the overall approach used in the current system in terms of tools and the
sources of information is described. A model of the design process implemented in the

system is also presented.

In Chapter 4, the development and evaluation of overall building configurations is
presented. Approximate cost estimation of the design alternatives is also discussed in this

chapter.

In Chapter 5, the spatial configuration of structural subsystems and the approximate
sizing methods are described. Spatial configuration follows the type of structure selected.
Approximation of loads and in some cases the resulting forces and corresponding

approximate scaling of structural members are also presented.

In Chapter 6, the application and validation of system Tall-D is presented using three
case studies, in collaboration with two expert designers. The study highlights similarities
and differences between the system-generated solutions and those produced in practice.
This study also led to a qualitative evaluation by the experts of the performance of the

system by means of a questionnaire.

In the final chapter, concluding remarks along with contributions to the state-of-the-art

in computer-aided building design are discussed as well as scope for further research.



CHAPTER 2

Review of Previous Work on Building Design and

Knowledge-based Design Systems

A review of the design process is presented in the first half of this chapter. Issues
such as the different factors in the design of multistorey buildings, different models of the
design process as well as the building as a product are presented. In the later half

knowledge-based systems related to buildings are reviewed.

2. 1 Factors in the Design of Multistorey Buildings

2. 1.1 General

Design is the development of the physical description of an artifact, subject to a
given set of constraints or specifications. Design evolves and cycles over time, subject to
a variety of constraints such as time and money. There are two major phases in the
building design process. Preliminary design involves the development of concepts and the
selection of overall best configurations and subsystems. Schematic representation of
alternatives is produced. Detailed design constitutes the elaboration of the subsystems
decided upon earlier. It defines a complete solution down to the final detail. Analysis and
optimisation are often part of the detailed design stage (Radford and Gero 1988). It resuits
in drawings with all information such as the structural, architectural, mechanical, material,
geometric and interface descriptions of the components in the building. Generally there
is no single solution with optimal performance with respect to the different requirements

due to sometimes conflicting objectives. Thus the selection of a suitable solution



comprised of various building components or configurations often involves evaluation on

a subjective scale.

In addition to sculptural shapes at the top and elaborate detailing at the base, tall
buildings generally have either a dramatically shaped mass or variations of historical
styles (Taranath 1988). Factors that influence design decisions in multistorey buildings
are the different loads, structural framing, mechanical services, vertical transportation and
life safety systems (Guise 1990). Many designers consider design as being intuitive as
well and therefore not entirely logical. On occasions additional investigators are required
due to unique or creative design proposals (Holgate 1986). To account for such intuitive
thinking “creative” or "innovative" design systems may be developed (Cagan and Agogino
1989). However it is an area of research in itself that still requires significant advances
in order to develop realistic applications. The target area of research in studying
preliminary design and developing the Tall-D system is for the "routine” design of

multistorey buildings.

The primary concern of structurai designers in multistorey building design is to
achieve an optimal lateral load-resisting system. Faciors to be considered are the building
slenderness, the intensity of loading, fioor to floor height, gravity load-resisting structural
system, horizontal and vertical distribution of services, flexibility of the occupant space,
location of service core as well as conformance to Code regulations such as structural
strength and serviceability, fire safety, travel distance, zoning laws etc. Some of the above
issues are not exclusive concerns for the engineer, but often dominant ones for the
architect. In buildings taller than forty storeys, the choice of a lateral structural system is
a critical factor in ensuring an economical and functional design (Taranath 1988). The
choice in the case of buildings with less than forty storeys, though of lesser consequence,
requires the services of an expert structural designer to propose and evaluate optimal
solutions. The implications of lateral load resistance in the context of tall buildings is

further discussed in section 5.1.



2. 1. 2 Roles of Architects and Structural Engineers

Traditionally the architect was the master builder, with control over the entire
design and building processes. Being not only responsible for the aesthetics, he was also
responsible for the construction. Industrialization and increasingly complex projects meant
that the architect had to abandon areas of activity that were better served by expert
engineers. Such areas in building design and construction include the structural,
mechanical, electrical systems and construction engineering. In addition, services of

experts in value engineering and finance are also required (Holgate 1986).

Thus the bigger the project, the bigger the project team. The design is therefore
the result of a gradually evolving concept from an initial scheme generated by the
architect and the owner of the building. The initial concept may be influenced by the
requirements of a major building occupant as well as those of the owner. Further
developments of the concept in terms of required floor area, functionality, site conditions,
zoning laws, finances as well as the architect’s desire to create a distinct impact

eventually lead to schematic architectural drawings.

Upon approval from civic authorities, more detailed designs are generated. With
the help of engineers from different disciplines, the major subsystems are sufficiently
detailed for each participant to have information regarding the others’ requirements and
responsibilities, therefore enabling everyone to work on their respective subsystem to
finalise details. This phase is traditionally the detailed design stage and is coordinated by
periodic meetings among the different disciplines of the design team which communicate

with drawings and documents.
Thus the role of the architect in the building design process spans the entire gamut

of operations ranging from aesthetics to construction. However project managers are

gaining more and more control over the construction operations.
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To develop a model for a computer-based automated system with an emphasis on
integration and preliminary stages of design, the traditional role of the architect in the
building design process is used as a basis. The control mechanism of such a system
simulate his role in bringing about an initial concept, and then incorporate the input from
the different specialists of the design team. Such a model is presented and implemented
as a knowledge-based system called hereafter the Tall-D system (for Tall building
Design). The building as an artifact is modelled with a hierarchy of objects representing
the overall building configuration, floor plan, service core, structural systems (gravity and
lateral load resisting), structural loads etc. The process of design is laid down in
declarative form in a rule-base arranged into different sets corresponding to specific
design tasks. The two domains used to simulate integrated design are architectural
planning and structural system configuration. The model provides for further expansion
by the inclusion of other subsystems not yet included such as the envelope, HVAC and
other services. The details of the Tall-D system are presented in Chapter 4. The system
serves as an experimental model for the study of integrated design issues where different
constraints are considered in preliminary design. The resulting tool has elicited good
response from designers experienced in the design of multistorey buildings regarding its

utility for preliminary design, as presented in the penultimate chapter.
2. 2 Preliminary Design

Preliminary design is that phase of the building design process which starts with
an initial concept and proceeds through the investigation of major details with many
different alternatives. It is also the design phase when decisions have the potential to
effect maximum influence on the final design and project cost (Construction Industry
Report 1987, Steyert 1972). Designers however tend to spend most of their working time
on the detailed design phase, where the scope for significant improvement is much less.
They are often able to generate only a single solution, or at the most a few that satisfy
design criteria. In traditional design practice, constraints on time and design costs (and
fees) force designers to such a path. Extensive generation and evaluation of alternatives

is only possible with the help of computer-based methods.
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Computer applications for preliminary design have not been commercialized yet,
though recent studies of work in-progress are reviewed in two subsequent sections in this
chapter. One of the reasons for this situation is that preliminary design has not yet
evolved into a well-defined procedure (Rychener 1989). Consequently, the popular
procedural methods of computing cannot satisfactorily automate an ill-defined design
domain such as preliminary design. However research in knowledge-based systems (KBS)

has yielded an approach that can be used in solving such design problems.

The KBS approach is suited to deal with the less formalised nature of preliminary
design tasks that are better represented by means of the declarative programming
paradigm. Available facilities in KBS development tools also reduce the development
effort as compared to the use of procedural programming methods and languages to
automate similar tasks. The application of the KBS approach to engineering design

problems is reviewed in section 2. 5.
2. 3 Integrated Design
2. 3.1 General -

Fragmentation in the construction industry is the phenomenon whereby
communication and coordination problems arise between different groups working on the
same project. Fragmentation over time and between disciplines affects the final design.
Duplication of design effort, errors and loss of efficiency in design follow. Taking
advantage of the data processing and communication capabilities of computers can vastly
improve the situation by integrating the groups and processes currently subject to
fragmentation. To concentrate on preliminary design, is to recognise the importance of
this design phase since preliminary design has the maximum influence on the major
design parameters. When performing preliminary design, an overall view of the design
process and design artifact is needed. It takes an expert with broad-based knowledge. In
other words, the designer at the early stages needs to understand the many factors and

actors affecting the building being designed. Such an integrated approach to building
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design must encompass the structural, envelope, mechanical and interior subsystems as

well as their interactions and influence on one another (Rush 1986).

However, integration remains hard to achieve in building design particularly
because of the lack of agreement or of an evolved standard across the industry concerning
an integrated model for facilities such as buildings. Until recently, the scarcity of
computer-based tools to model facilities beyond drafting and to support technical design
applications made the development of integrated applications very difficult. Advances in
different branches of computing such as new programming paradigms, hybrid knowledge-
based systems etc. have however resulted in better instruments for experimenting with

realistic models for integrated design of built facilities.
2. 3. 2 Computer-based Integration of Design

Currently integration in building design can only be achieved through the
concerted efforts of the various design teams working on a given project. With the
increasing use of computers, the architectural and engineering design communities have
taken steps towards the development of integrated computer-based design approaches
(BSAI 1991, Menniti 1996). These efforts have shown that architectural aesthetics,
efficient use of space, functionality and life-cycle costs of the building are affected by

interactions between the main subsystems composing a building.

Some broad-based standardisation initiatives that strive for integration in computer-
based design tools are described below and discussion of specific research projects in

integrated design is presented in section 2.5.3.

The most significant international effort that is likely to lead to software tools
ultimately facilitating integration in computer-aided design, computer-aided engineering
and computer-aided manufacture (CAD/CAE/CAM) areas is the ISO-STEP standardisation
effort (ISO 1994), Standard for the Exchange of Product Model Data (STEP), which is
officially known as the ISO Standard 10303, and the development effort is lead by the
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ISO Technical Committee on Industrial Data and Processes. This standard when complete
will have a comprehensive description of products in the form of data models with each
industry or discipline having its own specific version. The reasoning behind this initiative
is to provide for data that encapsulates not only the geometry but also the design intent
and makes it exchangeable between discipline specific applications as well as makes it
available throughout the life cycle of the product. STEP is supported by various

governmental organisations and industries around the world.

An industry initiative that began in 1993, working to improve utility of CAD and
other software across the entire life-cycle of AEC projects and facilities management is
lead by the International Alliance for Interoperability (IAI) (Herold 1997). The motivation
for this initiative was essentially the lack of continuum between the different phases of
a construction project. As the different phases and disciplines of a project use different
software, there is loss of critical data in transit between phases and between disciplines.
The result is loss of productivity despite use of computers. IAI determined that there is
a need for a set of standardised object definitions that would retain the critical information
through any application that had been developed to use those standard definitions. The
new standardised objects are called industry foundation classes (IFC). IFC are a library
of commonly defined objects that create intelligent project data. Due to the similarity
between the objectives of IAI and STEP, a formal liaison with the STEP AEC committee
was established in 1996. IFC may lead to quicker release of software from CAD vendors
supporting it, however is not so comprehensive nor complex as STEP, the latter effort
encompassing all industry as opposed to the AEC focus of IFC library. STEP has several
industry-oriented standards or Application Protocols (APs) under development. STEP
promises to be a better solution in the long term as it promotes data standards that
facilitate cross discipline exchange of data and is going through rigorous development

with wide-ranging participation.

Electronic Data Interchange is an established industry data exchange format used
in many business operations such as purchasing (EDI 1997). It is gradually being used

in CAD systems to transfer parts information to suppliers. A United Nations organisation,
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EDIFACT has been established to develop EDI standards. This initiative is more oriented

to electronic commerce than engineering and design as is the case with STEP.

A standard for exchange of information has been developed for the US army to
support parts and systems acquisition, configuration management, maintenance and life-
cycle support. Known as the Continuous Acquisition and Life Cycle Support (CALS)
program, it has many overlaps with STEP in scope and efforts are on to collaborate with

each other.

Intergraph currently has development efforts that intend to support STEP standards
in its CADD software in the near future (Intergraph 1997). On the implementation
technology side a new standard, Object Linking and Embedding for Design and Modelling
(OLE for DM) extends OLE to handle 3D objects (Wygant 1996). OLE for DM was
initially developed by Intergraph and now in public domain, has been accepted by the
Design and Modelling Applications Council (DMAC 1997). DMAC includes major CAD
vendors and Microsoft. With Windows, OLE, OLE for D&M, users will be able to drag
and drop objects across leading 3D design and modeling applications. Such a feature leads
to a way of assembling a product from diverse sources as well as data exc~hange. It will
also integrate CAD software with many current desk-top applications leading to
productivity gains in report generation, etc. However this development is restricted to the
WindowsNT and Windows95 operating systems, for now. If OLE for DM eventually
brings the same functionality to the CAD software as it has to desktop business
applications, some of the trends in product data standardisation to promote integration
may become function-oriented rather than the current data-oriented approach (Augenbroe
1994).

Owing to the great promise that STEP holds out for resclving integration needs
of the industry many industry umbrella organisations have been formed. An example is
PDES Inc. named after Product Data Exchange using STEP. It is an international
consortium of companies interested in accelerated implementation of STEP (PDES 1997).

There are also more focused groups such as PlantSTEP. PlantSTEP is a North American
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process industry initiative that is aimed at integrating STEP standards in software for use
in the life-cycle of process plants such as power and petro-chemical (Edlinger 1997).
Most CAD vendors and many major players in the process industry are PlantSTEP
members and are committed to support the relevant STEP application protocol AP 227
for the process industry. STEP-based products are being promised by large CAD vendors.
This trend will accelerate as the evolutionary nature of standard models comes to an end
and the user community becomes aware of both the standards and their utility to their

respective industry and begin demanding STEP-compliant products.

At AECL, the premier Canadian nuclear power research and development
establishment, a 3D CADDS environment is being used in an effort to digitally assemble
the next generation nuclear power plant under development. The immense complexity of
such plants and previous experience with design and construction of smaller plants
compels the maximum utilisation of information technology. Some of the potential
benefits include:

Detection and resolution of space allocation conflicts between competing

equipment and their support structures;

Provide a common reference to the different disciplines;

Visualisation and walk-through design reviews; and

Communication of the design in electronic form to client and contractors.

As an example of sub-system design issues involved in large-scale projects, an
application, that the author participated in developing at AECL, is described. The support
design system (SDS) uses state-of-the-art design, modeling, and computing resources to
the task of integrated design of piping support structures (Ravi et al. 1997). Due to many
thousands of piping and equipment support structures in a nuclear power plant, a rapid
design system as well as a data management and documentation system was required. It
is required to perform all design tasks from within the 3D CADD model of the nuclear
plant. SDS is designed to fill this requirement by integrating 3D CADD, steel structural
modelling, mechanical components modelling, stress analysis and design to nuclear code
specifications. In addition, front-end integration to pipe stress analysis results via a

database, back-end integration to global database of overall plant structure, interference
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detection with the rest of the plant design, management of stress results, 2D drawing
extraction from 3D CAD model of the support, generation of bills of material and revision
control are tasks SDS is targeted to support. A number of different commercial products
(PD-STRUDL, Microstation, PlantSpace, FrameWorks Plus and ODBC database drivers)
are integrated in a Visual C++ program environment to implement a client-server system
architecture. SDS provides a GUI as well as facilitates the appropriate 'view’ of the
structural model to the analysis package by handling the data translation when required.
It would be immensely advantageous, if all the different applications that are required on
this software project could ’look’ at the structural model in a uniform fashion to eliminate
translation of engineering data from one application to another. This project, therefore,
is an example where a standard model of the structure that is used by the different
applications would be beneficial. It would simplify the development and use of integrated
systems. A review of the current state-of-the art in information models for integrated

design is presented in section 2.4.2.

2. 4 Design Models

Studies in the modelling of design were developed as a way to formalise the
various facets of the design problem to enable exchange between design researchers. More
importantly, such modelling strived to delineate specific design issues. Thus there
emerged two views of the design - the product view and the process view. More recent
developments in design modelling have to do more with the application of the computer
to perform design tasks. Thus there are many models for computer-based design. Work
in progress about models that borrows from developments in information processing
theory and has roots in cognitive science is also contributing to the state-of-the-art. Some

of the recent developments in design modelling are reviewed below.

2. 4.1 Verbal and Symbolic Models

Traditionally the design process in the architecture and building fields has been

defined as a cycle of activities including analysis, synthesis and evaluation. Holgate

2-10



(1986) describes symbolic and verbal models of the design process as follows. The verbal
model is the analysis-synthesis-evaluation definition which is sometimes presented as
different phases of the design process such as problem definition, postulation of solutions,
evaluation of solutions and finally selection. A frequently used symbolic model is the
decision tree. Symbolic models have been used extensively in the problem definition
phase. Other symbolic models are the interaction matrix, interaction net, AIDA net and
semi-lattice, the latter being a variation on the decision tree that reflects the fact that there

could be overlap in the branching of a decision tree (Holgate 86).

