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ABSTRACT

It is proposed that cost models of various types are
becoming more widely used in building design, but that
their limitations in this application have not always been
recognised. This research is an attempt to identify and
quantify these limitations. After an initial examination
of the building design process the literature of cost
modelling in building design is reviewed.

The features of models in this context are considered
theoretically and a set of performance criterion are
identified. Three suitably defined models are presented, a
superficial area model, a model for the evaluation of a
subset of building regulations and a cost model for air-
conditioning system design.

The work then proceeds to evaluate the quantitative effects
of the criteria upon these models. Each model is examined
in detail. Conclusions are drawn with respect to the
relevance of the criteria upon these models. Each model 1s
examined in detail. Conclusions are drawn with respect to
the relevance of the criteria themselves and the
implications of the results gained here for the wider use
of cost models in building design, are assessed.

(i)



ACKNOWLEDGEMENTS

I have received help and co-operation from many individuals
during this research. My thanks are due in particular to
Dr. Alan Wilson who supervised this research. Thanks are

also due to

for access to data for the
alr-conditioning and
superficial area models.

Bruce Watson

Peter Hudson
and Martin Hawkins

Paul Hodgkinson for drawing the diagrams,

Sharon O'Toole for typing the manuscript.

Liverpool City Council for financial support.

and Cyril Sweet & Partners

I am grateful, beyond words, to Anne for her constant

support and material help with the proofs, and to my
parents and family for the personal and financial support

which made it possible for me to complete this research.

(ii)



CONTENTS

Abstract

Acknowledgements

Contents

CHAPTER 1 Background, Objectives and Method of
Research.

CHAPTER 2 The Nature of Building Design.

CHAPTER 3 Economic Models in Building Design.

CHAPTER 4 Criteria for the Measurement of_
Performance of Economic Models 1n
Building Design.

CHAPTER S Model 1: A Superficial Area Model.

CHAPTER 6 Model 2: A Model for the Economic
Evaluation of Building Regulations.

CHAPTER 7 Model 3: A Cost Model for Air
Conditioning Design.

CHAPTER 8 Tests of Suitability, The Results.

CHAPTER 9 Conclusions and Recommendations for
Further Work.

Appendix I Building Cost Data

Appendix II Model 1

Appendix III Model 2

Appendix IV Model 3

Appendix V MODELLE

(iii)

19

53

98

182

195

222

267

312

Al
A9

AlS
A28

A45



CHAPTER 1

BACKGROUND, OBJECTIVES AND METHOD OF RESEARCH

l.1

1.2

1.3

1.4

l.5

1.6

Introduction

Economic Theory and the Construction Industry

Computer Aided Design

The Techniques of Building Design Economics

Objectives of the Research
1.5.1 Problems Identified

l.5.2 Objectives of the Research

The Research Method Employed



CHAPTER 1

BACKGROUND, OBJECTIVES AND METHOD OF RESEARCH

l.1 Introduction

This introductory chapter describes the context of the
research problem addressed later, the objectives of the

work and the method of research employed. Thus it 1s not

merely a summary of the thesis but provides relevant
additional material. The wider issues of construction
economics and computer aided design -are discussed
initially. There follows a treatment of tﬁe specific area
of design economics, the techniques of which are the
concern oOf this thesis. From this, some problems
pertaining to the application of models in design economics
are identified and the objectives of this research are
outlined. Finally, the method of research used 1in this

work 1is described.

1.2 Economic Theory and the Construction Industry

The subject matter covered by the term "construction
economics” 1s indeed widely based. Economics is concerned

with the allocation of resources, 1in these terms



construction economics clusters into four major areas of
lmportance, These areas are macro—economics, planning
economics, design economics and site or production

economics.l

Macro-economics, 1in this context, 1is concerned with the
relationship between the construction industry and the
economy. The 1industry itself is a relatively large one,
the value of the final product of the industry makes up

1

about 12% of the gross domestic product. Hence, any

changes in the activity or efficiency of the industry are
likely to have significant effects on the national economy.
The central issues of macro economics in this application
are firstly, the measurement of demand for the various
types of building, for example, housing, social and welfare
type buildings, industrial projects, etc. Secondly, the
supply side of the industry involves a consideration of the
nature of construction firms and materials' manufacturers
and suppliers. This is necessary in order to evaluate the
capacity of the industry, knowledge of which is a vital

input to economic and social planning.

Planning economics is the regional level of construction
economics. Urban and rural planning teams need to
undertake demographic and cost-benefit analyses to assist
them in deciding on the locations for the various buildings

and developments under their control and also as 1inputs to



the regional and local plans.

At the level of the individual project we may distinguish
between the economics of the design and of the production
process, Design economics seeks to assist the building
designer by providing him or her with the information
necessary to complete a design within the economic
constraints of the client. This will involve economic
comparisons of design alternatives, and also some
prediction of the likely tender cost of the building.
Recently a longer term view is being taken and the
life-cycle implications of design decisions are beginning
to be considered. 1In the United Kingdom the techniques of
cost analysis and cost planning have, in the past 25 years,
been developed from the established traditional .tendering

procedures and the documents which are produced as a

consegquence.

The economics of the production process is addresed to the
allocation of resources 1in assembling the physical
building. Construction managers seek to opfimise the use
of the resources needed to constuct the building. These
resources will include 1labour, plant and equipment,
supervisory staff, financial charges on working capital.
The objective may be to maximise profit, or turnover, or to
avoid loss while keeping the workforce occupied. Clearly

the choice of objectives will depend, among other things,

on the manager's perception of the state of the market,



Many of the difficulties of 'cost modelling' in building
design, which are raised later in this chapter, arise from
the nature of the construction industry in economic terms.
Buildings are unique, tailor made products. In marketing
jargon, each one 1is 'individually designed' and ‘'custom
built'. This leads to a number of features of the industry

which have implications for the application of any form of

economic model.