More recent studies have combined research between the fields of cognitive
studies and design studies and have led to new models of the design process. Oxman and
Oxman (1992) state that the modelling of thought and computation as the processing of
symbolic representations, the study and formalization of symbolic representations, the
state description in the modelling process are all concepts from information processing
theory. They describe the process models of two cognitive paradigms in design:
refinement or model-based generic design, and adaptation, or case-based adaptive design.
The premise is that there are two different cognitive styles at work in design. Refinement
is the process in which a generic representation of a design solution is modified through
formal transformations to finally result in a desired representation, the final design
solution. Adaptation is the process of generating new alternative solutions by substituting

some elements of the initial solution.
2. 4. 2 Information Models

The development of computer-based design systems is generally preceded by the
definition of formal models of both the design objects and the design/construction process.
The physical description and the semantics of the various subsystems and components are
included in the product model (Evt, Khayyal and Sanvido 1992). The process model

incorporates the different phases and activities of the design and construction process.
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The 3P model, an information model where three axes are used to refer product,
processes and the people involved in building design is presented by Bédard and Ravi
(1992). It is used as the basis of a computer-based model for integration in building
design. Each axis can be decomposed into several levels of detail. For example the
product axis (X) can be split into the main structural, envelope, services and the interior
subsystems. The model also incorporates the different steps in the process - from
recognition of a need to construction, operation and maintenance of the building -along
the Y-axis. The human axis (Z) includes issues from the owner, tenant, architect, engineer
and associated concerns such as safety, functionality etc. The 3P model can be used as
a guide to organise information in new computer-based approaches such as knowledge-
based systems, object-oriented programming and database management systems to

integrate and develop cross-disciplinary building design applications.

The current work has adopted the knowledge-based system (KBS) approach where
there is an underlying product model as well as a process model. The product model is
based on the object-oriented representation of the different building subsystems and
components. It may be noted that in the context of the tool used to implement the system,
the word ’frame’ is used, which is synonymous with "object’. Also, the word frame is the
preferred terminology in knowledge-based systems to refer to data model objects. The tool
is a hybrid KBS shell that supports object-oriented programming as well as production
rules. Therefore capabilities such as hierarchical relationships between the objects,
inheritance of properties between the objects and message passing are used to represent
the building model (i.e. product model) as well as the design method (i.e. process model)
in the system. Figure 2.1 shows a simplified conceptual model of a knowledge-based
system for the design of office buildings at the initial stages of this work (Bédard and
Ravi 1989) which incorporates levels of abstraction in design product and process
characterisation. Bjork (1989, 1994) also proposed a similar model, RATAS system, that
describes building as a product, with different levels of abstraction using a hierarchy of
classes and objects. The RATAS system however does not account for design process
issues. The model finally proposed as the basis of Tall-D system is discussed in the next

chapter.
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Figure 2.1. A conceptual KBS Model of the design process and design product proposed
initially (Bédard and Ravi 1989).
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Sause (1989) presents a discussion of the design process as related to structural
engineering. In the context of computer-integrated structural engineering, an organisational
model for the structural design process, termed the multilevel selection development
(MSD) model, is proposed. MSD organises the process into a hierarchy of selection and
development sub-problems. MSD is shown to lead to a blackboard model for structural

design.

Froese (1996) reviews different projects including the STEP initiative, that are
working towards use of standard data models in the areas of architecture, engineering and
construction (AEC) and computer integrated construction (CIC). The prevalence of
numerous approaches discussed indicates that standard models have yet to find wide-
spread acceptance. However the formal release of the ISO STEP standard would move
the field of standard models towards STEP and STEP-based products.
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Ito(1995) discusses the pros and cons of generic product models verses specific
product models. The generic model has the advantage of serving the entire design,
construction and maintenance phases. However, the applications that can use the single
generic model are not yet available. On the other hand specific domain or viewpoint more
specifically serve an application software. Such individual models serve to advance
model-based applications, ultimately facilitating the goal of generic product model for

maximum possible integration.

Poon and Maher (1997) describe a nature-inspired design paradigm. It is argued
that the design process is evolutionary and development of computational methods for
design process can benefit from the use of genetic algorithms and evolutionary
programming. Going one step further, it is claimed that design goals are not constant and
hence design process has to adjust to the changing target. This process is described as co-
evolutionary design. However there is need for much more work in applying genetic

algorithms before practical systems like Tall-D can be built.

The process model in the present KBS centres around the design phase as opposed
to the entire design/construction phase. The production rules in the systerﬁ simulate the
design process and constitute the active part of the knowledge-based system. A version
of the generate-test paradigm is used, where the design alternatives are synthesised and
evaluated (Hayes-Roth et al. 1983). The generation of design alternatives is based on the
product model of the building. The design alternatives are in fact instantiations of the

objects in a hierarchy of frames that describes the semantics in a building assemblage.
2. 4. 3 Means of Data Exchange

Many technologies are maturing or in final stages of development that will
facilitate data exchange between applications and thereby promote integration. Two
examples are object linking and embedding (OLE) for design and modeling and ISO-
STEP product data definition as a standard. With OLE for design and modeling, one can

move 3D design objects from one application to another without converting from one
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CAD application to the other (Wygant 1996). The applications may then use the object
as required by the application.

With ISO-STEP standard for the model, the intention is to use neutral files or a
database to safely transfer geometry as well as design intent (ISO 1994). Therefore
applications that may not communicate with each other directly can still work on the
same design artifact, as STEP-compliant software should all interpret the model data
uniformly. However some of the specific parts of the ISO standard are not yet finalised.
PlantSTEP is an example of industry initiative to adopt the ISO/STEP standards for the
process industry. CAD vendors and users are part of this consortium (Edlinger 1997).

There are many different software systems that are being used in the design
office. Often the same data or quite similar data albeit in different format is required for
the different application programs (Duchesne and Humar 1992). As a result, data
exchange protocols have to be established to facilitate the smooth exchange of
information between applications. Examples of such protocols are IGES (Initial Graphics
Exchange Standard) and DXF, the latter widely used by virtue of the large dissemination
of AutoCad in the industry. At best these standards are useful to transfer arawings and

associated attributes between different software.
2. 5 Review of Building-Related KBS Applications

The use of KBS approach has resulted in a number of applications being
developed in areas related to buildings. Below is a review of previous development work
starting with building layouts, followed by buildings and structures, and finally integrated

design.
2. 5. 1 Previous Work in Planning of Building Layouts

Willey (1978) presents a theoretical approach for automated architectural sketch

design that encompasses the early decision making process. It is built on a hierarchical
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model of the design process whereby a number of potential designs are generated and
pruned at each hierarchical level. Early computer-based methods of layout planning for
buildings progressed from the state of automating the drafting process to developing and
selecting alternative schemes (Mitchell 1977). The generation and selection processes have
traditionally used algorithmic approaches. Typically, these algorithms lead to a large
number of alternatives and require extensive searching before a satisfactory solution is
found. Experiential knowledge is difficult to incorporate in such procedures, thus limiting

their usefulness.

Significant improvements to layout and space planning automation were achieved
by using more efficient generate-evaluate procedures that combine algorithmic and
heuristic search methods with the help of the KBS methodology. Liggett (1990) has
developed a computerised approach in which the two traditional methods of algorithmic
generation of alternatives and manual construction of the layout by means of a graphical
interface are used to solve space allocation problems. By combining these two methods,
it is possible to overcome the limitations specific to each one, i.e. of the first method that
is not flexible enough since it excludes interaction with the designer, and of the second
method that denies access to computer-based decision aids in generating a;ld evaluating
design options. Space allocation for activities in new or existing buildings is then
performed, with a graphical interface to help in the layout process and evaluation of
solutions. Another system for developing building layouts (Flemming et al. 1988)
complements the abilities of the human designer in the enumeration of alternatives and
the consideration of diverse criteria. A domain-independent generator for the layout of
rectangular modules is used in conjunction with a domain-specific tester in such a way
that the system can be applied to more than one domain. Layout of kitchens and layout
of multistorey building service cores were performed with the assistance of this system.
Automated space planning is also performed by a system called HeGeL (Akin et al. 1988)
in which the heuristic generation of floor plan layouts is based on a formal model of the
architectural design process. Given an outline, HeGeL generates alternative locations for
design units, say a furniture set, accounting for constraints like direct access, natural light,

privacy etc.



2. 5. 2 Applications in Structural and Building Engineering

HI-RISE is a preliminary design system for assistance in the design of commercial
and residential high rise buildings (Maher and Fenves 1984). A three dimensional grid of
spatial planning is given as input and remains fixed through the design cycle. The system
generates alternative structural configurations, by synthesizing generic subsystems defined
in the knowledge-base. Only one alternative subsystem at a level is permitted, thereby

limiting the choice of alternatives that could otherwise be developed.

A conceptual model, DESTINY, was proposed as a framework encompassing all
phases of structural design (Sriram 1986). The model suggested the use of a blackboard
architecture to manage different knowledge modules. ALL-RISE, a partial implementation
as a preliminary design system developed for assisting in all types of buildings, is part
of the DESTINY model. ALL-RISE was developed as an extension of HI-RISE to include
low and medium rise buildings. ALL-RISE was developed as a case study in constraint-
based design. It generates many structural alternatives based on the input of spatial
information after architectural planning. However the alternatives generated and evaluated
result in only a partial solution, i.e. only location alternatives are generafed. Structural
components are not generated and structural response of the system is not considered. The
latter two steps represent design operations at the subsequent conceptual level of detail

of the problem solving strategy employed in ALL-RISE.

Fenves et al. (1995) describe the conceptual structural design system SEEDConfig
that is part of the SEED project. SEED stands for the Software Environment to Support
Early Phases in Building Design and is reviewed in section 2.5.3. A previously generated
geometric model by the massing submodule of SEED is used by SEEDConfig as the
starting point. Potentially applicable solutions are stored as a technology tree that is
claimed as an extension of the concept of a toolkit of potential solutions. In combination
with case-based reasoning, the system is designed to retrieve previous designs for use in
a similar design context. The SEEDConfig system has five components - input, problem

specification, generation, evaluation and output modules. The generation module uses
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different levels of detail or abstraction. It generates alternative feasible solutions in a
hierarchy of solutions in tandem with the similarly arranged technology tree. This feature
makes it similar to the hierarchical generate test feature used in Tall-D to generate the
alternative spatial configurations of tall buildings. It is necessary to backtrack in
SEEDConfig to generate a different alternative whereas Tall-D can simultaneously
generate and reason with multiple alternatives at the different levels of abstraction. Tall-D
generates the initial geometry and does not need a 3D geometry input to begin
preliminary design. The structural evaluation module in SEEDConfig is under
development and mostly functional criteria (i.e. load paths, lateral load resistance etc.) are

envisaged but not any relative comparison of the alternatives.

The Building Envelope Analysis and Design System (BEADS) completed at the
Centre for Building Studies is a KBS to assist designers at the preliminary stage of
envelope design (Gowri 1990). BEADS helps designers to consider a large number of
alternative material and construction systems for the envelope. Generation of feasible
alternatives is performed as a constraint-based search problem, where components of the
building envelope must satisfy performance requirements. Problem decomposition and
multiple levels of generate and test paradigms are used. Ranking and selection from the
alternatives is done after evaluation against an array of performance criteria as well as

priorities supplied by the designer.

Harty and Danaher (1997) describe DOLMEN, a knowledge-based system that is
primarily targeted to help designers evaluate preliminary structural designs. To evaluate
designs it needs input of structural systems details (for each alternative). Then, DOLMEN
uses traditional utility theory of decision analysis to arrive at a numerical value for the
given structural design in up to eleven evaluation criteria. However criteria used in Tall-D
for evaluation of overall building configurations such as service connections, windowline,
potential for good structural design and energy efficiency are not present in DOLMEN.
DOLMEN needs input of structural geometry such as bay sizes, number of storeys and
floor height, which aspect is similar to HI-RISE. Tall-D on the other hand begins design
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at a more basic conceptual level, considering the aforesaid parameters variable and

proceeding to finer structural details.

Hauser and Scherer (1997) present a system for the preliminary design of
reinforced concrete structures of industrial buildings. It uses heuristic search, constraint
programming and planning methods to apply intelligent CAD paradigms for structural
design. The system implements a theory of abstraction that distinguishes between many
different design decisions. It is argued that design models and corresponding design
reasoning can be expressed in hierarchical levels. This idea is similar to the abstraction
levels and hierarchical generate-test paradigm used in the current work on Tall-D. The
system described by the authors does not generate alternative structural schemes for a
given design problem as in Tall-D, but generates a solution interacting with the user in
a CAD-like environment. In that sense it is a generic concrete design system rather than

a preliminary design system in the mould of Tall-D.

Using a Structural Design Language (SDL) a KBS for the design of moment-
resisting steel frames was developed (Paek and Adeli 1988). There are four modules in
the system for connection design, section design, frame analysis and frame predesign. The
stiffness matrix method is used as in conventional frame analysis programmes. The frame
predesign module selects initial sections from a set of predefined choices derived from

literature.

A KBS developed by Jayachandran and Tsapatsaris (1988) is restricted to the
selection of the lateral load resisting system. No preliminary structural design is carried
out. The system thus helps only in the selection of the type of structure rather than

performing alternative structural designs.

CONCEPTUAL is another system which helps in the conceptual design of
structural systems (Haber and Karshenas 1990). The selection of the structural type is
made from a predefined database of components. The systems emphasis is on the cost

estimates for different building alternatives.
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INDEX is a KBS for the detailed design of industrial structures. Preliminary
analysis routines are implemented in PROLOG and detailed analysis in FORTRAN-77
(Kumar and Topping 1988). Preliminary analysis and design of steel frames such as portal
frames, roof trusses as well as beams and columns can be performed. Detailed analysis

is performed through an interface to the PROLOG system.

In another development, conceptual design of office steel buildings is performed
by a system based on first order predicate logic (Jain, Krawinkler and Law 1991).
Preliminary structural design is attempted by a new approach of using first principles,
implemented by symbolic logic, rather than heuristics. The system starts with the
generation of gravity floor framing followed by the lateral load resisting structure. Only
rigid frames could be considered for the latter. The main advantages of the approach
claimed are the expressive power, inferential capabilities, and cleanliness and elegance
of expression resulting in knowledge transparency. However many researchers have
expressed reservations as to the capability of logic systems to model human problem

solving. Logic systems could also be cumbersome and much slower.

Turk et al. (1994) describe an European research project that tackles the bane of
many engineering firms. Long proven and existing structural analysis and design programs
that do not readily fit into current computing technology but cannot be given up due to
their being knowledge repositories accumulated over time. This project aims to integrate
and support such popular applications by implementing an underlying object oriented data
model of the building/structure. Called the Dimensioning and Analysis of Reinforced
Concrete Structures (DIANAS) project it loosely couples programs developed in
languages such as Fortran for the analysis and design of structures. The different coupled
programs performed tasks such as architectural geometry, structural idealization (or
model) and two mathematical models. Translation from one task to another was originally
managed by the user with data files which is now handled by DIANAS. The integration
in the analysis and design process is being facilitated by a STEP aligned object oriented
model of the facility.
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Case-based preliminary design in a system known as CADRE is discussed by
Bailey and Smith (1994). The system uses cases as a starting point for further adaptation
rather than routine indexing and browsing of cases. Architectural and structural domains
are sought to be integrated by using a case memory of existing designs for which
integration issues have been addressed. The custom adaptation of a case is primarily done
by solving a set of linear and non-linear constraints describing the architectural and
structural abstractions of a building. If this does not produce a design solution, topological
adaptation is attempted which yields a new set of geometric constraints. The concept of
the system is based on the belief that only one solution need be pursued. However,
preliminary design systems have a superior performance from the users point of view
when alternative solutions are considered without precluding all but one as CADRE does.
This aspect of multiple alternatives at the preliminary stage is appreciated by designers
as is shown in the questionnaire answered by designers evaluating the Tall-D system (see

section 6.3.7).

Maher and Garza (1996) discuss the application of case-based reasoning (CBR)
for structural design. Experienced engineers at a design firm along with some of their
designs, i.e. drawings and specifications, formed the basis to the development of case-
base. To represent case memory, attribute-value pairs are used and arranged into sub-
systems and form hierarchies in case memory organisation and indexing. The attribute-
value pairs are also grouped into functional, behavioral and structural roles. Such attribute
categorisation is said to provide an effective way of reasoning about various design
variables. In addition to specific cases in case memory, the system CaseCAD also has a
knowledge-base of generic types of designs in the form of predefined models, for example
a medium rise building’s characteristics. The user begins with specifying some broad
criteria and CaseCAD allows the user to browse graphically through the relevant cases
retrieved. The user can select a case for adaptation if he sees it meets his important
criteria. Tall-D generates alternative building structural designs based on the context
information and most of them meet the criteria set out initially as well as allowing the
user to proceed with a particular type of system. CaseCAD, however, cannot adapt the

retrieved case, which the user has to do using object editing tools, AutoCAD and XFIG
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2D drawing package. The new case can then be added to the case memory. Thus CBR,
unless fully developed with adequate and automatic case adaptation function, may serve
as little more than case browsers leaving a substantial portion of the design to be
completed by the designer. The designer is therefore left without many relevant, complete
alternatives to evaluate. Tall-D however presents many relevant and complete structural

design alternatives for the designer to evaluate.

Enseleit et al. (1995) discuss the use of STEP standards and tools for distributed
structural analysis. Using finite element analysis (FEA) as an example the study identified
the difficulty in consistently transferring data in STEP format to a format suitable for the
analysis package. The STEP format is also stated to be less efficient for large-scale FEA
analysis. The work also found STEP lacking in features for communication across a

network as well as secure access and version management of product model data.

Turkiyyah and Fenves (1996) discuss a knowledge-based assistant for finite
element modelling for structural analysis. The often meticulous task of finite element
discretisation requires an expert. The results are best interpreted by experts who are aware
of the underlying assumptions of the model. This work is an effort to develop a
knowledge-based assistant that can present the user with high level abstractions of the
underlying model at the same time be closely coupled with the finite element solver. The
high level abstractions allow the user to interact with the system in terms of problem
features, modelling assumptions and performance criteria. The approach uses various
geometric, functional, and behavioral abstractions as well as a hierarchical modelling

strategy that progressively relaxes the constraints on an initial crude model.

2. 5.3 Previous Work in Integrated Design Systems

Several research efforts can be reported about integrated design. An Integrated
Building Design Environment called IBDE (Fenves et al. 1990) is a large exploratory
system that can account for the vertical integration of design activities from conceptual

floor layout to construction planning. It is based on a blackboard architecture and used

2-22



as a test-bed for ideas and concepts regarding the development of integrated systems in
engineering design. IBDE currently incorporates seven distinct KBS, each dealing with
a specific task in the design and construction planning of multistorey office buildings. It
starts with a submodule ARCHPLAN capable of generating schematic building designs
with a limited number of core configurations and finishes with CONSTRUCTION

PLANEX to provide a schedule of construction activities with cost estimates.

Flemming and Woodbury (1995) present a overview of the Software Environment
for Early Phases in Building Design (SEED) project. SEED integrates many distinct
modules for preliminary building design. SEED uses many modules that were part of the
IBDE described above. The different modules are SEED-Pro, SEED-Layout and SEED-
Config. SEED-Pro supports the generation of an architectural plan in terms of the basic
functional units. SEED-Layout supports the schematic layout of the previously generated
functional units. And finally SEED-Config generates a three dimensional geometric model
and then alternative structural systems for that geometry. SEED is unique in its effort to
provide a systematic framework of capturing design experience out of an organisations
recurring building types and use it for generating designs that are similar. Case-based
design is the main paradigm used to implement SEED. The structural design module in
SEED is dependent on the richness of the case-base it begins with. Tall-D on the other
hand assembles structural design alternatives based on the context without the need for
refinement of nor the limitations of predefined solutions. While the case-base of SEED
modules are enhanced by adding to the case-base, Tall-D knowledge-base of production

rules and objects need similar maintenance to enhance or refine the solution set.

A computer-based system called DICE (Distributed and Integrated environment
for Computer-aided Engineering), aimed at addressing the coordination and
communication problem in engineering, is described by Sriram et al. (1990). If the design
concept and intent is conveyed cumulatively from preliminary design through fabrication
and construction, and the key players at the different phases are forced to consider the
whole picture, then many design errors can be avoided. The purpose of DICE is to

integrate a suite of applications that will help large engineering projects to achieve that
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level of coordination and communication which leads to a better design and design
process. DICE is designed for a network of computers and users. An intelligent global
database acts as a blackboard system for DICE and is implemented using a commercial
object-oriented database system GEMSTONE. The rest of the system consists of many
knowledge-modules representing many domains. The knowledge-modules may be any of
KBES, a CAD tool, an analysis tool or even a user. The knowledge-modules are
coordinated by the Coordination module of the blackboard. Blackboard consists two other
parts: Solution and Negotiation. The Solution part contains the solutions generated by the
knowledge modules. The Negotiation part keeps a trace of the negotiation between the
different engineers taking part in the cooperative design development. The system seems
more suitable for detailed design as the accumulation of design rationale across phases
and disciplines is maximised as the design proceeds through detailed design and
fabrication/erection/construction. The detailed design knowledge-modules were not fully
developed and, further more its scope is being restricted to steel structures. This system
is aimed at assisting large engineering projects to avoid serious design errors. Large
projects will be in a position to take advantage of this resource intensive process. Smaller
projects, however, may need more modest and but effective means of achieving the same

degree of design safety.

Intelligent Integrated Building Design Systems (IIBDS) represents another effort
at integration in the European Community countries (Augenbroe 1994). As a first effort,
the pilot project COMBINE (Computer Models for the Building Industry in Europe) was
initiated in 1990. It set out to study a multi-disciplinary approach from the design
viewpoint and also to integrate existing tools in the building process. All relevant issues
in the energy, service, functional and performance characteristics were identified so that
these characteristics could be oriented to the same computer modelling process. The
project evolved to COMBINE 2, where a data model, the Integrated Data Model (IDM),
is used as a basis to facilitate different applications tools to work with a common building
model (COMBINE 1997). IDM was further expanded with Data Exchange System (DES)
that allows architects and engineers to communicate and exchange design information

though a common format. IIBDS is to be made available with a choice of two commercial
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CAD applications so that current CAD users will be in a position to take advantage of

the system.

2. 6 Summary

With the exception of IBDE and its sequel the SEED project, the systems
reviewed in sections 2.5.1 through 2.5.3 generate designs at the detailed level, not at the
overall level of buildings. The KBS presented here is aimed at the overall configuration
of multistorey office buildings. The main tasks being to generate building configurations
with the required rentable area and to develop an efficient structural system within the
constraints imposed by the owner and designer. It does not address the spatial
arrangement or subdivision of functional zones within the rentable area. While the
previous systems consider layout planning primarily from an architectural perspective, the
present system also takes into account engineering constraints in configuring multistorey
office buildings. The current system goes beyond the location of the different lateral load-
resisting structural systems, as in ALL-RISE, to generate the structural components and
evaluate the structural response. Structural systems are generated, based on the design
context, as opposed to the use of generic alternatives as in HI-RISE predefined in the

knowledge-base.

This chapter, in part has, presented a review of the state-of-the art in integrated
design especially applied to buildings and other constructed facilities. In another part, the
state-of-the-art in knowledge-based systems application to integrated design was
presented. The different modelling perspectives were presented. Design process modelling
and product modelling were discussed in relation to the current work. The early state of
data exchange between applications and its current state, i.e. the development of standards
to facilitate the exchange of design intent in addition to data, were also reviewed. The
state-of-the-art shows that there are further research efforts required before integrated

design of the engineering of artifacts can be achieved.
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CHAPTER 3

Overview of the Tall-D System and Implementation Considerations

In this chapter the overall strategy used in the research project to develop the Tall-D
preliminary design system is described. The knowledge-based model used to implement
the system is discussed. The functions of the different components are introduced. System
implementation issues as well as sources and types of information used are also discussed.
Terms used in this chapter that are related to the knowledge-based system (KBS)
approach are defined in a glossary in Appendix A-4. In order to discuss implementation
issues a typing convention is used in this chapter. Italics typeface is used for frames used
in knowledge representation while couriexr font typeface is used for instances of frames
as well as Lisp routines, variables and function names. Italics may in places be used for
sub-titles in an obvious manner not to conflict with the above convention. It may also be
noted that the words frame and object are used interchangeably in the context of Lisp-

based object oriented programming.
3.1 Overall Strategy

The overall strategy followed in the Tall-D system development is to maintain a close
similarity to the design process in practice, yet take advantage of the computer to perform
rapid generation and evaluation of alternatives. Thus it can be seen that the generate-test
paradigm is a suitable method of modelling the design process. However to manage
interactions between different modules, agenda control is employed. Agenda control is

performed by the inference engine using higher level rules (or macro rules). These macro



rules incorporate the knowledge about the design process to activate or deactivate a
knowledge module. For example, when a particular command is issued by the designer
during a design session, the macro rules determine the appropriate knowledge module(s)

to be used, which is(are) then activated for inclusion in the inferencing process.

A knowledge module consists of sponsors arranged in a hierarchy, where each sponsor
consists of rule-sets grouped to perform a specific design task. Agenda control essentially
works by allocating system resources to the desired sponsors. Such priority given to
sponsors and rule-sets enables the system to focus on the appropriate group of rules and

decisions as the design progresses.

Frames are used to represent building configurations at multiple levels of details (or
abstractions). By applying the generate-test paradigm at different levels of detail, it is
easier to focus on the primary design parameters under consideration at each level. The
major advantage of this approach is the possibility of considering a large set of
alternatives at the initial stages of the generation process while performing design checks
to narrow down the solution space to a smaller but more detailed and relevant set of
alternatives, with attendant benefits for the designer. This precludes the combinatorial
explosion of alternatives as well as facilitates the development of details, thereby reducing

the overall extent of search for a solution.

Figure 3.1 is a schematic representation showing the major components of the building
design KBS. The user interface is a graphical environment that allows the interactive
participation of the designer in performing preliminary design. Graphical displays of
structural system alternatives as well as floor plans of different building configurations
are possible. The components of the knowledge-base represent the aforementioned two
domains of structural engineering and architecture. The outer circular region with sub-
divisions in Fig. 3.1 is representative of the way the knowledge-base is segmented to
support different knowledge representations such as rule-sets, frames etc. The inner-most
region groups meta-rules to control the course of design tasks. These groups of rules put

generic tasks to be performed on the agenda of the inference engine. Such tasks serve to
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Figure 3.1 Schematic representation of the Tall-D building design simulation KBS.

initiate the inferencing process by transferring control to an appropriate rule-set

responsible to carry out a specific design task.

The inference engine which is capable of both forward chaining, backward chaining
and mixed chaining, is primarily used in the forward chaining mode. The reason is that
design is primarily a data driven process, for which forward chaining is most suited. The
inference engine in forward chaining checks rules that have their IF part (antecedent)
matched by assertions in the current state of the knowledge-base and selects to fire or
trigger their THEN part (consequent). The rules as mentioned above are grouped under

rule-sets and in turn assigned to sponsors. Each rule-set consists of rules pertaining to a
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specific design task to be carried out. The macro rules in the system activate the desired
sponsor that will enable the use of its rule-sets to perform the next design step.
Sometimes such rule-set activation is done by Lisp routines associated with the menu
items in the Tall-D user interface. Thus the inference engine uses the different knowledge

modules to complete the design cycle.

The design product or the building is represented in the knowledge-base as a semantic
network of frames. Instances of frames are generated and context-specific values are
assigned to attributes (or slots). The heuristics employed in the building design process
are modelled by the rules. Rules from different rule-sets operate with the initially
available information in knowledge-base. During consultation, design information is added

in newly generated instances of relevant frames.

Procedural functions are necessary to carry out algorithmic/numerical computations
in engineering design application. Procedural programs that are invoked by the rules to
perform numerical calculations are grouped as a separate entity of Lisp routines. Data
such as the CISC steel tables are stored as external data files. However CISC steel tables
interface was not used in Tall-D eventually, for reasons explained in section 3.5.2.

Knowledge representation is described in more detail in sections 3.3 and 3.4.

3. 2 Programming Issues

As explained briefly in the previous section, a hybrid knowledge representation,
supporting both frames and production rules, is used in the implementation of the system.
Such a KBS environment is more appropriate than a simple rule-based system for the
development of design KBS. Building design deals with physical artifacts and their
associated attributes such as geometry, functionality and performance. These artifacts are
conveniently modelled as frames. A comprehensive representation of artifacts’ attributes
is achieved by virtue of the semantic relationships between the frames. The use of frames
also reduces the number of rules that would otherwise be required to define the basic

facts and semantics of the artifact in addition to the design process. Such a hybrid mode

3-4



of knowledge representation also facilitates the separation in the knowledge-base between
the "what" and the "how", the latter corresponding to inferential knowledge and is
modelled by rules. In the following, a brief description of the salient features of the KBS

development tool is presented which shows the suitability of the tool chosen.

3. 2.1 KBS Development Tool

The KBS development tool GOLDWORKS-II and GCLISP Developer (GoldHill 1989,
GoldHill 1997) were used in the implementation of the system. Building layout generation
and structural configuration involve the representation and use of diverse types of
information, parameters and constraints (geometric and other). The shell provides frames
for representing design objects such as building configurations, and production rules to

represent inferential knowledge.

To describe design objects and their attributes, frames are used as templates for
creating a generic knowledge representation scheme. Instances are generated as context-
specific replicas inheriting the characteristics of the parent frame, with specific values in
the slots representing attributes. Layout alternatives for example are modelled as instances
with attribute values assigned to the slots. Constraints and demon functions can also be
associated with slots. The constraints may be numerical or symbolic and define the valid
range or valid choice of slot values. Demon functions pertain to slots, in that they are
invoked when the value in the slot is modified or even accessed (based on a switch). Such
functions are defined in the underlying language of the KBS development environment -

Lisp in the case of GoldWorks. Thus these functions can effect changes in other
instances, create new assertions in the knowledge-base, or even carry out numerical

calculations based on the change in the slot value.

A handler in GoldWorks is associated with frames and inherited by all their instances.
It is also known as a member function of the object, defined in Lisp. A handler can be
invoked only by sending a message to the appropriate instance. Handlers, thus facilitate

message-passing between instances, and also one-way messages from within rules as well
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as from demon functions associated with slots of instances. The handler has ready access
to all the slot-values of the instance. They are used to effect changes as required in the
knowledge-base. Upon receipt of a message the instance’s handler typically performs

calculations using the slot values.

The GoldWorks tool is based on the Common Lisp Object System (CLOS) which is
an object oriented extension of Lisp. It therefore is able to provide a good support for any
object oriented modelling in developing KBS applications. The use of objects or frames
as they are known in Lisp systems in knowledge representation is complemented by
production rules to model inferential knowledge, thus creating a mixed paradigm often
referred to as hybrid knowledge representation. The rules use the information in different
instances representing owner requirements, Code constraints and design context, to
generate configuration alternatives at different levels as design proceeds. Rules are
assigned to sponsors, i.e. entities used to allocate priority to sets of rules aimed at a sub-
task in the design process. Such sponsors are arranged in a hierarchy and controlled by
macro rules that activate/deactivate sponsors. This provides the required control

mechanism to realise the KBS.

An interface is provided by the development tool to help specify frames and rules. A
Lisp programmer development environment (the GCLISP Developer) can also be used for
this purpose as well as in cases where maximum flexibility and control is required in
defining the rules. Additional components of the system like demon functions and handler
functions (or member functions) may only be defined with the programmers interface.
Procedural functions used for structural analysis and sizing purposes are defined using the
above facility. Appendix C (see page C-28) lists the names of more than 75 structural
design Lisp routines in Tall-D. In fact names of all KBS components (frames, rule-sets,
rules, sponsors, functions etc.) used in Tall-D are found in different sections of Appendix

C. See Table 3.1 for a summary of different KBS components used in the Tall-D system.

The user interface consists of a graphic display that helps the designer to specify

design and evaluation preferences, and more importantly to keep the designer posted with
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graphical representation of the design alternatives being generated. The floor plans and
structural system alternatives are displayed using the graphical interface. In the
development of the system the user interface is considered an integral part along with the
design object. Fig. 3.3 and 3.4 described in section 3.3 show how building objects inherit
attributes from graphic objects, among others. Thus, an important part in a KBS for
design that is often overlooked - the user interface - is developed into an effective front
end, as will be seen from screens showing plans and elevations of building designs
presented in Chapter 5. A ready check of the physical representation of the design
decisions is thus possible and represents a close approximation of the way designers work
with sketches and drawings. It therefore enhances the system as a building design tool by
facilitating visualisation of the emerging design alternatives. The names of the Lisp
routines performing some of the graphical user interface function are listed in Appendix
C (see pages C-33 to C-39).

3.3 Knowledge Representation of the Building

This section describes the object-oriented features used in the Tall-D systems
knowledge representation. Table 3.1 shows the Tall-D system metrics - the number of
rules, frames and other items in the knowledge base. The names of all these rules, frames
and functions are listed in sections C-1 to C-7 of Appendix C. The names in most part
are descriptive of their purpose or function. Contents of these sections of Appendix C
though not discussed considerably, will make a good complement to the Tall-D
implementation aspects discussed in this chapter by providing a discernable outline of the
entire program. A complete listing of the program code was too long to present, running

into more than 500 pages. Hence the brief overview in Appendix C.

Table 3.1 Approximate system metrics of the Tall-D preliminary design system.

KBS Components Number of occurrences in Tall-D
Sponsors 9

Rule-sets 25

If-Then Rules 415

Frames 110

Lisp Functions 250

Run-Time Instances of Frames | 200 to 400
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The more than 400 rules are grouped under rules-sets. The names of different rule-sets
and their primary function are shown in Table 3.2 which provides an overview of the rule

base in Tall-D.

The more than 100 frames in the Tall-D system make a library of objects related to
building design. See Appendix C, page C-22 for a list of these frames. This object library
is used to model the physical building. Following is an illustration of this with examples
from Tall-D that show the building configuration and structural system components in a

semantic network.

3. 3. 1 Representation of Building and Structural Schemes

Knowledge representation of the building configuration and structural schemes is
illustrated using Figures 3.2, 3.3 and 3.4. Figure 3.2 shows in a 3D illustration an
example building generated by Tall-D. The entire wireframe diagram can be said to be
a partial view of the internal (to knowledge base) Building-Configuration object which
encapsulates the structural and architectural aspects of the building. A partial view,
because what is seen is the geometric view and the relative position in space of the
different objects. A building configuration alterative is formed when the designer selects
a particular floor layout to proceed with. Each building configuration alternative therefore
is one in which the outside geometry and the core geometry is fixed - ie. the massing is
fixed. It is then possible to generate many structural system alternatives for this particular
geometry incorporated by the building configuration alternative. Tall-D therefore generates
the different structural system alternatives suitable for the building configuration. The
wireframe drawings in Fig.3.2 are also an illustration of a data interface in Tall-D, that
facilitates export of the building geometry to third party CAD programs, which is

described in section 3.5.1.