Each 'product' (or building) is produced only once. Hence
there are no prototypes and no long production run which
may be wused to refine the design and sort out any
difficulties. Clearly this places an increased reliance on
models. Each building is unique. If no two buildings are
the same, models of building cost which rely on comparisons
have an inherent weakness. Buildings are designed and
built by teams of people who are temporarily brought
together, usually for one project. The nature of the
tendering process in the U.K. ensures that after a project
has been completed, the team breaks up and individual firms
and members go on to new projects. This random gathering
of personnel increases the dissimilarities between
projects. This characterisation of the fluid nature of
project teams is not universal, but is certainly the case
in the majority of building work in the U.K. at least.
Finally, the method of price determination is in most cases

a discrete process for each project.



Thus theories o0f economics which deal inadequately enough
with the production of toothpaste or motor cars or wireless
sets, do not sit at all easily upon the design and

production of buildings. The above are, 1n economic terms,
some of the dominant features of the construction industry
and of the design of buildings in particular. Before
proceeding to consider in detail the techniques of building
design economics, there is one other major feature of the
construction industry which warrants attention, it 1is

computer aided design,

1.3 Computer Aided Design

It is well known that models of various types have been
used in architectural and engineering design for thousands
of years. However, the nature of these models has changed
immeasurably in the last fifteen years, since the
introduction of computer aided design (CAD) in education
and 1n practice.2 The number of appraisals which may be
carried out on alternative design proposals has increased
greatly as has the amount of detaill rwhich may Dbe

incorporated in each.

Consider as an example "FACET", a computer based design aid
which appraises and simulates lighting design.3 This model
enables the designer to position luminars anywhere 1in a

room or building, they may be suspended, flush or recessed.



The designer inputs the orientation of the space and the
size and nature of the fenestration. The model may then
superimpose the daylight level on the artificial lighting
levels for any time of the year and day, producing as
output contour lines of consistent lighting levels. The
model may then be used to explore the energy likely to be
saved by incorporating automatic dimming or switching. The
example has no particular significance other than to show
the level of detail of appraisal which may be carried out,
any one of a dozen or more CAD models on the market could
have been chosen. Before tﬁe advent of CAD such a detailed
appraisal would have been so time consuming as to have been

undertaken only in very special cases.

However, there are a great many unknowns. One of the most
important is that the field of CAD (at least in terms of
its general application to building design) 1is too young
for anyone to hazard a*guess at the nature of 1ts real
effects on the design process. Clearly it 1ncreases
productivity but does it have an effect on the type of
solution reached by the designer? Some experimental
results, which indicate that the solution derived for a
design problem is related to the method used to represent
the problem are discussed in chapter 2. Computer aided

methods were not amongst those tested however.

The software required for CAD models of any import is

highly complex. The writing of such complex software is,



it 1s suggested, becoming less and less difficult. There
are at least three reasons for this. Firstly the
proliferation of increasingly structured and powerful
high-level programming languages. Secondly the increasing
availability of more powerful hardware. It is now possible
to obtain 32-bit hardware 1in desk-top configurations.
Plotters for example, now have much software built-in to
the hardware, this gives immediate access to functions such
as scaling and rotating which ten years ago would have
requlred additional software on the part of the programmer.
Thirdly, the ubiquity of the computer itself has important
consequences for the future generations of analysts and
programmers, who are becomming familiar with the techniques

and philosophy of computer science from a much earlier age.

If indéed CAD software is becoming less difficult to write,
one could assume that there will be an increasing number of
CAD systems on the market. This has a number of
implications. Many people will be in the position of using
CAD models where they do not have the skills to perform the
appraisal calculations manually themselves. There are both
beneficial and detremental consequences, Oﬁe such positive
consequence is the increasing ability to incorporate
building users in a much more active role in the design
process. On the other hand, some designers, technicians or
operators may not be aware of the complexity of the
modelling and appraisal computations and the assumptions on

which they are based. Computer scientists have long been



familiar with misinterpretation of results and the
aétribution of a greater deqree of accuracy than 1s really
warranted. Unfortunately there are no concrete answers to
many of these questions. CAD systems purveyors usually
emphasise that the designer him or herself should be the
one to use a CAD system or model, and not an operator or

technician. The field is too young to establish with any

certainty the longer term effects of CAD.

1.4 The Techniques of Building Design Economics

This research is concerned with just one aspect of the wide
spectrum outlined above, namely the economic models which
are used to appraise building projects during the design
process. An underlying principle of the work is that
economic performance should be incorporated as one of the
active criteria to be considered in the appraisal of any
building design. It is not held that economic performance
is thé most important criterion, economic models should
service the designer with clear, accurate economic
information which he may consider together with the other
constraints of the brief, the site and any aesthetic
matters. The task of optimising these decisions 1is usually
carried out informally by the designer or design team,
although some CAD models attempt to do this by using

mathematical optimisation techniques. However, the



techniques used in the economics of building design were
not specifically designed as systematic computer based
solutions to the problems facing the designer, rather they
have evolved from the documentation and procedures used to

award building contracts.

In the U.K. this procedure has usually been some form of
competitive tender based on drawings, specifications and
bills of quantities. The accepted tender is usually
analysed in a summary form using up to thirty headings,
this is known as a cost analysis. This analysis has become
the most enduring model of building cost, the superficial

floor area model.

Cost analyses are indexed for the time of the tender and
are then used as comparisons to prepare a 'cost plan' for
buildings currently on the drawing board. The techniques
are discussed in detail in chapter 5, but a number of
points may be made from the outset. Firstly the term 'cost
analysis' is a misnomer, any accepted tender contains a
very volatile tactical element which reflects the
contractor's desire for the project and the state of the
market. Secondly, the basis of the technigque of cost
planning is comparison. It was shown earlier that certain
characteristics peculiar to the construction 1ndustry
render methods of planning based on comparisons less

effective than in other spheres of economic activity.

10



The advent of computer aids to the techniques of the
economics of building design has been signalled by the
emergence of two dominant model types, regression models
and computerised versions of the old manual methods. The
use of models based on econometric techniques is relatively
new 1in the 1industry and has historically been very rare
indeed in practice, Computerised versions of the manual
techniques also bring their own problems. These 1ssues

will be discussed below.

1.5 Objectives of the Research

l1.5.1 Problems Identified.

The .climate of excitement and anticipation prevalent 1in the
late sixties was reflected, and perhaps even generated 1in
part, by the writings of Negroponte and the CAD research
group at MIT. There is no doubt that the fervour lead to
vastly over-optimistic goals being identified. The future
has turned out to be far less spectacular than was
anticipated. This has been a reflection of the experience
of systems science generally. Churchman, one of the
leading figures in early operations research, articulated
this inadequacy and suggested reasons for 1t and a
direction out of it in his "Towards Theory of Application

4

in Systems Science" in 1975. It is worth considering

briefly some of the points raised.

11



Grouping together the fields of organisational development,
economic models, ecological models, biological models,
operations research models, planning models and decision
theory under the general title "social systems
engineering”, it was proposed that "most of the important
declsions made 1n today's society do not seem to be
influenced by any of the items on the preceding list" %

This has been recently echoed in economics by the view of

Thurow that economic models and theory bear 1little

relevance to the 'real world'.5

Churchman proposed that the modeller himself 1s a system

and that for the systems scientist to function, at least

three major assumptions have to be made, namely:

1. The systems scientist has the ability to identify
the 'felt need' of the client, and can translate it

into a set of realisable specifications.

2. By creating a system of measurements and models, the
best route to realisation may be identified.

3. The systems scientist can communicate prescriptions

to the decision makers which will cause them to

adopt the route to the goals.

This gives rise to the paradox of the model builder who 1is

so curious about the alternative decisions of his client,

but shows little curiosity about his own decision making.

Thus we have a situation of having rational decision aids

12



which are not applied in practice. However, there are
approaches which are not ‘'rational' but which are
'applied'. These 1include the 'political', based on the
assumption that all those who are able and who so wish, may
exert influence so that society makes changes, the
resultant of all these influences is the appropriate policy
for society. Similarly, there are aesthetic, moral and
religious approaches. The systems approach by itself 1s
inadequate, other approaches manage to capture reality 1in
ways that systems analysis can never do. The solution lies
in a world where the conflict between approaches 1s

beneficial and not detremental as it is now.

A plausible counter-argument would be to suggest that we
have only considered the negative aspects of the
development of systems analysis. This is true and there
have been major achievements due to the process of
modelling, but the fact that inadequacies have been
identified should lead us to take a critical look at the
tools and techniques of modelling. Models are themselves

complex entities which need to be carefully designed to

suit their purpose.s'7

l1.5.2 Objectives of the Research.

It has been shown above that as more experience has been

gained in the use of models of various forms as problem

13



solving aids, so too has there been, in research circles at
least, an increasing awareness o0f the inadequacies of
systems models. This is not altogether surprising, there
is an o0ld saying "the more you know, the more you know you
don't know!" T. S. Elliot put it more elegantly in his
Choruses from "The Rock", "All our knowledge brings us

nearer to our ignorance ....."8

2

The optimistic solution to all this is to learn from
experience and to rigorously examine the tools and
techniques of modelling in order to improve them. It 1is
therefore worth noticing that most of the models reviewed
in Chapter 3 have been produced independently as particular
solutions to particular problems. Each published study
gives an account of the model and its £features and area of
application. Some of the more thorough presentations
describe weaknesses and limitations of the model.,
Noticeable by its absence, however, has been any attempt to
stand back and take a critical look at the techniques of
model building in this field in order to avoid repeating
the same mistakes or producing models with similar
weaknesses. Further, the increasing number of commercial
applications of CAD means that many models are not
presented for discussion and <criticism 1in acadenic
journals, rather they enter the market place as the
children of systems purveyors who have no immediate

interest in exposing weaknesses in their models. On the

other hand of course, it may be said that their long term

14



interest will be well served by 1investigation of this

nature,

Therefore, it 1is proposed that although the use of models
in building economics has 1increased, little attention has
been given to the evaluation of the strengths and
weaknesses of the modelling techniques currently being
developed and used by researchers in this area. This
research attempts to obtain some quantitative results of

these strengths and weaknesses based on criteria derived

from a critical study of current work.,

To this end, the objectives of the research may be

summarised as follows:

1. Make a critical review of existing cost models
applied to building design,

2. Study the relationship between the design process
and cost models.

3. Identify a set of criteria by which the performance

of cost models may be measured.

4. Produce quantitative results, testing the influence
of the named criteria on the performance of specific
models.

5. Review the criteria on the basis of the results and
reformulate if necessary.
6. Evaluate the significance of the results gained and

indicate areas where further work is necessary.

15



1.6 The Research Method Employed

This work is predicated on the assumption that models are
best discussed 1n the concrete rather than the abstract.
This being so, an overview of the method adopted is that of
an experimental investigation, insofar as that is possible
in this field. This thesis does not consist of the
description and justification of a model or models. In
fact three such models are presented, their major role 1is
that of being part of the apparatus used to test the
influence of certain criteria on the performaﬁce of models.
Their secondary role is that of representing very good
examples of their genre. The method of research may be
summarised.
l. Examine the nature of the design process.
2. Review the literature of ‘'cost models' in building
economics.
3. Make a critical study of the models reviewed.
Identify recurring problems in the models.
4. Identify a set of criteria by which the performance
of models may be evaluated.
5. Build and validate a set of suitably chosen models,
6. Test the quantitative effect of the above criteria
on the models.
7. Evalute the significance of the results. Check
whether the results from specific models have any
validity when applied to models in the field

generally.

16



Research of this nature necessarily crosses the boundaries
of many disciplines, which 1n this case have included
economics, construction technology, computer science, the
philosophy of science, design studies, system modelling,
building regulation, air-conditioning design. Throughout
the thesis a serious attempt is made to avoid presenting
information which is easily available in the text books of
these areas, where relevent the reader has been referred to

the original sources.

The research for this thesis was funded by a Local
Authority assistantship and a donation of a microcomputer
to the Polytechnic. This gave rise to two minor
constraints on the research. Any models built were to be
applicable to multi storey office buildings and any
software was to be capable of being sppported on a
micr.;oc;mputer, although clearly the full mainframe
facilities of the Polytechnic were available for the
purpose of analysis. Finélly, due to the public funding of
the research, the computer code for the software developed
during the research is presented in the appendices. This
code is not an integral part of the thesis, it is presented

merely to give access to software to any interested

researchers.
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2.1 INTRODUCTION

This chapter considers the nature of the building design
process. The economic models, which are later described,

criticised, built, tested and which generally form the core
of this research, do not exist as entities in isolation.
They exist in a context, and that context is the design of
buildings. Any critical examination of models which
neglects to give detailed consideration to the context 1in

which the models exist, is incomplete to say the least.