Object Hierarchy for Lateral Load-Resisting Systems
Lateral structural systems can take different geometric forms, and can benefit from

use of a sophisticated object-based knowledge representation. Use of a grid in some cases
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Table 3.2 Division of rules in Tall-D system as Rule-Sets focused on a task.

Task or Area of Rules

Name of Rule-Set

Architectural Rule-Sets

Generate-floor-Rules
Evaluate-Floor-Rules
Geometric-Information-Rules

Cost Rule-Set

Approximate-Cost-Rules

Generic Structural System
Rule-Sets

Construction-Material-Rules
Structure-Type-Selection-Rules
Activate-Structure-SubModule-Rules

Laterzl Structural System
(LLS) Rule-Sets

Semi-Rigid-Frame-Configuration-Rules
Steel-Rigid-Frame-Configuration-Rules
Braced-Frame-Configuration-Rules
Concrete-Rigid-Frame-Configuration-Rules
Frame-ShearWall-Configuration-Rules
Framed-Tube-Concrete-Configuration-Rules
Framed-Tube-Steel-Configuration-Rules

Gravity Structural System
(GLS) Rule-Sets

Generate-Gravity-System-Options-Rules
Concrete-Gravity-System-Rules
Concrete-Gravity-Scaling-Rules
Steel-Gravity-System-Rules
Steel-Gravity-Scaling-Rules

is sufficient to represent simple column layouts. However a grid is not adequate to
represent many practical structural arrangements. A grid also does not lend itself well to
formalism in order to write production rules in a hybrid knowledge representation
environment. In previous work related to this, a structural grid is most commonly used
(Maher 1984, Sriram 1986, Jayachandran and Tsapastaris 1988, Karshenas 1992).
However in Tall-D a comprehensive set of objects are used with names ending with
scheme and inheriting from Column-Layout and Super-structure objects to represent the

various structural schemes. Table 3.3 shows a list of such structural scheme objects in the

Tall-D system.

Table 3.3 List of Structural Scheme Obijects in Tall-D knowledge base.

Structural Scheme Object Primary Construction
in Tall-D Material
Concrete-Rigid-Frame-Scheme Concrete
Steel-Rigid-Frame-Scheme Steel
Braced-Frame-Scheme Steel
Shear-Wall-Scheme Concrete

Frame-ShearWall-Scheme

Concrete and Steel

Framed-Tube-Scheme

Concrete and Steel

Semi-rigid-scheme-perimeter-frame Steel
Semi-rigid-scheme-Int-Braced-frame Steel
Semi-rigid-scheme-Ext-Braced-frame Steel
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Figure 3.2 Instances of Tall-D knowledge-base objects representing multistorey building configuration.
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Figure 3.3 A partial object hierarchy in knowledge base illustrating the semantics
between objects closely related to LLS configuration for frame shearwall interaction
structures.

Figure 3.3 shows a partial semantic network of objects that together model the lateral
load-resisting system (LLS) of the building. Here, only the objects related to frame-
shearwall type of structures are retained for the sake of clarity. Other such structural

schemes that could be represented in a similar semantic network are those in Table 3.3,
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many of which may be suitable for one given building configuration. As a result,
instances if all those suitable schemes may be present simultaneously in the knowledge-
base. The concept of structural schemes and the development of the geometry for the

schemes are discussed in sections 5.1.1 and 5.1.2 respectively.

Object Hierarchy for Gravity Load-Resisting Systems

Approximately one-third of the rules in the Tall-D knowledge-base represent the
gravity system configuration. A major part of the gravity system configuration is the
identification of the different spans and locating the controlling span. The controlling span
is the one that determines the total depth of the gravity system due to the maximum depth
of the beam being in that span. Since such controlling span depends closely on the
column layout, GLS configuration is linked to the Column-Layout object which in-turn
is closely related to LLS configuration. Thus the gravity system is influenced by and

influences the LLS.

Figure 3.4 shows a partial semantic network of objects that together model the gravity
load-resisting system (GLS) of the building. Here, only the objects related to one-way
beam-siab floor systems (shown in boxes with dotted lines) are retained for the sake of
clarity. Other such gravity systems that could be represented in a similar semantic
network (by filling the dotted boxes with appropriate objects) and supported in Tall-D are
discussed elsewhere in section 5.2.1 and Table 5.1. Many of these GLS may be suitable
for a given building configuration. As a result instances of all those suitable GLS
alternatives may be present simultaneously in the knowledge-base. The issues related to
GLS are discussed in detail in sections under 5.2 of chapter 5. Comparing Figs. 3.3 and
3.4 it can be seen that there are a lot of common objects beiween the LLS, the GLS and
the underlying architectural subsystems. This aspect constitutes part of the domain
integration from the point of view of product data modelling. The other part of integration
is achieved in developing the rule base in conjunction with the physical product
description that these semantically related objects represent, and incorporating the design

process from the point of view of the architectural and structural domains.

3-12



‘uoneIndyuod g0 03 pareal A[aso[o
$199(q0 uaam1aq SaNURWSS AU Sunensn([l g-[eL, ul Ayorerary 102[qo [enred v ¢ a8y

a3ew]-qe[S

31juo)-a10)

SJUIRIISUOD)-3p0))

SITENSUOD-IOUM()

seAue))-sAG-[e19je

192[qQ-8upjing

QY

B-S]

judwrH-qelS

JuSWI|F-o119u3n)

..--.-... ...-.l

e-s]

na_m Boscou

iweag-31219U0));

Juowa[g-ureag

S,

o8ew]-weag

...... /
WasAS-[eImonng-4Aaein)
e-§

Jo-ueq

UIINQ-100],]

Jo-ueg

Jo-ue Jo-ueyg

Jo-ueq

sjutensuo)-ugisa(y

seaue)-sAS-£1aein

sas()

uoneindiyuo)-3uipping

3uipping

e-S]

jo-ueg

Jo-yeg

IN0Ae-U0a10§-[RINIONNG

35N

aImonng-1adng

WISAG-o1IoUan)

e-s]

Jo-ued 0-ueq

oFew]-woisKg-Aiiaein

noke-uwnjo))

e-s|

IWH

oZew]-jeinonng

a8ewy-oiydern

U=ST

ade}Iaul
lojgsosny &—o Vv

(g Jo-ued st v)
g sosny g v

(€ Jo punyj e-st y)
gswoquy §&——v

UOTIBION

3-13



3. 3. 2 Representation of Structural Members and Steel Sections

The representation of individual structural elements such as columns, beams and slabs
is governed to some extent by the limitations of the computer in terms of memory. In this
context, it may be noted that the version of the KBS tool used (GoldWorkslII) could only
use a maximum of sixteen mega-bytes of memory (RAM). While using an instance of an
object to represent every occurrence of a column may be desirable from the point of view
of consistency since in all other cases every occurrence of building component is
represented by such an instance in the knowledge base. Due to the large number of such
elements - columns, beams etc. - it was not quite feasible. However, taking advantage of
the many similarities in these elements, a compromise solution that still retained the
refinement of object oriented representation was devised. Using columns as an example,
each column object represents columns that have common features. Such common
features could be location in a perimeter frame, such as corner location or interior
location, resulting in a uniform tributary area for the typical column in the group. In
addition to representing a group of columns in plan, the column object incorporates the
columns all along the building height by keeping track of all the different sections of the
column along the height of the building. The changes in the column sections are made
only every 3 or 4 storeys, depending on the total height of the building, keeping in line
with the practice of rationalizing structural element sizes for economy of fabrication or

in-situ concrete construction.

Similarly for beams, members with the same span and tributary area are represented
by a single instance of the beam object. While this method adopted in Tall-D has worked
well with the rest of the knowledge representation technique, there are other means in
Lisp based systems such as properties and arrays features. While the arrays store sequence
of values of the same data type that could be retrieved using numerical indexes, the
properties feature permits retrieval based on string indexing. The latter feature could
therefore be a memory efficient solution to storing and retrieving large numbers of

elements such as columns and beams.
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Another issue that involved structural element data was the use of external catalogues
such as the CISC standard rolled steel sections. Though the CISC catalogue was not
eventually used in-toto in Tall-D system it was used to test the ASCII interface facility
of the KBS development tool. The ASCII parser of GoldWorks was set up to read the
different types of steel section from the electronic version of the CISC catalogue. Each
section was instanced as an object in the knowledge base. This however became untenable
due to the large numbers of these sections. Therefore, after experimenting with this
frame/instance representation, a subset of the sections data is built-in as part of the
program code with only a few properties relevant for preliminary design purposes.
However, this exercise proved the ASCII interface for reading any neutral data files. This,
along with the geometry export to CAD programs, demonstrates the import/export
functionality in Tall-D.

3. 3. 3 Representation of Alternatives

A feature of preliminary design that needed attention is the method of generating and
representing multiple solutions or alternatives. The traditional object oriented approach
is suited for developing one design from conception to completion. However, generating
and maintaining many relevant alternatives simultaneously is not explicitly supported by
current data modelling approaches. For example a building configuration may have frame-
shearwall structure and braced-frame structure as alternatives. Then, each of those
structural alternatives may have different/alternative column spacings or shearwall
configurations. Thus there is a need to represent alternatives that are in essence a local
variation of one or more aspects of a previous design (although at a lesser level of detail).
Some of the features of the KBS development tool were adapted to implement this aspect
in Tall-D. Multi-valued slots were used to represent variations of any given design
attribute of an object. Additional slots were also used where appropriate to record the
presence of an entire class of alternative solutions. Please see section 5.1.1 for a detailed
discussion of different structural systems designed by Tall-D and section 5.1.2 for

alternative plan layout of such structural systems.
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3. 4 Formulation of the Knowledge-Base

The objective of the KBS system is to perform multistorey office building design at
the preliminary stage taking into account architectural and structural considerations. A
study of the design domain at the preliminary stage was required to extract the necessary
information for knowledge-base formulation. Interpretation and subsequent formalization
was facilitated by the knowledge-base development tool which provided the mechanisms

to represent the knowledge after extraction.

Information regarding different elements of the preliminary design process was
assembled as:

a) Generation of the overall building configuration;

b) Evaluation criteria for alternative overall building configurations;

¢) Approximate cost of the building;

d) Generation of alternative structural schemes for the building;

e) Generation of the structure geometry and loading;

f) Approximate structural analysis and member sizing; and

g) Evaluation criteria for the structural system alternatives.

Information on the above topics was used in the development of the knowledge-base.
Various sources were utilised in collecting information for the design system. The
knowledge-base presented here does not reflect any particular designer’s expertise.
Nonetheless, it is an interpretation of the design process as documented in such sources
as case histories of building projects, monographs, technical articles in journals and
conference presentations, all related to multistorey office building design. Source topics
range from overall planning concepts and design of efficient structural systems to
suitability for different building configurations and approximate methods of analysis. Of
special importance to this system development was the impact of various interactions
from different building subsystems on design decisions. Integrated design issues and the

ensuing details of implementation were thus given due consideration.
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Architectural design concerns are represented in the knowledge-base by including
considerations such as the overall building configuration and related evaluation criteria.
Subjective information such as the aesthetic value of design alternatives or the effect of
adjacent buildings are, however, not considered. The structural engineering domain is
simulated by considering the design process of structural systems that are compatible with

overall building configurations.

3. 4.1 Sources of Domain Knowledge

There is a significant amount of information used in the development of the
knowledge-base. Most of it is extracted and adapted from a wide range of literature on
multistorey buildings, such as case studies analyzed by experienced designers, design
guides and textbooks, monograph volumes, journal articles on different projects and state-

of-the-art reports. Some of the important sources are given below.

The monograph on tall buildings (Council on Tall Buildings 1978-80) is an
authoritative source useful in the development of the knowledge-base. It was produced
by committees of experts in different fields of high-rise buildings. Of specific use were
the volumes on the topics of planning as well as structural design of steel and concrete
multistorey buildings. Discussion of the relative efficiencies of different structural systems
is used as part of the basis for the rules in the selection of the steel structural system
alternatives. Case studies of already constructed multistorey buildings in both steel and
concrete were used to formulate the range of acceptable values for certain parameters in
the knowledge-base (Guise 1990). Such parameters include the percentage of usable floor
area, percentage of various vertical elements occupying portions of floor area and core.
Existing values in various projects thus form the basis of some of the default values (or

facts) in the knowledge-base.

Useful sources in the formulation of the knowledge-base for structural design are
Taranath (1988) as well as Coull and Stafford-Smith (1991). Illustrations of different

structural forms for multistorey buildings and corresponding advantages, disadvantages
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as well as approximate analysis methods are highlights of these sources. They provide a
state-of-the-art in tall building structural systems in use. Response of the lateral structural
system is also the subject of a comprehensive ACI report (American Concrete Institute
1982). Behaviour of many of the routinely used structural systems is detailed along with
modelling for analysis and member design. Implementation of the preliminary structural

design is largely made using these above sources.

Code specifications with respect to the loading (wind, seismic and live loads) and
serviceability are available in the National Building Code of Canada (NBCC 1995).
Methods of calculating the wind loads and seismic loads are detailed in the supplement
to the NBCC (Supplement to NBCC 1995). Minimum design loads for different

occupancies are also supplied.

Approximate sizing of members requires consideration of a wide range of structural
components and a variety of member forces. Columns, beams and slabs in different
materials need to be scaled in a rapid and reasonably accurate fashion for preliminary
design. Design charts for the above purpose are taken from Allen and Iano (1990). Other
similar sources were consulted, namely, Simplified Design (Portland Cement Association
1992), CISC Steel Handbook (Canadian 1995) and CPCA Handbook for Concrete
(Canadian 1995). Cost information is obtained from Yardsticks for Costing (Hanscomb

1995) for the purpose of preliminary estimate.

Some of the heuristics extracted and included in the knowledge-base from the above

sources are listed below.

For architectural design:

- The best place for core location to maximise perimeter window access for rental areas
is a central location followed by scattered, detached, edge, corner and end locations
in that order (Allen and Iano 1989).

- Maximum plan dimension of large multistorey buildings is about 50m to provide
reasonable access to exits and services anywhere within the floor, and to ensure that

no location is too distant from the window line (Schueller 1986);
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- Case studies of rectangular floor configurations of large multistorey buildings show
that the maximum dimension of a side is around 85m, with an average maximum of
50m.

- For concrete to be economical there should be enough repetitions. Therefore, with less
than ten storeys steel is an economical choice of material (Taranath 1988). The
selection of material is however influenced by additional factors such as the soil
bearing capacity, availability, duration of construction and designer preference.

- In prismatic office towers of normal floor size (about 3500 m?), the core is usually
planned for one centralized location (Iyengar 1977).

- Buildings that solely house office space have high loads and high storey heights (3.6m
to 4.3m or 12ft to 14it) (Schueller 1986).

- Practical considerations for modular planning of office area require an 8m column-free
bay (Holgate 1986).

- The floor area within 7.6m (25ft) to 10.7m (35ft) from the window-line is considered

prime rentable space (Khan and Iyengar 1973).

For structural design:

- The bounds on the spans for efficient plane-framed buildings ranges from 6.1m to
15.2m (20ft to 50ft). Since utility of office space decreases with shorter spans, the
decrease in rental will have to be verified against savings (Council on Tall Buildings
1979).

- For preliminary design, column sizes are primarily governed by axial loads with
appropriate increase in cross-sectional areas for column moments - 10 percent increase
for interior columns and 50 percent increase for exterior columns, the later due to the
unbalanced vertical load moments (Nilson and Winter 1986).

- In concrete structures, it is more economical to repeat beam sizes and use varying
percentages of steel reinforcements than vary the cross-section dimensions. Beam sizes

need change only if design moments change 30 to SO percent or more (Fling 1987).
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In addition to the above, other sources have also been used to obtain relevant
information about technical details of the design process, as well as the heuristics to

develop different groups of rules.

Example of rules, frames and functions used in the system are presented below to

illustrate how the information collected is incorporated in the knowledge-base.

3. 4. 2 Examples of Knowledge-base Implementation in Tall-D System

A. Example of an Axiom
An assertion is the building block of a knowledge base. It saves a fact or an axiom
in a knowledge base. An example of an assertion would be

(Floor_Layout_Generation Done)

Such an assertion, for example, can be used by a macro rule to activate the subsequent

knowledge module.

B. Example of a Meta-Rule:

(DEFINE-RULE Actv-Generate-Floor-Rules 1
( :direction :forward 2
:sponsor TOP-SPONSOR) 3
(initial-user-interface-rules done) 4
(Use Generate-Floor-Rules) 5
6

THEN 7
8

(evaluate (activate-rule-sets :names 9
' (Generate-Floor-Rules)) 10
(forward-chain) ) 11

Upon initiating the design session the Tall-D system requests information regarding owner
requirements for the building project. Upon completion of initial input entry, the
knowledge-base considers the assertion shown above in line 4. Whenever the designer
selects from the menu bar the Generate-Floor option, the second assertion (line 5) is
entered in the knowledge-base. When both assertions in the antecedent part of the above
rule are entered, the consequent part is executed. The floor generation rules are thus

activated for inferencing and forward chaining re-initiated. The overall problem solving
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strategy thus incorporates such meta-rules to select and activate appropriate groups of

rules or rule-sets for specific design tasks.