On the other hand this is not presented as an
authoritative, comprehensive review of the 'state of the
art' 1n design and the study of design, that 1is perhaps
best undertaken by a designer or a specialist 1in design
studies. The building economist can only hope to consider
the most important of the historical approaches coupled
with a survey of current thought on the subject, and from
this to draw conclusions regarding those features of the
design process, as it is presently understood, which have
an impact on the derivation and use of economic models in
building design. The building economist, if he is to build
models which provide useful information for the designer,
needs to be aware of the nature of the problem which faces
the designer and also of how the designer sets about his
task. A thorough and comprehensive review of the economic
models themselves which are central to this thesis is given

in the following chapter.

20



It is worth reiterating that the economic models considered
later, exist to service the building designer with
information to assist him/her in making good decisions
which hopefully lead to improved design. How 1s 1t
possible to recognise a building which has an improved
design? . Why do we regard some buildings as being well-

designed and others not? A first attempt to understand the

characteristics of the problem would be to listen to
working designers descriptions of how they have designed
certain of their buildings. A book published in 1980 did
just that, ten internationally acclaimed architects, each
with major buildings to his credit, discussed their own
processes 0Of design and construction.l This produced ten
differént descriptions of the design process which
primarily outlined the most important of the personal
concerns felt by each designer but added little to our
knowledge of the general case. On the other hand, 1t is
possible to read articulate descriptions of design methods
and descriptive models of the design process by people who
do not have acclaimed buildings to their credit. The
suggestion would seem to be that good designs may be
produced when the books have been thrown away, but as in so
many other areas you cannot throw the books away until
first you have read them, This maxim provides some
justification for the solution-oriented teaching of design

which takes place in schools of architecture.

21



The process o©0f design 1is notoriously difficult to study
(whether indeed the term "process" is applicable is itself
a matter of some debate and 1s discussed below.) The
difficulty is increased by the fact that the only evidence
i1t is possible to physically observe is the end product,
the building. It 1s important also to have some knowledge
of the mental activities which take place during the period
before the design problem is solved. To this end the
strategy of this chapter will be as follows: firstly the
activity of design will be considered in terms of
definitions and aims and conceptual views; secondly some
design methods will be considered as these often throw
light on the process itself. Finally the relevance of the

above to building design and to economic models in building

design will be discussed.

2.2 DESIGN

Until relatively recently the act of designing buildings or

artefacts had not been very well documented. Literature

began to appear in abundance in the early 1960s. The
concern was Wwith 'Design’ in the global sense,

encompassing, inter alia, painting, crafts and all branches

of engineering.

22



While it is impossible (or at least extremely difficult) to

ascertaln the mental processes which take place when a
designer 1s at work in the traditional sense, i.e. without
the aid of design methods, there are however three points

about which many writers agree. These have been outlined

3 and may be summarised as follows:

by Jones

1. There are very often long periods when the person who 1s
about to make an original work seems to do nothing
except take in information and labour fruitlessly at
seemingly trivial aspects of the problem. This is

known as ‘incubation'.

2. The solution to a particular problem or the occurrence
of an original idea often happens when at some
particular point in time everything seems to fall into
place. This is known as the 'leap of insight' or
'change of set'. Basically the problem is perceived

in a new light and very often an apparently complex

problem turns into a very much simpler one.

3. The main enemies of originality are mental rigidity and

wishful thinking.

This view of design owes much to the Gestalt school of

psychology, prominent in the first half of this century.4
This school aimed to articulate some of the processes and

representational structures which underlie behaviour and

23



consciousness. However <current thinking and recent
experimental results (in the past 12 years) have greatly

5,6

reduced the importance of the school, and indeed of

schools 1in genex:'al7 in this context. As the phenomena of
incubation and change of set must be familiar to most
people who have ever had to deal with a seemingly difficult

problem (building design certainly qualifies) they are

worth pursuing a little.

Incubation as a concept came into currency in psychological
circles in 1929 with Poincare, whose work was anecdotal and
essentially derived from the introspective accounts of
eminent scientists and artists.® He saw the conditions for

creativity as:

l. A period of conscious work, data assembled, problem

defined etc. and some trials made at solutions.

2. The unconscious works at useful and fertile
combinations during this time and useless areas are

inhibited.

3. Hypothesis is derived which gives a fruitful
direction. In his own words 'a period of prelim-

inary conscious work always precedes all fruitful

unconscious work?'.

24



The implication of Poincare's work and of the first two

points proposed by Jones3

was that following a period of
intense work, the solution to a problem was likely to pop
into the mind spontaneously after the problem had been set

aside for a while.

This of course assumes that design is a ‘'problem-solving'

activity. For the sake of argument we will assume further
that in building design the particular design which is
eventually produced is the 'solution' to the 'problem' as
perceived by that particular designer. We should not
assume that it is the only solution or that its accuracy 1is
in any way objectively measurable, but merely that it 1is a
solution to the problem as perceived by the designer. The
further implication of both Jones and Poincare was that the
solution was produced by an unconscious thought process.
This mystical approach is remarkably similar to the concept

of 'satori' or enlightenment in Zen Buddhist thought.32

Empirical evidence which apparently supports this was

5

presented by Silveira in 1971 who found that an

interruption after a period of effort lead to an increase
in the probability of solving a problem for both long and
short interruptions, with respect to a control group. A
further finding was that subjects did not return from the
interruption with complete solutions in hand. It is
important to know why this is the case, but this is not so

clear.
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Some possible explanations are:

(a)

(b)

(c)

(d)

(e)

Incubation is a matter of rest. Rest gives a break

and reduces fatique.

During incubation the subjects forget inappropriate

sets and directions formed during the original

strategy searching.

The rest provides an occasion for additional

practice on the problem,

Incubation offers scope for a chance occurence of

an external event which completes the problem.

Unconscious processes result in a random fusion of
memory structures. This is blind and undirected
but selected by the tendency to retain the more
appropriate attributes and fusions which contribute

to the solution.