C. Example of a design Rule

A design rule that is used in the generation of initial outlines is presented below. The
rule generates all feasible combinations of length and width values, from dimensions
within a predefined range. Ranges for length and width are defined in the object

General-Constraints. The range is assigned based on the required rentable area.

; **Generate Floor Outlines; 1
(DEFINE-RULE GEN-FP1 2
(:print-name "FLOOR-GENERATOR-1" 3
:direction :FORWARD 4
:sponsor Generate-floor) 5
(INSTANCE generation-aid is General-Constraints 6
with length-range 2?1 7

with width-range ?w 8

with max-floor-length ?ml S

with max-floor-width ?mw) 10

(>= 2?1 ?w) 11
(># ?ml ?21) 12
(>= ?mw ?w) 13
(>= 4.0 (/ 2?1 ?w)) 14
THEN 15
(evaluate (setqg f£loor-name 16
(intern (string (gensym 17
‘Floor-)) ‘GW))) 18
(evaluate (make-instance floor-name 19
:IS ‘Floor-Outline 20

:slots ‘((floor-length :value ,?1) 21
(floor-width :value ,?w)})) 22
(evaluate (send-msg (gw-object floor-name) 23
:pass-values&draw ?1 ?w floor-name))) 24

The antecedent part specifies the name of the rule, direction of chaining, controlling
sponsor, binding of variables, and checks to filter out undesirable combinations. Binding
of variables is done to select a permissible range of dimensions from an instance
generation-aid that is an instance of General-Constraints. The four checks that
follow ensure that:

- length is greater than or equal to width;

- length is less than or equal to maximum permissible value;

- width is less than or equal to maximum value permissible;

- length over width ratio is limited to 4.
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The consequent (or THEN) part consists of statements to generate a unique string
starting with FLOOR-, create an instance of the knowledge representation frame Floor-
Outline with slot values floor-length and floor-width set to the values selected
In the antecedent part (variables ?1 and ?w respectively as in lines 7 and 8). The last
function in the consequent sends a message to a handler inherited by the floor-outline

instance to update the screen and display the instance graphically.

D. Examples of Frames

The following example frames show the implementation details of three individual
frames which are part of the knowledge-base. Figure 3.2 shows the hierarchy of frames
as arranged in the knowledge-base. During execution of the simulation program instances
of the frames as required are generated.
D.I Frame that acts as the parent frame for all floor layout instances.

(DEFINE-FRAME Floor-Outline 1
( :print-name "Floor Outline" 2
:doc-string "Frame for instantiation of floor outlines™

:is Generic-System) 4
(floor-length) 5
(floor-width) 6
(percent-ground-coverage) 7
(area-per-floor) 8
(floor-area-ratio) 9

(Mech-Floors) 10
(No-of-floors 11
:when-modified (eliminate-Too-Tall)) 12
(Gross-Area-ofBldg) 13
(Bldg-asp-ratio) 14
(slenderness-description) 15
(core-type :multivalued t) 16
(core-instance-names :multivalued t 17
:constraints (:instance-of Core-Config)) 18
(LatSys-Material-Preference 19
cmultivalued t) 20
(GraSys-Material-Preference 21
:multivalued t) 22
(Possible-Lateral-Systems 23
rmultivalued t) 24
{Status) 25
(Approx-total-Cost) 26
(Develop-Structure?) 27
) 28

The above frame has many slots that describe the floor outline in increasing detail starting
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with its length and width, going on to possible structural systems. Constraints are defined
as relevant. An example of a demon function is el iminate-Too-Tall attached to the

No-of-floors slot (see line 12 above).

D.2 Frame describing the generic structural system.

;; Parent of all planar lateral load resisting frames 1
(DEFINE-FRAME Lateral-Structural-System 2
( :print-name "Lateral Structural System"” 3
:doc-string "Represents a Building Frame" 4

:is Generic-system) 5
(Column-Spacings :multivalued t) 6
(Number-of-Columns) 7
{No-of-Bays) 8
(Typical-Column-Tributary-Area) ;per floor per column 9
(Floor-Outline-Instance) 10
(Structural-Scheme-Column-Layout-Type 11
:constraints (:0One-of (Grid-Aligned-to-Core 12
Perimeter-Based Grid-2D i3
As-per-shearwalls))) 14
(Frame-Designation) 15
(Type) 16
(Material) 17
(Orientation) 18
(Support-Condition) 19
(Location-in-Plan 20
:constraints (:0One-of 21
(In-Front At-Back Right-Edge 22

Left-Edge Perimeter Inside))) 23
(Column-Instances :multivalued t 24
:constraints 25
(:instance-of Column-Element)) 26
(Displayed 27
:default-values (NO)) 28
(Orthogonal-Counterpart 29
:constraints (:Instance-of Lateral-Structural-System)) 30
(Column-Tributary-Area-Interior-Row-XX) 31
(Column-Tributary-Area-Interior-Row-YY) 32
) 33

This object inherits from Generic-System, which is defined as a parent (line 5). It in
turn is the parent of many individual structural system objects such as rigid frame, braced
frame, frame-shearwall interaction etc. Instances of these frames are the stability element
in a structural scheme like the one described by the object in next listing shown in D.3
(Frame-ShearWall-Scheme). See lines 4, 5 and 6 of the listing in D.3 below. The result
of inheritance of attributes (or slots) across three objects makes the object at the bottom
of the hierarchy specialised to the required extent. Attributes can also be modified at the

lower end of the hierarchy and have the local slot constraints merge with that inherited
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if needed to fit the local context. A few of the slots are repeated in this frame for clarity:

eg. Orientation was defined in Generic-System with appropriate constraints.

D.3 Frame with slots describing a frame shearwall structural system.

(Define-~Frame Frame-ShearWall-Scheme 1
( :Print-Name "Frame ShearWall Scheme” 2
:is Super-Structure) 3
(Stability-Element 4
:Constraints 5
(:One-of (Frame-ShearWall))) 6
(SWall-Direction ;iPrimary direction of S/W 7
:constraints (:one-of (One Two))) 8
{General-Location-of-Walls 9
:multivalued t 10
:constraints (:cone-of (In-Core Front 11
Back Left Right Centre))) 12

(Approximate-Number-of-Walls-XX) ;Wall axis prll to XX 13
(Approximate-Number-of-Walls-YY) ;Wall axis prll to YY 14

(Uniform-Spacing-XX-Walls) ; in metres 15
(Uniform-Spacing-YY¥Y-Walls) ; of walls w/axis pll. to YY 16
(ShearWalls 17
rmultivalued t 18
:constraints (:instance-of ShearWall-Element)) 19
(Uniform-Length-of-XX-Walls) 20
(Uniform-Length~of-YY-Walls) 21
(Composite-Construction 22
:Constraints 23
(:One-of (Possible Not-Possible))) 24

; IF Possible, means steel columns 25

; used with concrete shearwalls 26

; as an alternative to concrete cols. 27
(Steel-Used-In :multivalued t 28
:Constraints 29
(:One-of (External-Columns Internal-Columns))) 30
(Column-Material :Default-values (Concrete )) 31
(Typical-SW-Frame-XX 32
:constraints (:Instance-of Frame-Shearwall) ) 33

) 34

This frame describes the shearwall structural scheme. Combined with the inherited
attributes and the attributes of related objects, objects similar to this one but
corresponding to the respective structural systems enable the development of a
comprehensive description of structural components by the dynamically generated
instances. The rules in the respective rule-sets of the knowledge-base instantiate and

populate these objects with valid attribute values.
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E. Examples of Functions

E.I Demon Function

A demon function attached to a slot of frame triggers upon an event related to that
slot. The event could be such thing as a modification of the slot-value. The following list
shows one such function in the No-of-floors slot of Floor-Outline (see listing in C.1
in previous section). This function eliminates building alternatives with storeys more than
owner specified as well as with storeys less than 5, by setting the value of the status
slot to Del-N-F (see line 7 below). A message to the effect is issued to the user (lines
10 to 18). If the number of storeys is in the valid range then the status is set to OK-N-F
(line 21). These functions have access to the instance, slot, as well as to the old and new

slot values (see line 1).

(defun eliminate-too-tall (inst slot old-val new-val) 1
(if (OR 2
(< (slot-value ‘owner-constraints ‘max-no-of-floors) 3
(car new-val)) 4

(>= 5 (car new-val))) 5
(Progn 6
(Setf (slot-value inst ’‘status) ’'Del-N-F) 7
(format t "~&~A will be deleted; No. of floors: " 8
(Gw-Name Inst)) 9

(Let* ( 10
(Output (Gw-object "information)) 11

(MyList 12

(format nil 13

"~&~A will be deleted; No. of floors: ~D" 14

(Gw-Name Inst) (car new-val)))) 15
(Set-slot-value Qutput ‘Title 16
"Warning: Floor Configuration") 17
(Set-slot-value Qutput ‘Display Mylist) 18

) 19

)) 20

(Setf (slot-value inst ’‘status) ’'OK-N-F) 21
) 22
) 23

E.2 Example of Handler Function

The handler function is a member of an object. It can only be invoked by sending a
message to an instance of the object of which the function is a member. When invoked
the function has access to the instance through the variable sel£f. The example function

below generates building lateral loads according to NBCC (1995). Since a uniform lateral
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load of intensity equivalent to the value at top-third of the building produces
approximately similar forces in the structure as that produced by the near triangular
variation obtained by a more rigorous application of the equations, the former is preferred

due to the resulting simplification.

;; External pressure/suction P = gCeCqCp 1
;: = [=0.37 KPa for Dorval 1/30 probl] 2
;; Ce exposure factor, value from 3
;i table 4.1.8.A (0.9 to 2.0) based on H 4
;; Cg gust factor 5
;:; Cp external pressure coeff. averaged over the area 6
(define-handler (Building-Configuration 7
Generate-Lateral-Loads) () 8

(Let™*( 9
(Height (slot-value Self ’'Building-Height)) 10

(g (slot-value ‘Building-Loads-Code i1
'Hourly-wind-pressure) ) 12

(H23 (/ Height 1.5)) ; 2 thirds height of building 13

;Ce at top third height of building 14

(Ce (expt (floor (/ H23 10.0)) 0.2)) 15
;actually varies along the height of building. 16

; To get continuous variation use the above 17

; expression, substitute H23 by the corresp. 18

; elevation(m) 19

(Ce (Cond 20

((< Ce 0.9) 0.9) 21

(t Ce)) ) 22

(Cg 2.0) ;for buildings as a whole; 2.5 for clad. 23
(CpWin 0.8) ; Cp on wind-ward side 24
(CpLee 0.5) ; Cp on lee-ward side 25
;:;(P_Win_H1 (* g Ce Cg CpWin)) Not used 26
(P_Win_Abv_Hl (* g Ce Cg CpWin)) ;Current: Unfm.dist. 27

; top-third value assume uniform due to 28

; approx. the same effect caused at the base. 29

; Use Ce from table 4.1.8A as per 30

;: Z~elevation of point on the building, 31

; if continuous var. required. 32

(P_Lee (* g Ce Cg CpLee)) 33

) 34
(Print (list "P_Win_Abv_Hl P_Lee (in kPa):" 35
P_Win_Abv_Hl P_Lee)) 36

(set-slot-value Self ’‘Windward-Pressure-at-Top3dHeight 37
P_Win Abv_H1l) ;kPa 38

(set-slot-value Self ’‘Leeward-Pressure-at-Top3dHeight 39
P_Lee) ;kPa 40

) 41

) 42
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D.3 Example of Direct Function

There is another type of function that is general purpose. Once defined it can be called
from any other part of the knowledge-base: consequent part of a rule, another function,
etc. The following function calculates the aspect ratio for the building and prompts the
deletion of the alternative if that value exceeds 10, by setting the status value to Del -
BSR (line 16). The aspect ratio calculated is placed as the slot value in bldg-asp-
ratio (lines 8 to 11).

; For rule Aspect-Ratio-bldg 1
(defun cal-bldg-asp-ratio 2
(Ins No-of-fl fl-length fl-width fl-height Stat) 3
(let~* ((HB (* no-of-fl1 f£l-height)) 4
(hbl (/ HB fl-length)) 5
(HBW (/ HB fl-width))) 6
(progn 7
(If (egl stat ‘OK-N-F) 8
(if (> HBL HBW) 9
(set-slot-value Ins ‘bldg-asp-ratio HBL) 10
(set-slot-value Ins ‘bldg-asp-ratio HBW) 11

) 12

) 13
(If (and (or (> hbl 10) (> hbw 10)) 14
(eql (slot-value Ins ’‘status) ‘Ok-n-£f)) 15

(setf (slot-value Ins ‘status) ‘Del-BSR)) 16

1)) 17

3. 5 External Interfaces in Tall-D

Integration of architectural and structural domains for preliminary design being the
main scope, interfacing with external programs was not a requirement in achieving the
project objectives. However as discussed in section 2.3 and 2.4, one of the demands on
design systems is the ability to exchange design data, not the least of which is geometric
data. Moreover, the results of preliminary design should, in the normal process, lead to

more detailed design.

One of the methods of exchanging data is to use predefined file formats. Such

standards for the interchange of information have been discussed in section 2. 4. 3. Tall-D
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provides two interfaces to demonstrate the need and utility of such interfaces - one for
reading in the section properties of numerous steel sections and another interface for the

export of geometry of specific Tall-D design alternatives.

3. 5.1 Interface for 3D Geometry Data Exchange

Tall-D provides a data interface to many CAD packages that support the DXF format
of AutoCad. Using the DXF interface of Tall-D, it is possible to use commonly available
CAD packages to view and work with specific Tall-D design alternatives. The simple
interface generates a text file that contains a three dimensional wire-frame data of the
building structure. An example of such a wire-frame view obtained using this interface
is shown in Fig. 3.2. The two wireframes in the figure were plotted after importing the
same file in two different CAD packages - Microstation and AutoCad. The diagram on
the left the figure is produced with the former. The one on the right is produced with the
latter after removing hidden lines. Thus the figure is an illustration that the interface is
functional with two leading CAD packages and, in fact, all packages supporting the DXF
format. An extension of this feature could implement the evolving STEP standard to not
only provide the geometry as in the current system, but include design information as well

for programs able to import and use such data.

3. 5. 2 Interface for CISC Steel Data Files

The KBES development tool GoldWorklI provides an ASCII parser that can be used
to read data files if the format of the file is known. The Canadian Institute of Steel
Construction (CISC) section properties for hundreds of different rolled steel sections is
available in ASCII files. This data is parsed and input to Tall-D system to set up the
tables for the steel structural design. The use of these sections in the design was deferred
after implementing a version where each section was instantiated as a Structural-Element.
Due to the number of sections represented as an object, the system slowed and
stalled. Though alternative methods of accessing the CISC data, such as using a database

resident on the secondary storage or even a memory resident array of numbers were

3-28



available, it became clear the use of individual steel sections was more in the scope of
detailed design. Due to the chart-based method of preliminary design for steel structural
elements sizing used in Tall-D, only a sub-set of steel sections and their few key data

were needed, and hence included within the Lisp function performing such steel sizing.

3. 6 Summary

An overview of the system architecture of Tall-D has been presented in various detail.
The size of the knowledge base was described by the system metrics. The object oriented
knowledge representation of the physical building was illustrated in detail. This along
with the rule base constitutes the hybrid knowledge representation scheme used in Tall-D.
The sources of information used to formulate the knowledge-base have been mentioned.
Example program code showing the different types of knowledge-representations as well
as procedural routines was presented. An external interface in Tall-D, that enables export

of building geometry, was illustrated.

In the next chapter, the system is described in the context of the development of the

overall building configuration, the step prior to structural systems design.
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CHAPTER 4

Development of Overall Building Configuration

A detailed description of the components of the KBS related to architectural design
is presented. This includes details regarding the overall building configuration as well as

the initial cost estimation procedure by means of a demonstrative example.

4.1 Overall Building Configuration

The overall layout planning of a building at an early stage of design ensures that
requisite space for the different building components is allocated, satisfying at the same
time functionality and flexibility. Competing objectives and needs such as optimal
location of the structural system, maximisation of prime rentable area, provision of
appropriate space and connections for various mechanical system components and other

building services have to be addressed and fulfilled.

Overall building configuration specifically deals with building massing, where the
location of the different component areas of the building both in plan and elevation are
the major decisions. The plan layout significantly influences the final efficiency or
acceptability of the design. It also greatly influences the vertical structure with respect to
its location and the kind of system. The total number of storeys and floor area determine
the location of the mechanical plant. The system however does not consider structure

configuration below the ground level nor the presence of a plaza at the street level.



The overall building configuration module described here constitutes the architectural
module of the integrated building design KBS for the design of multistorey office
buildings at the preliminary stage. In the following, a discussion of layout planning for
multistorey buildings is presented, followed by the adopted methodology for the overall
configuration of buildings. An example of a typical layout configuration performed with
the assistance of the KBS is presented and progressively developed in the different
subsections. Consideration of the structural system alternatives is presented in the

subsequent chapter.

4. 2 Floor Layout

Building floor layout problem solving involves selecting and arranging component
areas to form a complete floor. This task requires knowledge about various space
requirements and inter-relations between the component areas. In typical building layout
problems, there are numerous feasible solutions, thus indicating the need for a robust
selection process to search through alternative solutions. Numerical computations then
appear to be of secondary importance since the determination of an appropriate space and

location for each component is not a process suited to a pure algorithmic description.

Determination of the spatial needs of different building subsystems (like structure,
mechanical, interior etc.) requires consideration of the services in the building and
functions of the subsystems. To achieve efficient solutions to space allocation problems,
it is necessary to take advantage of the multiple needs the same space can cater to, e.g.
a core in which all the services and shafts are grouped together can be used to place the
lateral load-resisting structural system as well. Such cores built of concrete also serve as
fireproof enclosures to house staircases as well as fire-resistant separations between areas
on the floor, dividing occupant areas into compartments with respect to fire-safety
regulations (NBCC 1995). In a similar fashion a suspended ceiling can house ducts,
structural beams and lighting fixtures. The simultaneous consideration of diverse needs
for different components and subsystems in buildings (Rush 1986) is effective in

achieving building integration, and is most relevant at the early design stage.
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Layout planning begins with the generation of simple outline alternatives that are
progressively refined by defining component areas on the plan. The initial outlines are
determined by the designer conforming to site constraints, Code regulations and owner
requirements. As details are developed, the number of initial outline alternatives decreases

rapidly since those alternatives violating design constraints are eliminated.

Conventional computer-based systems to automate the above process begin with an
algorithmic generation of alternatives, followed by a comprehensive search for the best
solution. They require as input the building geometry and extensive definition of
constraints to go through the process of generation and evaluation of solutions. Such
systems are generally restricted to one type of geometric figure and to a narrow range of
permissible dimensions, thus limiting the number of alternatives that can be examined and

the quality of the final solution.

In the Tall-D system presented here to develop overall configurations, a more flexible
approach is adopted following the hierarchical generate-test technique implemented in a
KBS environment (Hayes-Roth et. al. 1983). Improvements to this method compared to
the conventional algorithmic method are based on developing a design context to define
better generation constraints, to generate solutions incrementally and to evaluate them at
each hierarchical level in order to retain only the most promising alternative at that level.
Such procedure with multiple levels of generate-test is effective in keeping the number
of alternatives in check. Fig. 4.1 summarizes the complete development of a building
structural layout alternative from information available to the building designer at the

preliminary stage.

The first level of description consists of the rectangular shape of floor, the number of
storeys and the corresponding building slenderness ratio. Each alternative at this level
gives rise to a group of alternatives at the subsequent level with different core
configurations (Fig. 4.1). Similarly at the second level of description, each alternative
leads to a group of alternatives at the subsequent level with different structural

configurations. The concept of multiple levels of abstraction, each focusing on a different
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Figure 4.1 Development of a Building Structural Layout at Different Levels of Details
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level of detail has proven to be effective in reducing the complexity of large problems
(Korf 1987). A similar concept of hierarchical modelling has previously been proposed
for architectural design layout problems (Willey 1978).

However this procedure requires that domain knowledge in the form of heuristics and
constraints be integrated with the generate-test cycles. The KBS approach facilitates the
incorporation of constraints from Codes and zoning laws as well as design heuristics
derived from the technical literature and case studies. Practical considerations like
rentability, placement of structural systems for lateral load resistance as well as allocation
of space for service area, circulation, elevators and mechanical risers can then be

accounted for simultaneously within generate-test cycles.

The KBS presented here is restricted to plots and building floor outlines of
rectangular shape, with office occupancy applicable to the entire rentable area. The
number of storeys is limited to fifty. In high-rise buildings up to twenty storeys,
constructional features are generally repetitive with respect to height (Barton 1983).
However in taller buildings, the number of elevators reduce towards the top of the
building (White and Salmon 1987), thus leading to additional usable space in the top
floors. Since all the vertical services including the elevators are grouped together, the
variations in elevator banks do not affect significantly the functionality of the designs
based on a typical floor at the lower level. Hence for simplicity and preliminary design

purposes, the configuration of only one typical floor is considered here.



4. 3 Generation of Configuration Alternatives

Figure 4.2 illustrates the basic definitions of terms used in the following discussion
in terms of building geometric parameters and ratios. The floor area ratio (FAR) relates
total floor area in the building to the plot area. Permissible FAR is associated with
percentage of ground coverage and is specified by municipalities as part of the zoning by-
laws. Higher FAR limits usually are permitted if a lower percentage of the plot is covered
by the building footprint. The building slenderness ratio (BSR) is routinely used in
structural design against lateral loads. The floor aspect ratio (FAS) characterises the shape

of a typical floor outline.

Figure 4.3 shows a schematic of the adopted generate-test procedure. The tree or
hierarchy of design alternatives illustrates the concept of generate-test at multiple levels
as described above. Comments on the left of the tree indicate the sequence and type of
operations performed, and text on the right indicates the corresponding modules of
information either used or generated by the system. The tree itself represents the design
space as the procedure advances from top to bottom ie. the generation and gradual
reduction of initial outline alternatives through Level-I, followed by a new generate-test

cycle through Level-IL

The design context is initially set up by the owner specifications specified in Figure
4.3. An example of owner specifications is given in Part-A of Table 4.1. The process
begins with the generation of initial outline alternatives with details concerning rentable
space, number of floors and slenderness ratio of the building. The first generation
constraints to be used are related to the practical range of floor dimensions and the
permissible FAR for different percentages of ground coverage. The range of dimensions
to be considered in the generation of outlines is set using the required floor area as an
indicator. The generation of initial floor outlines of rectangular shape is carried out within
these constraints and limited to a floor aspect ratio (FAS) of four (4) as most buildings
fall within that limit. From the energy consumption point of view, this limit also ensures

that the external surface of the building envelope remains within practical values with
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Figure 4.2 Basic Geometric Parameters and Ratios.
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respect to the enclosed space to heat or cool. These alternatives are generated breadth-first
fashion i.e. with a single detail being developed for all alternatives, then a second detail
and so on. The generation of each detail is followed by a test against a specific constraint.
For example after the generation of the floor dimensions, the percentage of ground
coverage is calculated and used to check against the permissible FAR. The outlines that
require to exceed the FAR limit in order to provide the required rental area are
eliminated. Elimination of alternatives is also performed after the number of storeys is
calculated as well as after the BSR is calculated. The above three eliminations complete
Level I of the generate-test procedure. Constraints based on design heuristics and Code
regulations that are used to narrow down the design space to a relevant set of overall
configurations are shown in Fig. 4.3. Level II of the generate-test procedure is concerned
with the generation of alternative core locations for the current outlines retained at the end
of Level I (see also Fig. 4.1). The location of the service core in the floor layout is an
important design decision since it affects rentability in addition to a number of other
building characteristics. As previously mentioned, the core is often used to locate the
lateral load-resisting system. However the location of the core is also influenced by the
size and shape of the floor outline. The provision of a central core leaves maximum space
available for rent near the window line. If this is not possible, alternative core placements
shown in Fig. 4.4. like edge, detached, two central, corners or end types are considered

$O as to maximise contiguous usable space on the floor.

4. 3.1 Evaluation of Overall Configurations

The distribution of domain knowledge between generator and evaluator represents an
important feature of a design KBS based on the generate-test paradigm. Heuristics are
incorporated in the generator to make the generation process efficient and to limit the
evaluation process only to a reduced set of potential solutions. The evaluation part of the
system incorporates domain heuristics to test the performance of design alternatives
against a set of criteria. The number of generic layout alternatives is reduced going
through successive cycles of generate-test, at the same time producing new variations of

those that are retained as finer details are developed. Through Level I, generation of
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Figure 4. 4. Generic Types of Core Placement Considered in the KBS.
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alternatives each with specific building parameters like total floor area, number of storeys,
building slenderness ratio etc. is followed by a test against a corresponding constraint.
Evaluation of the overall building configurations is carried out in Level II after core
locations are added to the floor outlines. The criteria considered (Allen and Iano 1989)

in the evaluation of these overall configurations are listed below:

-Flexibility of rental areas;

-Window line access for rental areas;
-Suitability for lateral structural system;
-High rentability at ground level;

-Travel distance from core to window-line;
-Clarity of circulation within rental areas;
-Daylight and view for core areas;
-Service connections at roof level;
-Service connections at ground level;

-General energy efficiency potential.

The type of core placement has significant influence on the above evaluation. For
example central core location (either one core or two central cores) is preferable to other
types given in Fig. 4.4 for locating the lateral load resisting structural system. To establish
a distinction between the generic types of core placement shown in Fig. 4.4, relative
ratings are assigned with regard to each of the above evaluation criteria on a scale of 1
to 5, with 5 being the best rating and 1 the worst. To complete the evaluation of overall
configurations at the end of Level II, preferences are requested from the designer (see
Figure 4.5) against each evaluation criterion and used to weigh the relative ratings. The
sum of weighted ratings thus obtained is used to rank the overall configurations against
each other, the most desirable being the one with the maximum aggregated value. Based
on this evaluation, a ranked list of feasible layouts is finally presented to the designer to
enable him to proceed with one (or few) of these to the generation of structural system

alternatives.
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4. 3. 2 A Typical Design Session

A typical design session starts with input of general design requirements provided by
the owner. These are the plot dimensions, maximum number of floors and required floor
area as shown in Table 4.1, Part-A. Initial floor outline alternatives are first generated by
the system (Part-B) and checked against allowable FAR. Floor dimensions, permissible
floor area ratio, number of floors and slenderness ratio of the building are part of the
information generated by the system. The alternatives retained in the system at the end
of Level-I are given in Part-C, a total of 27 from the 42 initially generated. All the initial
alternatives satisfy the FAR regulation, 12 exceed the maximum number of storeys

specified and 3 exceed the BSR limit.

For each outline retained at the end of Level-I, an attempt is made to generate
compatible core configurations, thus leading to a total of 32 overall building
configurations in Part-D. Figure 4.6 shows these overall configurations schematically, as

displayed by the system.

Design preferences for the evaluation of overall configurations are specified by the
designer as shown in Part-E and in Figure 4.5 on a 0 to 100 scale (0: not relevant, 100:
overriding importance). Following this evaluation, overall configurations are priority-
ranked relative to each other and presented to the designer (Part-F). Three alternatives,
Floor-1, Floor-14 and Floor-25, obtain top score and ranked number one. It may be noted
that all three have a central core and are compatible with the preferences given by the

designer.

In the end, the designer may select any of the feasible alternatives listed in Part-F, or
let the system select the first ranked alternatives, in order to proceed with the
development of compatible structural system alternatives, which is described in the next

chapter.
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Table 4.1 Typical Design Session- Overall Building Configuration.

Part-A: General Design Requirements

Name of the Building Example
Length of Plot 80m

Width of Plot 70 m
Finance Limit 50 million
Max. no. of Floors 50
Required Floor Area 28000 sq. m

Table 4.1 Typical Design Session- Overall Building Configuration(continued).

Part-B: Initial Floor Outlines Considered

Outline Length  Width Permissible Status
Alternative (m) (m) FAR

FLOOR-1 60 60 12 OK-FAR
FLOOR-2 60 50 15 OK-FAR
FLOOR-3 60 40 15 OK-FAR
FLOOR-4 60 30 18 OK-FAR
FLOOR-S 60 25 18 OK-FAR
FLOOR-6 60 20 18 OK-FAR
FLOOR-7 60 15 18 OK-FAR
FLOOR-8 55 50 15 OK-FAR
FLOOR-9 55 40 18 OK-FAR
FLOOR-10 55 30 18 OK-FAR
FLOOR-11 55 25 18 OK-FAR
FLOOR-12 55 20 18 OK-FAR
FLOOR-13 55 15 18 OK-FAR
FLOOR-14 50 50 15 OK-FAR
FLOOR-15 50 40 18 OK-FAR
FLOOR-16 50 30 18 OK-FAR
FLOOR-17 50 25 18 OK-FAR
FLOOR-18 50 20 18 OK-FAR
FLOOR-19 50 15 18 OK-FAR
FLOOR-20 45 40 18 OK-FAR
FLOOR-21 45 30 18 OK-FAR
FLOOR-22 45 25 18 OK-FAR
FLOOR-23 45 20 18 OK-FAR
FLOOR-24 45 15 i8 OK-FAR
FLOOR-25 40 40 18 OK-FAR
FLOOR-26 40 30 18 OK-FAR
FLOOR-27 40 25 18 OK-FAR
FLOOR-28 40 20 18 OK-FAR
FLOOR-29 40 15 18 OK-FAR
FLOOR-30 40 10 18 OK-FAR
FLOOR-31 35 30 18 OK-FAR
FLOOR-32 35 25 18 OK-FAR
FLOOR-33 35 20 18 OK-FAR
FLOOR-34 35 15 18 OK-FAR
FLOOR-35 35 10 18 OK-FAR
FLOOR-36 25 25 18 OK-FAR
FLOOR-37 25 20 18 OK-FAR
FLOOR-38 25 15 18 OK-FAR
FLOOR-39 25 10 18 OK-FAR
FLOOR-40 20 20 18 OK-FAR
FLOOR-41 20 15 18 OK-FAR
FLOOR-42 20 10 18 OK-FAR




Table 4.1 Typical Design Session- Overall Building Configuration(continued).

Part-C: Status at the end of Level-I

Qutline Height BSR No. of Mechanical Status
Alternative (m) Storeys Floors

FLOOR-1 400 0.7 10 1 OK-N-F
FLOOR-2 480 1.0 12 1 OK-N-F
FLOOR-3 60.0 1.5 15 1 OK-N-F
FLOOR-4 76.0 2.5 19 1 OK-N-F
FLOOR-5 92.0 3.7 23 1 OK-N-F
FLOOR-6 112.0 5.6 28 1 OK-N-F
FLOOR-7 NIL 104 39 2 DEL-BSR
FLOOR-8 52.0 1.0 13 1 OK-N-F
FLOOR-9 64.0 1.6 16 1 OK-N-F
FLOOR-10 84.0 2.8 21 1 OK-N-F
FLOOR-11 100.0 4.0 25 1 OK-N-F
FLOOR-12 124.0 6.2 31 1 OK-N-F
FLOOR-13 NIL 11.2 42 2 DEL-BSR
FLOOR-14 56.0 1.1 14 1 OK-N-F
FLOOR-15 68.0 1.7 17 1 OK-N-F
FLOOR-16 92.0 3.1 23 1 OK-N-F
FLOOR-17 108.0 43 27 1 OK-N-F
FLOOR-18 140.0 7.0 35 2 OK-N-F
FLOOR-19 NIL 12.3 46 2 DEL-BSR
FLOOR-20 76.0 1.9 19 1 OK-N-F
FLOOR-21 100.0 33 25 1 OK-N-F
FLOOR-22 120.0 4.8 30 1 OK-N-F
FLOOR-23 156.0 7.8 39 2 OK-N-F
FLOOR-24 NIL NIL 51 NIL DEL-N-F
FLLOOR-25 88.0 2.2 22 | OK-N-F
FLOOR-26 112.0 3.7 28 1 OK-N-F
FLOOR-27 140.0 5.6 35 2 OK-N-F
FLOOR-28 172.0 8.6 43 2 OK-N-F
FLOOR-29 NIL NIL 57 NIL DEL-N-F
FLOOR-30 NIL NIL 85 NIL DEL-N-F
FLOOR-31 132.0 44 33 2 OK-N-F
FLOOR-32 160.0 6.4 40 2 OK-N-F
FLOOR-33 196.0 9.8 49 2 OK-N-F
FLOOR-34 NIL NIL 66 NIL DEL-N-F
FLOOR-35 NIL NIL 97 NIL DEL-N-F
FLLOOR-36 NIL NIL 55 NIL DEL-N-F
FLOOR-37 NIL NIL 69 NIL DEL-N-F
FLOOR-38 NIL NIL 91 NIL DEL-N-F
FLOOR-39 NIL NIL 135 NIL DEL-N-F
FLOOR-40 NIL NIL 85 NIL DEL-N-F
FLOOR-41 NIL NIL 113 NIL DEL-N-F
FLOOR-42 NIL NIL 168 NIL DEL-N-F
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Table 4.1 Typical Design Session- Overall Building Configuration(continued).

Part-E: Evaluation Preferences Supplied by the Designer

Feature Value
Flexibility of rentable areas 100
Window line for rentable areas 100
Suitability for lateral structural system 100
High rentability at ground level 0
Travel distance from core to window-line 0
Clarity of circulation of rental areas 100
Daylight and view for core areas 0
Service connections at roof 0
Service connections at ground 0
General Energy Efficiency 100

Table 4.1 Typical Design Session- Overall Building Configuration(continued).