One reason why this approach does not enjoy much currency

today in cognitive psychology is that, although providing a

useful conceptual framework for the discussion of problem

solving and the carrying out of creative or original works,

it does little to tell us how these are done. Current

thinking on human cognition tends to view thought processes

in terms of information processing theory,

6 which will 1in
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outline form be familiar toc anyone who has a rudimentary

knowledge of computer science.

The whole field of "design studies™ which 1s even now a
keenly contested field of debate has, like any relatively
young discipline, been characterised by large numbers of
'theories' and ‘'conceptual frameworks' and relatively
little empirical evidence. This of course increases the
difficulty for an observer in identifying the main
characteristics. A consideration of differing definitions
is often helpful. The literature surveyed produced almost
as many definitions of design as there were writers on the

subject. A diverse selection follows:

"To initiate change in man-made things"”

(Jones)3

"Finding the right physical components of a

physical structure"

*(Alexander)9

"The optimum solution to the true need of a

particular set of circumstances”

(Matchett)10

* A very early (1963) definition from Alexander and one
he may not hold now, it is presented merely to indicate the
range of the definitions in the literature, and not as his
current view,
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"The architecture of Beaubourg becomes an
expression of the process of building: the
optimisation of every single element, its
system of manufacture, storage, transportation,
erection and maintenance all within a clearly

defined and rational framework®

(Richard Rogers)ll

It is accepted that the quotation from Richard Rogers 1s
not strictly a definition of design but it is relevant all
the same. The differences among these definitions are
indicative of the complexity of the issues involved. The
words of Jones and of Matchett are clearly intended to
refer to design in the general sense, they are presented
here though for the light they can shed upon building
design, the form of design which is the concern of this
chapter. The definition of Jones is difficult to argue
with but it seems to be based on the doctrine of
reducibility carried to its logical conclusion and tells us
little. By the same token, a biochemist could define
design in terms of the chemical changes taking place in the
neurones, its verity, although admirable would not be of
assistance in this context. The definitions of Matchett
and Rogers are appealing but they assume that the true
needs of the particular set of circumstances can be
established and furthermore that the optimum can be

located. However, it is helpful in that they hint at one
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of the central difficulties of design, which will be
referred to again below, namely that in design the task of
identifying problems may be as great as or greater than,

the task of 'problem solving'.

However, there is something missing from all of the above

definitions, surely design is more than a mere exercise 1in

optimisation. In the experimentally based research
embodied in this thesis there were few opportunities to
express subjective responses. This however is one, and the
author's preferred definition (that of Norman Foster) 1is
presented below. It embodies the priciples of: (1)
optimising many variables to satisfy needs; (ii) of the
whole being more than a mere assembly, and also (1ii1) that
design is not a process at all.

"Design is really a tool. It is a means of

integrating and resolving the inevitable

conflicts that range from public/private to

socially acceptable/commercially viable, in

order to reconcile the artistic aspects of

making a building with cost, time and quality

control. By trying to optimise all the givens

within a consistent framework of values upon

which design decisions are based, we try to

arrive at a whole which is more than the sum

of 1ts parts."

Norman Foster (1980)12
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A Three-Way View of Design

In his influential text first published in 1970,
Christopher Jones presented an analytic, although

conceptual, view of design in the context of his work on

3

design methods. He proposed that while working on a

problem the designer was engaged simultaneously 1in three

types of activity.

1) Creativity; or the designer as a black box.
2) Rationality; or the designer as a glass box.

3) Control over the design process; or the designer

as a self-organising system.

Clearly they are only separable for the purpose of

discussion but they do seem to sum up rather well the type

of thought processes required.

Designer as a black box

The main characteristics of black box design are:

(a) The output of the designer is governed not only by
the inputs received from the problem in hand, but
also from past problems and other problems. Each

new task 1s viewed in the 'light of experience'.
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(b) His capacity to produce outputs relevant to the
problem depends on his being given time to assimi-
late and manipulate within himself images represent-
ing the structure of the problem as a whole.

During a long search for a solution he may perceive

a new simpler way of structuring the problem - the

'leap of insight'.

(c) Intelligent control over the form in which the

problem is fed into the human black box is likely

to increase the change of obtaining relevant output.*

Designer as a glass box

Most of the formalised design methods produced in the '60s
and '70s for the design of buildings come under this

heading, they tend to envisage the designer as a human
computer acting only on the information that is input, and

then following through a planned sequence of evaluating
synthetic and analytical steps and cycles until he

recognises the optimum solution.

* Empirical evidence which would seem to support this was
reported by Eastman working in the U.S.A. in 1970. It 1s
discussed 1n section 2.5.
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The more common characteristics of the glass box methods

are s

(a) Objectives, variables and criteria are fixed in

advance.

(b) Analysis is completed or at least attempted before
solutions are sought.

(c) Evaluation is largely logical.

(d) Strategles are fixed in advance.

Designer as a Self-Organising System

As the designer works at his problem, various avenues will
be explored as possible sources of solution. There are far
too many for each to be fully evaluated, so as work
continues on the central task, the designer needs to
constantly enquire of himself whether this route is likely
to prove fruitful or not. In fact there appear to be two

choices:

(a) Make a black box (arbitrary) choice of routes to be

explored.

(b) Plod away at the impossible task of evaluating each

proposal separately.
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In reality it seems that designers often take neither of

these two, but work on their problem by dividing the

available design effort into two:

l. That which CARRIES OUT the search for a suitable
design.
2. That which CONTROLS AND EVALUATES the pattern of

search (Strategy control).

By deoing this it is possible to replace blind searching
through alternatives with an intelligent search that uses
both external criteria and the results of partial search to
find short cuts across unknown territory. Strategy control
seeks to relate the results of small pieces of search to
the ultimate objectives even if these are in a state of

flux.

The above view of the activities of the designer 1is based
on a development of Jones' approach to design methods. As
mentioned earlier, the dearth of empirical work means3 that
there are as many views as writers and little means tO
judge rationally which are the more valid. It has been

presented here to add to the 'character sketch' of the

design process which is being built up in this chapter.
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2.3 DESIGN METHODS

The 1960s and early 1970s produced a number of ‘'design
methods', formalised methodical appro%ches to design. None
of these methods found reqular use among building
designers. It 1s of course debatable whether there can be
such an entity as a 'design method'. This is referred to
again later. However inappropriate the methods were for
practical use, they did reveal something about the design
process. The earlier methods were very mechanistic and
rational. 1In the '70s the tenor of the debate became
softer with increased emphasis on user participation in the
design process. There is little doubt that the two methods
which most of all captured the public imagination were

9,13

those of Alexander and of Jones.3 They are worth

considering briefly.