Part-F: Floor Evaluation Result (Not Sorted by Rank)
Floor Plan Storeys  Core-Type Evaluation Rank

Alternative Value

FLOOR-1 10 CENTRAL 2200.0 1
FLOOR-2 12 CENTRAL 21000 2
FLOOR-3 15 CENTRAL 2100.0 2
FLOOR4 19 CENTRAL 2000.0 3
FLOOR-5 23 ENDS 1400.0 5
FLOOR-6 28 ENDS 1400.0 5
FLOOR-8 13 CENTRAL 2100.0 2
FLOOR-9 16 CENTRAL 21000 2
FLOOR-10 21 CENTRAL 2000.0 3
FLOOR-11 25 ENDS 1400.0 5
FLOOR-12 31 ENDS 1400.0 5
FLOOR-14 14 CENTRAL 2200.0 1
FLOOR-15 17 CENTRAL 2100.0 2
FLOOR-16 23 CENTRAL 2000.0 3
FLOOR-17 24 DETACHED 1400.0 5
FLOOR-17 27 EDGE 1400.0 5
FLOOR-18 35 ENDS 1400.0 5
FLOOR-20 19 CENTRAL 2100.0 2
FLOOR-21 25 CENTRAL 2100.0 2
FLOOR-22 30 EDGE 1400.0 5
FLOOR-22 26 DETACHED 1400.0 5
FLOOR-23 39 ENDS 1400.0 5
FLOOR-25 22 CENTRAL 2200.0 1
FLOOR-26 28 CENTRAL 2100.0 2
FLOOR-27 35 EDGE 1400.0 5
FLOOR-27 30 DETACHED 1400.0 5
FLOOR-28 43 ENDS 1500.0 4
FLOOR-31 33 CENTRAL 2100.0 2
FLOOR-32 40 EDGE 1500.0 4
FLOOR-32 35 DETACHED 1500.0 4
FLOOR-33 49 EDGE 1400.0 5
FLOOR-33 43 DETACHED 1400.0 5
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4. 4 Preliminary Cost Estimation

The comparison of design alternatives at the preliminary stage also involves cost
comparison in addition to the qualitative design parameters used and listed in Fig. 4. 5.
An accurate estimate of costs at the preliminary stage is difficult to obtain, with errors
typically of up to forty percent (Neil 1982). As discussed in the next section, one of the
most common methods of preliminary estimation is based on the building floor area and
corresponding unit cost. Comparing different design alternatives having more or less the
same gross floor area does not contribute to a conclusive decision. However some subtle
variations in cost could be attributed to certain characteristics of the building. One such
factor is the height of the building, which contributes definitely to an increase in the use
of structural material and to some extent all other vertical elements in the building such
as building exterior, service and HVAC ducts. Thus cost increases with height of building
though gross floor area remains constant. Therefore, after qualitative evaluation at Level-
II of the generation process, the building height is used as a parameter to calculate
expected, relative structural costs for all the current alternatives. However it has to be
mentioned that the relative structural cost based on height of the building may not be
‘sensitive’ enough when comparing buildings of smaller heights for which lateral load

effects are not significant.

4. 4. 1 Different Methods of Cost Estimation

There are several methods for approximate or preliminary estimation. Some of them
are based on cost per unit area, cost per unit volume, cost per unit surface area etc. Such
methods give an order of magnitude estimate at the project inception stage. Unit-floor-
area-based construction cost data are available for Canadian locations from sources such
as Means (1996), Hanscomb (1995) and Lansdowne (1990). Different types of construc-
tion such as residential, commercial, office and industrial are included in such data.
Adjustments for variations in the size of the project as well as geographical location of

the project could be made with the data presented.
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In general, cost estimates can be produced in increasing level of detail and accuracy by
the following approaches:

- Unit area cost indices published by reputed organisations (as mentioned
above);

- Interface the design system to material and assemblies cost data from
database available in electronic form from such organisations as Means
(1995) and then use the data to do cost estimation;

- Interface the design system to cost analysis software such as Precision
Estimating (Timberline 1997) to perform a detailed cost estimate of the
design alternatives based on detailed material and labour estimates and

- A comprehensive study, a life-cycle cost analysis of the alternatives so
that other cost factors in addition to construction cost such as taxes,

maintenance and energy are also taken into account.

The first method is solely based on the gross floor area of the building and serves the
requirement for preliminary design giving an idea of the overall construction cost without
need for design information on individual building subsystems. The second method is
based on entire assemblies as opposed to individual material quantities. It requires the
surface area or volume of each construction assembly (eg. floor type, beam-column type)
for all building subsystems. The database of assemblies cost data is normally for 'in-
place’ items i.e. the labour cost being factored in. The third method above requires a
reasonably good assessment of the quantities of material, equipment and labour. The
fourth method requires, in addition to the construction cost a wider array of information
such as energy costs, operating costs, municipal taxes, repair and maintenance costs at the

location of the building.

4. 4. 2 Estimation Approach in Tall-D System

In the absence of detailed design and corresponding quantities, the building total cost
is based on gross floor area of building using published unit cost data for office building

construction (Hanscomb 1995). Such a method gives an approximate estimate without
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taking into consideration special or exceptional items that certain projects entail. In

addition to site and owner conditions, the following factors affect the final building costs.

The height of building and construction material have varying degree of influence on
the final cost. The building height is used as a handle to compare expected structural
material costs. The depth of gravity system has an effect on the cost of other vertical
building elements such as facade and the vertical structure (Colaco 1986). Therefore such
a parameter is a useful indicator of relative cost of the gravity structural system. Tall-D
estimates the relative cost of the different overall alternatives on the basis of building
height. Upon selection of a particular layout, the system then generates the depth of

alternative gravity systems, as part of the initial structural member sizing.

Another factor is the type of material - concrete, steel or composite. It has some
influence on the total duration of the project, but more so on the start-up time. However
the final cost variation due to different materials is not significant due to different cash
flow patterns for steel and concrete buildings (Anthony 1985). Steel has a shorter start-up
time, consequently results in higher cash-flow in the initial period as compared to
concrete for which payment can be made as pouring of concrete is done. Taranath (1988)
lists nine factors that have contributed to the cost-competitiveness of reinforced concrete
for tall buildings, including forming techniques, concrete placing, fire-resistance, reduced
floor-to-floor height, 410 MPa and 520 MPa yield strength (60 ksi and 70 ksi) mild steel,
super-plastisizers etc. He also states that the slightly longer period that the concrete
construction takes up will not significantly affect the overall cost. Glover (1991) in similar
vein also states that the overall project times for both steel and concrete buildings are
very similar. Therefore any variation in construction duration due to steel or concrete is
not considered in the preliminary cost estimates. Bennett (1991), in a discussion on design
using high-speed concrete, affirms that constraints in achieving speed and efficiency
largely arise from the nature of designs. Therefore the effect of construction material on

the initial cost of the project is not considered in Tall-D.
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With the gross floor area being known after the generation of overall building
configuration for all the alternatives, the approximate cost is estimated as follows. The
Canadian national average cost per square metre for office buildings is used as the
starting point. A first correction to that value is computed due to the location of the
building, using cost indexes that are available for twelve major cities in Canada. Further
correction due to the difference in size compared to the basic building is applied using
a relationship that is valid for North America (Means 1996). Final correction for inflation

is also applied to account for the date of construction.

After the estimation of the approximate total cost as above, the relative costs of the
structure for the current building configuration alternatives is estimated. Fig. 4.7 is a
typical relationship between the number of storeys and the weight of structural steel per
square foot floor area in the building (Schueller 1986). The difference in material
quantities for increasing number of storeys and resulting increase in lateral load effects
can be observed from the figure. The relation shown in the figure is used to establish
relative structural cost for building alternatives of different height. The primary aim in
using this curve is to order the alternatives for expected structural cost. The unit quantities
increase with increase in the number of floors both for steel and concrete buildings. Since
the curve for total material for concrete would be similar in shape to that in Fig. 4.7 and
considering that relative structure cost is sought rather than an accurate individual cost,

the same relation as for steel is used for concrete as well.

The relative structural material quantities, having a direct bearing on structural costs,
are presented as cost ratios with respect to the alternative having the least structural
quantity. The comparison enables the designer to foresee any major variation in the
structure cost among the current alternatives before proceeding to preliminary structural
design. The initial cost is based only on the gross floor area of the building and is not

based on whether steel or concrete is used as explained in section 4.4.2.
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Figure 4.7 Variation of structural steel versus number of storeys (Schueller 1988).

4. 4. 3 Estimation for a Typical Building

The approximate cost estimation of the typical design presented in section 4.3.2 is
shown here. The estimation is based on the unit (per square metre) cost of construction.
Figure 4.8 shows an order of magnitude cost estimate for the total construction cost of
the building. Figure 4.8 also shows a comparison of a different nature. The building
configurations are evaluated prior to development of compatible structural systems to
indicate possible variations in structural material quantities (and hence material cost). The
comparison is based on the premise that increase in building height leads to increased unit
structural materials in the building due to lateral load resistance requirements. As a
general rule this is true although many instances may be sighted where the unit material

consumption on a tall building is less than the material consumption on some other
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Floor Evaluation Information
(Top Alternatives as per current Criteria)

Floor Eval. Ualue Core

2200 CENTRAL
2200 CENTRAL
22860 CENTRAL

a2 a2 2 2 2 2 2 22 3 22 2 3

Approximate Cost Information

Order of HMagnitude Estimate: $31 million
Based on Gross Floor Area of: 360880 Sq. n.

Expected Relative Structural Quantities
(based on height of building)

FLOOR-1 with CENTRAL core: 1.88
FLOOR-14 with CENTRAL core: 1.03
.FLOOR-25 with CENTRAL core: 1.10

Figure 4.8 Order of magnitude estimate for example building.

building project with lesser number of storeys. Therefore the ranking presented in Fig. 4.8
for structural quantities is a guideline that designer may consider if a shorter building is
desirable from other considerations as well. Since structural cost rarely exceeds thirty
percent of the overall project cost, owners may not mind slightly increased material cost

when aiming to build a tall building.
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4. 5 Summary

The overall building configuration is representative of architectural design
considerations where the building shape and massing are decided. Tall-D generates the
floor outline alternatives and the number of stories along with the core location,
considering typical zoning regulation for floor area ratio and building height limitations.
A hierarchical generate-test procedure is implemented to prune alternatives in different
stages using appropriate evaluation criteria. User can define preferences of design feature
using a numeric factor. Order of magnitude cost estimates are made at this stage to
confirm the budget limit specified by the designer. Historical cost indexes with correction

for time, location and project size are applied in this cost estimating method.
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CHAPTER §

Structural Systems Configuration

It is not uncommon in practice, when major projects are being formulated, to consider
many alternative solutions. Office buildings with large rentable space are major
investment decisions and, as such, thorough analysis of not only the commercial aspects,
but analysis of the engineering aspects as well is called for. There are documented cases
of investigation of alternative structural configurations (Colaco 1986, Taranath 1988,
Khan and Iyengar 1973, Iyengar 1977). Small projects by nature are not subject to
extensive evaluation of alternatives either due to constraints on design resources or

because the solution is often apparent and less penalizing economically.

Given the fact that the generation of alternative designs is a common practice inherent
to the design process in the context of multistorey office buildings, Tall-D attempts to
simulate such a process. The structural module in Tall-D generates and evaluates
alternative structural schemes that are compatible with the overall configuration of the
building. Vertical and horizontal structural systems are both considered. Generic systems
are initially selected, followed by the generation of the lateral load-resisting system (LLS).
Feasibility of the combination of gravity load-resisting system (GLS) with LLS is verified
and compatible alternative gravity systems are generated. The structural module also
enables the designer to examine the geometry of the generated configurations in plan and

elevation as well as in 3D wireframe by the use of an interface to AutoCad.

The following terms are often used interchangeably: lateral load-resisting system(LLS)

and vertical system. However, the LLS refers only to that part which, in addition to



gravity load, also participates in wind and seismic resistance, whereas the vertical system
also encompasses those columns that do not contribute to wind or seismic resistance.
Similarly gravity load-resisting system and floor system are often used synonymously.
This chapter begins with a discussion of the lateral-load resisting system, the different
types, how Tall-D configures some of these LLS’s and issues related to design
integration. Geometric configuration, or in other words the layout of columns performed
by Tall-D, is also presented. Then issues of the synthesis of the lateral system with the
gravity system are presented. The structural system alternatives generated for the example
building reported in section 4.3.2 are included in the discussion. The representation of the
structural system and components as physical objects in the knowledge-base is finally

discussed in section 3.3.

The overall building configuration consists of details of the structural system such as
the type of lateral and gravity systems, construction materials, geometric and location
information of the different LLS components. Simplified design of structural systems is

discussed (i.e. simplified analysis and member sizing) in section 5.3.

Examination of typical applications reviewed in section 2.5.2 shows that suitable
analysis and design techniques (in this case related to structural design) are required to
complement the production rules in a KBS environment. Often, the solution adopted was
to interface with detailed analysis programs (Kumar and Topping 1988). In the context
of preliminary design such an interface is not practical for the development of structural
member sizes of all the different alternative configurations. A lot of input preparation
would be required for each alternative, whereas many alternatives demand only quick
design. Tall-D demonstrates the use of approximate design methods for the many different

structural system alternatives it generates.

Approximate methods of structural analysis and design not only preclude the use of
conventional analysis programs at the preliminary design stage, but in most cases are
commensurate with the degree of accuracy expected at the preliminary design stage. The
effort to build appropriate interfaces to such external programs is then saved. The

approximate methods are also more ﬂex%blze, in modelling decisions for multistorey



building structures, than the general-purpose analysis programs. Furthermore, hand
computations can be performed to verify quickly the results produced by the Tall-D
system. Some of the issues with regards to the use of approximate structural analysis and

design methods in a KBS environment are also addressed in section 5.3.

5. 1 Lateral Load-Resisting System (LLS)

The selection of a LLS for a multistorey building has a significant impact on the
construction costs as well as on the functionality of the occupant space. The suitability
of different LLS with respect to floor layout flexibility, height and slenderness
characteristics of the building is taken into account. Alternative lateral load-resisting
systems that can be assembled include rigid frames, braced frames, frame-shearwall
system and tubular frames. Other important considerations include compatibility between
the lateral and gravity load-resisting systems as well as the use of steel and concrete.
Though Tall-D does not, at the moment, perform approximate member sizing for
composite construction, it identifies the situations where composite construction is worth

exploring.

Following the evaluation and ranking of overall configurations in the previous module,
the structural configuration module is ready to proceed, having prior relevant information
such as the number of storeys, slenderness, plan dimensions, core size and location.
Generic lateral load-resisting systems are first identified as compatible with the overall
building configuration under consideration (Coull and Stafford Smith 1991, Taranath

1988, Council on Tall Buildings 1979).

Factors such as the height of the building, the shape of the floor plan, location of the
core, construction material and clear span requirements determine the initial layout of the
lateral structural system. The layout information generated by Tall-D includes column
spacing, hence the number of bays in each direction in the case of rigid-frames, braced-
frames or shearwall-frames. Where the space between the core and the window-line is

clear-spanned, the rigid-frames on the window lines are used to significantly contribute
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to lateral load resistance by close spacing of columns as well as deep spandrel beams.
Additional gravity columns (that take only vertical loads) as required in some situations
are also located on the structural layout plan. The columns inside the core are also laid
out tentatively since the precise layout of the elevators, shafts and service areas are not
determined by Tall-D. In the case of a frame-shearwall, the number, location and direction
of the principal walls are determined in addition to column details on the perimeter.
Principal walls here are defined as those walls that are designed to partake in lateral load
resistance as opposed to non-load bearing or gravity load bearing walls and shafts.
Incidentally, gravity loads on such principal walls contribute to their lateral load

performance by increasing the threshold of onset of tension in shearwalls.

In braced frame buildings decisions are concerned with the type of bracing, location
in the perimeter or the core with consideration of the significant effects the braces will
have on the internal flexibility of the space as well as the visual effect if it were on the
exterior. The latter issue however is only considered in Tall-D by allowing the user to

select or ignore schemes that have braced frames on the perimeter.

In the case of a tubular system, decisions are related to the spacing of perimeter
columns (Taranath 1988, Spires & Arora 1990), the type of core, either with shearwalls
or gravity columns, as well as intermediate gravity columns if clear span between of the
core and the window line is too long. Other decisions are concerned with the type of
connections between beams and shearwalls (hinged or rigid), considering the need to
accommodate differential axial deformations between the exterior columns (exposed to
outdoor temperature change) and the interior concrete core (shortening due to creep and

shrinkage).

The characteristics of the lateral system affect the selection of the gravity system. For
example, column and beam optimum relative proportions maximise efficient material use.
Column spacing determines the main spans and hence the type and depth of floor system.
Alternatively as in some instance when a particular floor system is retained to begin with,

the LLS characteristics influence the practicality of the chosen floor system. The vertical
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system also affects the internal core configuration if the load-resisting part is located fully
or partly in the core. If flat-slab or flat plate is considered for the gravity system due to
overall lower floor-to-floor height and flexibility in integrating horizontal service
distribution, then lateral stability has to be achieved by closely spaced columns inside or
on the perimeter of the building or by an internal shear-core. Shear-core here refers to a
set of shear walls or a set of steel braced frames acting as the principal lateral load
resisting elements. Thus generic gravity load-resisting systems that are compatible with
each type of lateral system are identified for further processing by the Tall-D system
(Council on Tall Buildings 1980, Taranath 1988, Allen and Iano 1989).

Finally the internal subdivision of the core is composed either of a set of shearwalls
or a grid of columns that fit within the core. Since the core configuration is largely
dependent on the elevator banks, the air-conditioning supply and return air ducts and other
service ducts, service area location and fire exit location, all of which fall typically in the
realm of detailed design, these factors are not addressed in detail by Tall-D. Hence a
tentative grid or arrangement of shearwalls is adopted as core configuration by Tall-D as

only adequate for preliminary design.

The location of the mechanical level(s) depends on the number of storeys and may
be used to locate outrigger trusses when additional stiffness in the lateral system is called

for.
5. 1. 1 Structural Schemes and Integration Issues

Following is a list of generic types of lateral load-resisting structural systems that are
used in multistorey buildings. The different structure types are categorised as per the

principal lateral load-resisting system along with variations in each category.

- Rigid frame (Figure 5.1a)
i) Rigid frames in the whole building (all moment connections).
ii) Rigid frames only on the perimeter of the building.
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Regular grid Close Perimeter column spacing

(a) Rigid-frame: cast-in-situ or moment connected.

Braced Frame

(b) Braced-frame: braces located in core or on perimeter; stiffening ’belt truss.

Shearwall scheme

(c) Shearwall scheme: independent action or frame interactive systems.

| p—
—
| N

(d) Tubular schemes: close column spacing on the perimeter with deep spandrel beams.

Figure 5.1 Generic types of lateral load-resisting structural systems for multistorey
buildings.



- Braced frame (Figure 5.1b)

i) Braced frames in the core of the building.
i1) Braced frames on the perimeter of the building; rigid frame interactive
systems.

iii) Braced frame with outrigger: braced frames in the core of the building
with hat/belt truss around the building.

- Frame-Shearwall (Figure S.1c)
1) Only shearwalls participate in lateral load resistance.
if) Both shearwalls and frame participate in lateral load resistance.

- Framed Tube (Figure 5.1d)
1) Tube with closely spaced columns
i1) Tube with widely spaced columns.

Tall-D can configure the geometry for most of the above structure types, except the
outrigger in Figure 5.1(b). Numerous variations, adaptations and combinations of these
systems have been used. Tall-D can also perform the initial structural member sizing for
most with the exception of the outrigger system. The vertical structural system in the
outrigger scheme can be designed based on a routine frame analysis and applying a
reduction to the resulting moments accounting for the effect of the outrigger truss. The
introduction of the outrigger truss reduces the wind moments on the braced frame system
by as much as two thirds at the base of the building and even more close to the level of

the outrigger (Cheong-Siat-Moy 1991).

Integration Issues

The lateral load-resisting system in multistorey buildings constitutes a vital element.
It is therefore necessary to integrate the structure with the rest the building subsystems.
Some of the issues that Tall-D addresses in this regard are presented here by means of

specific examples.

Rigid Frame: Rigid frames are quite desirable from the point of view of integration
in buildings since they have rectangular portal openings. With this type of LLS it is easy
to work ducts around the plan of a building. Rigid frames offer a great degree of
flexibility to locate openings for doors and windows. Visually, they do not pose any

hurdle to architectural expression. Rigid frames are also well suited to increase the
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flexibility of the occupant space since large spans can be obtained by making the
perimeter frames sufficiently stiff. Indeed lateral loads can be carried by much stiffer
frames on the perimeter of the building by means of reduced column spacing and deeper

beams.

Braced Frame: Braced frames are efficient structural systems. By virtue of resisting
external loads predominantly with axial forces, they relieve the beams and columns of
substantial moments due to lateral loads (Cheong-Siat-Moy 1991). Floor beams of smaller
depth can thus be used, thereby reducing floor to floor height. It also follows that uniform
floor depth over the height of the building leads to economy by way of repetition. In most
instances the braced frames are placed in the core, reducing obstructions for openings as
well as reducing visual impact. Even when it is necessary to place the braced frames in
occupant areas with a very small core, a judicious mix of placement of openings and
different bracing types (eg. knee bracing) can easily solve the problem of occupant
flexibility (Figure 5.2). Braces can become part of the architectural expression of a
building when present on the exterior of the building which also increases the flexibility

of the occupant space.

Braced frame with outrigger: Outrigger trusses at one or more levels along with
perimeter trusses at the same storey levels are used to mobilize the columns on the
perimeter more actively to improve structural efficiency against lateral load (Stafford
Smith and Coull 1991, Kowalczyk et al. 1995). Since these storey-deep outrigger trusses
run across the building, they are not feasible on floors of normal occupancy. However,
in the case of large multistorey buildings, floors that are entirely allocated for mechanical
equipment can be used to place these outriggers as well as the perimeter trusses. Thus,
integration between the mechanical space and structure is achieved to a high degree. It
also satisfies the design rationale of an efficient lateral load system. Also in situations
where braced frames alone cannot meet the drift or strength requirements, outrigger truss

at the mechanical level can be introduced to meet such requirements.
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Service ducts

A

S .
N Egress openings/ L N
K-brace Knee brace X brace Rigid frame
Adequate openings Large openings Least flexible in  Maximum opening
and least bending  and more bending terms of openings and more bending
in floor beam in floor beam more bending in  in floor beam

floor beam

Figure 5.2 Different types of LLS bracing in relation to service ducts and egress
(adapted from Eligator et al. 1990)

Frame-Shearwall: Where there is a consolidated core (examples: CENTRAL, EDGE
and END configurations in Fig.4.4), as in many multi-storeyed buildings, shearwalls
represent an efficient way of resisting lateral loads. In buildings taller than twenty storeys,
the additional contribution of the beams and columns to lateral load resistance can be
taken advantage of. By considering the interaction between the frame and shearwalls, a

more efficient LLS can be designed than using walls alone.

Framed Tube: Tubular structural behaviour is achieved in multistorey buildings
primarily through close spacing of columns as well as deep beams around the perimeter
of the building. The structure then responds like a prismatic tube with openings against
lateral loads. It is feasible to induce such a response only if the concentric frames making
up the tube are sufficiently stiff through close column spacing and deep spandrel beams.
Tubular structural configurations are also very efficient LLS with most of the wind
bracing at the perimeter of the building, which leaves the interior with fewer, smaller
gravity columns. The result is maximum flexibility in occupant space, achieving high

degree of integration between structure and space planning considerations. Furthermore,
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tubular configurations are not restricted to rectilinear plans nor prismatic buildings. Using
bundled tubes, not only larger plan footprints can be achieved, but also individual tubes
can terminate at different levels along the height of the building, thus creating a varied

floor plan.

5. 1. 2 Geometric Configuration of Lateral Load-Resisting Structural Schemes

There is a variety of possible configurations in which the building structure can be
arranged. In addition to the above listed types of LLS, the structural designer must also
consider their location in the building as well as the location of the core and the
possibility that more than one type of structure is feasible in a given design context: these
possibilities thus give rise to a problem of geometric reasoning. Tall-D demonstrates the

feasibility of generating these geometric configurations for most of the layouts.

The Tall-D knowledge-base uses the 'Column-Layout’ knowledge-representation frame
to generate instances of the possible column, shearwall and brace locations. Figure 5.3
shows some of the generic column layout alternatives in Tall-D. It may be noted that
some of the layouts are better suited to steel than concrete. For example close spaced
columns in one direction and long spans in the other are more suited for steel than
concrete due to the nature of steel floor framing (Glover 1991). The generic layout types
are given self descriptive names Grid-2D, Grid-Aligned-to-Core, As-per-Shearwalls or
Perimeter-Based, for purposes of clearly defining the types of possible column layouts
as well as implementation in the Tall-D system. Tall-D implementation uses this
formalism in writing the rules in the knowledge base. Appendix C lists the names of the
many rules that configure column layouts for different structure types. See pages C-7
through C-135 for this list and pages C-33 through C-36 for a list of Lisp functions many

of which are related to column layouts and structure configuration.

In the Grid-2D column layout the columns are located at all grid points in plan
resulting in uniform bays and uniform aisles, typically encountered in the lower end of

high rise buildings . The grid lines could be spaced equally in both directions or otherwise
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(a)-(b) Gnd-2D

(c) Perimeter-Based (d) Grid-Aligned-to-Core

JUSE T S R S T e e T - T

(e)-(f) As-Per-Shearwalls

Figure 5.3 Generic column layout alternatives from Tall-D.
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(Fig. 5.3 a and b). These layouts are used for rigid-framed buildings and semi-rigid (steel)

buildings of moderate height (i.e. up to fifteen storeys).

In the Perimeter-Based column layout, the close spacing of columns is given
consideration. This layout is preferred when clear-span is a feasibility or high on the

designers preference (Fig. 5.3 c¢). There may be a set of columns in the core.

In the Grid-Aligned-to-Core column layout, an intermediate row of columns is
introduced in one or both directions based on the core to window-line distance as well
as designer initial preference (Fig. 5.3 d) . Due to the possibility of LLS being placed in
the core, close spacing of beams as well as deep spandrel beams are not primary issue in
this type of layout. Since this layout emphasizes columns in core and elsewhere, it is most

suited to configure steel structural systems.

The As-per-Shearwalls column layout is used where shearwalls are the primary LLS.
Since shearwalls are located in the cores (eg. CENTRAL, EDGE or END core etc.) this
type of column layout takes into account the locations that are not available for placing
columns due to the presence of the shearwalls. This layout is suited for configuring

frame-shearwall interaction systems as well as tubular systems.

Though the above categories of column layouts are not associated with the material
of construction, the rule-base incorporates selection mechanism to ensure appropriate
layout types are used during structural configuration. In some instances a specific case
of one layout could eventually look like another layout type. An example is when a Grid-
Aligned-to-Core layout without intermediate row of columns looks like Perimeter-Based
layout. However, the Perimeter-Based layout would have alternatives with closer column

spacing on the perimeter than the earlier one.

These categories thus serve to loosely formalise the most commonly encountered
structural system layouts and as a reference point for the discussion as well as

implementation.
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The geometric description of bay spacing, perimeter column spacing, location and
thickness of shear walls, bracing configuration etc. for the LLS is produced as part of the
different instances of the lateral system. It is also used for display as well as in modelling

for approximate analysis where available.

5. 1. 3 Example: Configuration of a Typical LLS

For purposes of illustration, we continue with the typical design session initiated in
section 4.3.2 and generate LLS alternatives to be compatible with overall configurations
Layout#25, Layout#14 and Layout#1 of Figure 4.6. These three layouts were evaluated
with highest ratings. The input conditions set by the designer for the generation of
structural alternatives are shown in Figures 5.4(a) and 5.4(b). The designer is asked for
such information as the availability of steel, seismic conditions, soil conditions as well
as requirement of clear span. Soil condition is required for feasibility of heavier concrete
structure. The names of all the different structural schemes generated for Layout#25 are

shown in a selection list in Figure 5.4(c), the details of which are discussed further.

The overall configuration represented by Layout#25 has 22 storeys, with plan
dimensions of 40 x 40m and a central core of 13.3 x 13.3m. Figures 5.5(a), 5.5(b) and
5.5(c) show in plan and elevation the frame-shearwall alternatives. The plan shows the
location of the columns and shearwalls and the elevation shows the rigid frame that is on
the facade of the building as well as a transverse frame with a shearwall that passes
through the core. The shearwall may in practice have openings, which is a decision more
appropriate for the detailed design stage. The space between the perimeter and the core
is column-free so as to maximise occupant flexibility and rentability. There is associated
explanatory text with each screen presented in the figure indicating the geometry,
orientation as well as the instance names of the structural scheme and plane frames. Here,
it may be noted that the numbers that are part of the instance names are not indicative of
the total number of alternatives, but are system-generated so as to be unique. The
difference between the three shearwall alternatives is the column spacing on the perimeter.

The core has three shearwalls, each with flanges that act as shearwalls (with openings)
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Informnation Required
‘Enter the Following Information’

Ruailability of Steel & Skilled Labour: GOGD
a) Specify the seismicity of the region: MEDIUM
Specify the soil bearing capacity: HIGH

‘Enter the boliowing lararsation’

Do you absolutely need a clear span structure: VYES

choose vatue

Choose Ualuel

b) REFERABLE

(Retract value) ( oK Q (Cancel)
X

Select Structural Schemes to Display
[FR-SHEARWL-SCHEME-9 }
STEEL-SCHEME-8
STEEL-SCHEME-7

[ | BRACED-INTERNAL-6
|_| BRACED-PERIMETER-S

Figure 5.4 (a) Design constraints set by designer before structural alternatives are
generated. (b) Clear span option selected by the designer. (c) List of instance names of
alternative structural schemes generated for Layout#25.

5-14




Structure Return

Tall-D Structural Systen

onfiguration

(a)

Alternative: Layout®25, 22 Storeys
Structure Type:

Frame-Shearuall

Configuration Hame: Building-103
Scheme Hame: Fr-Shearwvl-Scheme-9
Layout Type: As-Per-Shearwalls
Colunn Spacing XX: &.&&n YY: 4. Lkm

Exterior Frame Frame-Shearwall

Rigid-Frame330 Frame-Shearwall~32

Spacing:s.84m  Orientation: ¥yv

Orientation:XX Span & Wall Size(m):
12.3 15.5 12.3

ateral Load-Resisting Structural System

Structure Return

Tall-D Structural System Configuration

"‘AE_Struc tural Plan
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Figure 5.5 Frame-shearwall structural system alternatives for Layout#25: Perimeter

Kes

column spacing: a) 4.44m on both sides; b) 6.67m on both sides.
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Figure 5.5(c) Frame-shearwall structural system alternative for Layout#25: Perimeter
column spacing 5.71m.
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Figljre 5.5(d) Braced frame structural alternative for Layout#25: Braces located in the
core. Perimeter column spacing 5.71m.
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in the other direction. Additional walls in that direction (i.e. XX) for additional lateral

support, can be placed in the core as required at the detailed design stage.

The subsequent Figures 5.5(d)-(g) show braced frame alternatives. The first two
braced frame alternatives have the braces placed in the core. The difference between the
first three braced frames is the type of column layout. The first one (d) is a clear-span
alternative, i.e. column-free core to window line distance all around the core. The second
(e) of these is a Grid-2D alternative with unequal bay and aisle sizes, i.e. small bays,
large aisles. Large aisles are generated, even though the designer may have specified a
clear-span requirement. In fact Tall-D generates large span alternatives along with clear-
span alternatives when clear span is requested. Bracing, by resisting the lateral loads by
axial forces in members, significantly reduces the lateral load moments in beam members,
resulting in acceptable beam depth in the other bays of the frames that do not have
braces. Bracing also permits uniform floor system depth due to the fact that the beam
depth is now controlled by gravity loads on beams that are uniform along the height of

the building.

The last two braced frame alternatives in Figures 5.5(f) and 5.5(g) have the braces
placed in the perimeter frames. This arrangement eliminates the braces from inside the
building, which may be desirable from the occupant flexibility point of view, as in
buildings of moderate size where the core is much smaller than in large slender buildings.
Structurally this also creates an efficient lateral load-resisting system, and in slender
buildings converges to brace-framed tubular system if the braces cross the entire face of
the building on each side. Exterior braces have also been used for architectural expression

in some instances. Where such an exposure is not desirable, this alternative is not feasible.

The final structural scheme alternatives considered for Layout#25 are steel rigid
frames. With the number of storeys being 22, the rigid joints in steel frames become
justifiable, as they enable the mobilization of the full potential of steel frames to resist
lateral loads. It has the added advantage of brace-free bays and aisles, preferred by the

designers against braced frames in the building. Alternative column layouts for this steel
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Braced-Frame-Internal
Configuration Name: Building-103
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Layout Type: Grid-2d

Internal Grid Size: 5.71 x 13.33m

ateral Load-Resisting Structural System

Figure 5.5(e) Braced frame structural alternative for Layout#25: Braces located in the
core. Column grid 5.71x13.33m.

scheme are presented in Figures 5.5(h) through 5.5(n). The first two are alternatives (h
and i) with close column spacing on the perimeter, so as to relieve the occupant space of
columns, to result in a clear span from core to window-line. The next two alternatives
(j and k) are of type grid-aligned-to-core. Perimeter-based and Grid-aligned-to-core types
sometimes look similar. Alternatives in Figure 5.5(i) and 5.5(k) converge to be the same.
However in the grid-aligned-to-core layout of Fig. 5.5(k), the moment connections are not
restricted to the perimeter alone as in the case of the perimeter-based layout of Fig. 5.5(1).
The columns in the core are set to a practical grid size that fits the core. As more details
of the core become available the core column layout may be subject to modifications.

However such details could be considered after the preliminary design stage.

The subsequent two alternatives in Figures 5.5(1) and 5.5(m) show a column layout
type Grid-2D with unequal bay and aisle sizes, i.e. one with 5.71m bay size and the other
with 4.44m bay size. In steel buildings the linear arrangement of beams that results is
advantageous to generate economical floor systems. The final alternative shown in Figure

5.5(n) is one of the additional alternatives that is generated if the clear span requirement
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Figure 5.5(f) Braced frame structural alternative for Layout#25: Braces located on the
perimeter. Perimeter column spacing 10m.
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Figure 5.5(g) Braced frame structural alternative for Layout#25: Braces located on the
perimeter. Perimeter column spacing 5.71m.
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Figure 5.5(h) Perimeter-based rigid frame structural system alternative for Layout#25:
Perimeter column spacing 3.08m.
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Figure 5.5(i) Perimeter-based rigid frame structural system alternative for Layout#25:
Perimeter column spacing 4.44m.
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