Alexander's Method

Based entirely on rationality, the essence of the method

was as follows:

"The form is the solution to the problem.
The context defines the problem.
The ultimate object of design is form.

We need to fit the form to its context."” 13

34



Alexander saw the process of achieving fit between form and
context as a negative ©process of neutralising the
incongruencies or forces which carried misfit. As an
apology for using a method to achieve this, he drew the
analogy that there are limits to a person's capacity for
mental arithmetic so that he needs to set bigger problems

down on paper in a logical way.

Set theory was used as an analytical tool, the designer
attempted to ‘'organise' his view of the problem by
'‘decomposing' the problem into a tree-like hierarchy of 1its
subsets. For a real problem the hierarchy would be very
large with many hundreds of elements. The aim was to
identify the discrete sub-problems of a decomposition.
Independent solution of the sub-problems so identified

would result in a solution to the design problem.

Although mathematically elegant, the method proved to be
unworkable in practical terms. It did however make an
important contribution to our knowledge of the design
process. It took the view that the design process was a
highly complex tree-like hierarchy where each component
interacted with many others. Shortly afterward Alexander

14,15

rejected his method completely and moved on to a user

oriented approach where the designer uses his knowledge to

assist the user to design his own building. 16,17,18
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Jones Method of Systematic Design3

This was an attempt to logically represent the overall
design process. It was not specifically directed at

architectural design. The main stages are summarised

below:

1. ANALYSIS l.1 Random list of factors
1.2 Classification of factors
1.3 Ssources of information
l.4 Interactions between factors
1.5 Performance specifications
1.6 Obtaining agreement

2. SYNTHESIS 2.1 Creative thinking
2.2 Partial solution
2.3 Limits
2.4 Combined solutions
2.5 Solution plotting

3. EVALUATION 3.1 Methods of evaluation

3.2 Evaluation for operation

for manufacturer

for sales.

The analysis stage is a divergent process where the problem
is explored and a list made of all the relevant factors.

This listing and classification of factors is intended to
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assist in the definition and organisation of the problems
and sub-problems to be solved. Performance specifications
are written 1in order to separate the problem from the
solution, the requirements and factors are rewritten as

performance specifications with no reference whatever to

shape, materials and design.

The synthesis stage is one of convergence. It is the black
box stage 1n this design method. The method aimed not at
finding a single solution, but at establishing a range of
solutions and clarifying the points where they fit or do
not fit the specification. Evaluation was taken to mean
any method by which deficiencies in the solution chosen may
be detected before it becomes prohibitively expensive to

correct them.

The method was presented as a means of resolving the
conflict between logical analysis and creative thought. He
attempted to keep logic Hand imagination apart by external
means, i.e. by keeping an external written record of all
the ideas at various stages while at the same time allowing
the mind freedom to produce ideas, solution hunches, etc.,
without confusing the process of analysis. The method does
give a mechanistic representation of the process of design,
but clearly it is not the kind of method which many

designers would find it pleasing to work through in detail

because of its sequential and severly logical nature.
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However, the contribution made by Jones' method is that it
concentrates attention on what has become known as the
'analysis synthesis appraisal loop'. This loop, which was
first proposed by the Building Performance Research Unit
and developed by Maver, is one of the few views of design

15,20 It has underpinned

upon which most writers agree,
most research and development i1n computer aided
architectural design for the past 13 years. It 1s
summarised in figure 2.1. Neither Jones nor Alexander gave
any formal recognition to the iterative nature of the

design process. The analysis synthesis appraisal loop

makes up for the short-coming.

Design: a procedural approach

Regardless of whether a particular design method 1s used or
not, most working building designers advance through
broadly similar procedural stages. As we have seen, it 1s
normal practice to reduce the total problem to a number of
design sub-systems in order to render the design of the
total building into a manageable process. Wilson has
indicated the wide use of this approach by pointing out
that it has become formalised procedurally by specialist
designers dealing with distinct sub-systems, e.g. services
designers, structural designers and also by the nature of

the generally accepted fee structures and forms of

21

documentation. This was portrayed in diagramatic form as
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in figure 2.2.

This consideration of the design process being tackled as a
series of discrete sub-problems, while indicating fertile
ground for the generation of sub-optimal overall solutions,
does at the same time have considerable relevance for
economic modelling. Namely detailed economic models for
particular sub-systems will not by their nature be alien to
the methods of a practising designer. This is referred to

in detail in Chapter 4.

Before drawing together the issues discussed above, the

results of some experimental studies will be considered.

2.4 EMPIRICAL WORK

As pointed out earlier, there have been relatively few
reports of experimental studies of the design process and
the behaviour of designers. mhe literature search of
publications on building design and the journal "Design
studies" yielded about ten reports of this nature - most of
which have been reviewed by Lera..»22 It should be stated,
however, that the vast literature of cognitive processes in
psychology was not searched as thoroughly or knowledgably
as it would have been by a professional psychologist. Two

of the most significant reports will be discussed briefly
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here (and in a simplfied form), as they add to the issues

already presented earlier in this chapter.

Eastman, whose work at Carnegie-Mellon was reported 1n
1970, was one of the first to study the work of designers

23 He considered

under controlled experimental conditions.
the forms of representation which were used by building

designers, i.e.

Words
Numbers
Plans
Flowcharts

Sections and Perspectives.

He concluded that there was a significant correspondence
between the types of constraints which were identified by
designers when working. on a problem and the form of
representation which they used. The most often quoted
example being that in the design of a bathroom it was only
when a section was drawn that the ability of a child's hand
to reach the taps became an issue to be solved in the

design solution.

Simmonds of Oxford Polytechnic in the United Kingdom
reported in 1980 on work carried out with 12 graduate

24

students of Architecture in an American University. He

considered the decision-making strategy of the students at
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three different levels, only one of which (the overall
level) will be discussed here. At the overall level he
found that there was a wide variation in the way that the
subjects went about solving design problems. Some analysed
the problem, generated solutions and then considered
implementation of the design. Other subjects generated
solutions, used the solutions to derive problem definitions
which were then tested against the brief. Others began by
considering the resources available and the constraints on

their use.

From these results we may derive the following general
conclusions with respect to the building design process and

the behaviour of designers.

(1) The number of solutions evaluated varies from

designer to designer.

(2) The nature of the solution eventually chosen 1s
related to the representational technique used in

carrying out the design problem.
(3) Designers use a variety of representational
techniques and also use different logical sequences

in carrying out the design.

(4) If the above are true, there must be more than

one 'correct' solution to each design problem.
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The correctness of the answer depends on the way

the problem was solved. There is an analogy with
mathematical problems using, say, mental arithmetic,
paper and pencil and computer, where increasing
degrees Oof accuracy are required for the answer to

qualify for being called 'correct'.

(5) Conclusion number (2) above has major implications
for CAD and CAAD. The increasing use of program
software based representational techniques by
architects may change the type of solution reached
to certain problems. Work needs to be done to check

if the change is élways for the better.

2.5 SYNTHESIS: BUILDING DESIGN

The discussion above has revealed many of the salient
features of building design, the exploration or problem
finding nature of the early stages followed by a synthesis
and a proposed solution. The iterative nature of design
has been mentioned but historically this problem has been
dealt with inadequately. An example of this iteration 1s
where a definite decision is made regarding the type of
lights and light fittings say for an office accommodation
relatively late in the design, the heat gain resulting from

this decision could be outside the range assumed by the
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services designer, who may then find that the air-

conditioning or heating plant may need to be adjusted to

take this into account.

The truth may be that it is not possible to deal with this
type of interaction exhaustively and in a methodical way.
In order to allow for all cases, the minimum number of
decisions to be anticipated would be the total number of
combinations of all of the decisions made separately. The
number of possible solutions becomes very large indeed and
the effect of each could not be appraised without resort to
very powerful computer aids. Iteration is necessary as the
solutions to certain sub-problems create new problems and
alter the feasible space for other sub-problems, some of
which may already have been 'solved’'.

16 ,17,18

The later work of Alexander and proposals made by

F(rauss25 and Gill26 attempt to deal with the problems of
non-linearity and the inﬁeractive nature of the decisions.
The method as observed by Krauss was a dialectic or "to'ing
and fro'ing" between the design problems and their
solutions with «continual iteration and adjustment of
previous solutions. With each iteration more was learned
about the nature of the problems. Gill suggests an
'adoptive approach' which is in conflict with those who

have sought to derive a design method but does serve at a

general level as a description of the design process.
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"A declision process which has no long-term

action other than heading off undesirable trends
is more likely to achieve good results than a
process which seeks to steer society in a
pre-~determined direction, selected on inadequate

grounds."26

Finally, it should be recognised that very few designers
will carry out the task in the same way and even 1if they
did it might not be possible to show that this was indeed
the case. It is for this reason that the descriptions of
the design process which have endured have tended to be at
a general and procedural level and not at a detailed level.
Examples of this kind are the "RIBA Plan of work"?’ and the

20,28

descriptions of Maver, and Jones3. The RIBA Plan of

Work has the major fault of not acknowledging the iterative
nature of the process, but otherwise it provides a very
general description of the movement towards the detailed
design solution. The approach based on the analysis
synthesis appraisal loop takes account of all the problems

raised above at a general level.

An often asked question .is "is building design (or design
generally) an art or a science?" The design methodologists
of the '60s and '70s seemed to suggest the latter. The
issue does have relevancé here due to some recently
published work. It has been argued that the 1idea of

rational design as it is understood, i.e. conforming to the
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'orthodox areas o0f science and deductive logic! is not
appropriate or helpful.29 Lionel March has criticised the

'Popperian models' as 'pernicious'.30

"Loglic has interests in abstract forms. Science
investigates extant forms. Design initiates

novel forms.“30

Indeed it has been shown that the concept of ‘'scientific

method' 1tself is in a state of 'epistemological chaos' .31

Furthermore, Cross, Naughton and Walker of the Open
University have recently presented an attractive view of
design (when applied to building design) namely that,

design 1s a technological activity3l identified by these

fundamentals.

1) Practical tasks. Technology is oriented not

towards understanding but towards actions or

solutions to defined problems.

2) Different kinds of organised knowledge are used,

i.e. = Scientific knowledge

- Craft knowledge
- Design knowledge

- Organisational knowledge

- Managerial knowledge

3) The activity takes place in an organisational

setting.
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In conclusion, the various issues discussed in this chapter

may be drawn together as follows.

The dominant charac;eristics of building design are:
(1) It 1is very complex and possesses a large solution
space.
(ii) The problem to be solved is ill-defined.
(iii) The process 1s iterative due to the large amount
of interdependency among decisions.
(iv) The solution reached depends on the techniques
used and the way in which the designer approached
the problem. These vary from designer to designer,
thus it may be said that, to a degree, design 1s

personal.

This then is the context in which the economic¢ models

discussed later exist.
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3.1 INTRODUCTION

In this chapter a range of economic models for use 1in
building design is presented. With regard to the models of
this type produced 1in the United Kingdom, the review is
exhaustive and includes the 1literature up to 1983. Some
models from Europe and the United States are also
presented. The review is preceded by a short discussion on
the nature of models per se, together with some pointers to
the literature where the definitive sources of information

may be consulted.

The models discussed below are referred to in common
parlance as 'cost models', a brief digression on the
terminology is appropriate here. It will become clear that
some models are concerned with building prices (1in the
economic sense, of market prices and tender levels) and
others with the cost of buildings. The difference between
the two is significant. 'Price' is that which is received
by the vendor. ‘'Cost' is the sum of the payments to the
various factors of production. Models of building price
need to incorporate relationships which take into account
market forces, in true 'cost models' this is not always the
case. These concepts are defined and discussed more fully
in chapter 4, it may be stated here that the term 'economic
model' has been used throughout this thesis in order to
avoid describing as ‘cost models' certain models which are

in fact models of price. It is accepted that the term used
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here is not perfect eilither, in that i1t may be confused with
the 'econometric models' of economics generally, this is
however regarded as a lesser evil, as they are often in

fact specialised forms of this latter type of model.

3.2 SYSTEMS AND MODELS

3.2.1 Taxonomy of Models

Current approaches to modelling in problem solving
generally are based on systems theory. A £full outline of
systems theory is outside the scope of this work, a
definitive treatment has been given by Ackoff.l Suffice 1it
to say that a system is an interdependent group of items
forming a unified whole. Systems are composed of parts

which are themselves systems or "subsystems". For example,

the human body may be viewed as a system of interdependent

limbs. Each limb is a system of cells, each cell is a
system of chemicals in solution, etc. The relevance of
this to modelling is that in solving a problem it is
possible to chose a level of detail, more importantly,
there 1is usually a 1level of detail (often called
'‘decomposition’ or 'disaggregation’') which 1s more

appropriate than others for a given problem.
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A model 1s generally accepted as being a representation of
some Observable system or phenomenon which exists in the
real world and 1s represented for purposes of display or
analysis. Thus a fashion model, a photograph or a computer
program are all models. In operations research and decision
analysis the definition is refined somewhat, su;:h that a

model is a representation of reality made sufficiently
explicit for one to be able to examine the assumptions
embodied within it, to manipulate it and experiment with
it, and most important of all, to draw inferences from 1t

which can be applied to reality.

It is counterproductive if, in order to achieve this,
attempts are made to construct a model which resembles
reality exactly, one may as well study reality. The point
of constructing a model is clarification of the dominant
aspects of a system. The model, therefore, is an idealised
representation of that which 1is being studied. The

generally accepted taxonomy of models which best shows the

structural differences between model types, is that given

by Churchman, Ackoff and Arnoff and outlined below.2

i) Iconic Models:
Iconic models are essentially scale-transformations of
the real world system which they purport to represent,
they are 'look-alikes'. For example, an architectural
model represents a scaled down version of a building,

with, for all intents and purposes, identical shape,
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11)

iii)

célour, layout, etc. Although as with all models
certain details are absent from the model, for
example, heating, cooling and waste disposal
installations. Sometimes there may be a loss of
dimension, for example in a photograph, which is a
two-dimensional representation of a three-dimensional

subject.

Analog Models:

Analog models are at a higher 1level of abstraction
than iconic models, the properties of the real-world
system under consideration are transformed. A common
example in building economics is the cash-flow curve,
where the property 'elapsed time in the project' 1is
represented by the distance along a horizontal line.
Similarly the property 'expenditure on the project so
far' 1s represented by the distance along a vertical

line.

Symbolic Models:

The most abstract form of model, the symbolic model,
1s a mathematical representation of the phenomencn. A
classic example is Boyle's law of gases which 1is
expressed as:

T

Pa—
\Y

where P, V and T are the pressure, volume and
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temperature of the gas.
The importance o0f models in general problem-solving can
hardly be understated. The 1intellectual and cultural
evolution of man took a great leap forward when for the
first time he became able to construct an image of
something that would happen in the future, when he became
able to anticipate. An early representation by what we

3

would call a model was in the cave paintings. There 1s

evidence that these paintings were wused in ritual
re-enactments both as a rehearsal in preparation and as an

aftermath in celebration.4

Both Mumford and White have held that language is probably

4,5

the most powerful model of all, that language 1in fact

was man's earliest model of the universe itself. The use
of such models being the main reason why man's cultural and
intellectual evolution to date have taken only a fraction
of the time of his biological evolution. However, whether
language is itself a model is debatable. It may be a
'meta-mcdel' or a medium for modelling. In fact it could
be viewed as the material which is used to build the models

while the models themselves remain cognitive phenomena.

Turning now to the use of models, Tate and Jones of the

Oopen University 1identified five different uses of models

from a systems viewpoint.6

l. To communicate facts about the system.
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‘2. To communicate ideas about the system.
3. To generate new ideas for designing or operating
the system.
4. To predict how the system will behave 1in
different circumstances.

5. To provide insights into why the system behaves

as 1t does.

However, the distinctions are rarely so well-defined and
models are often used for combinations of the above
purposes. Many models predict behaviour without offering
much, or any, insight into cause and effect. This should
be discouraged, but it is often unavoidable. Many methods
of predicting future trends, for example, increases 1n
building tender prices or consumer demand, merely assume
that current tendencies will continue. It is less than
jdeal to predict future behaviour without attempting to
gain some understanding of why such behaviour should occur.
A model which lacks some such understanding will, if some
important factor 1in the mechanism of cause and effect

changes, fail.

Guidelines for the general philosophy of model-builaing
were clearly important background work in this research,
but they are not germane to this review. A full treatment

of these areas is given in references (7) to (10).
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3.2.2 Economic Models in Building Design

The central purpose of this chapter is to present a review
of previously published economic models in building design.
Models have been discussed so far only in the most general
terms, it 1s necessary now to consider in particular the

process of modelling economic problems in building design.

Cost estimating in the construction industry is shrouded in
mystique and plagued with low quality data*. Two problems
for the application of economic models in building design

11 The first is that

have been outlined by Wilson.
since design takes place a considerable time Dbefore
construction, economic modelling of the impact of design
decisions involves forecasting the future economic
situation, a notoriously difficult task even with good
data. Secondly, the procedures in the United Kingdom and
in many other countries mean that there is a very distinct
separation between design and construction in terms of both

task and personnel. This creates problems of conflicting

perception of economic impact.

* The quality of recorded economic data and the issues it
raises are discussed in more detail in the next chapter.
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The central problem to be addressed by economic models in
building design 1s that of translating the decisions of the
designer into some form of economic measure. The 1ssues

11

have been summarised by Wilson as follows. To the

designer the economic measure E may be expressed as:

E = F (Vl,V

1 r Vv

2 3! t-----------Vn) ---[3-]-]

where Vl P Vn are the designers decisions Or

design variables,

However, to the contractor the economic consequences of the
building defined by the design variables Vn are viewed as

follows:

E=f2[ZR (I + D),]
i:l li-[3'2]
where I is the indirect cost and D is the direct

cost associated with each resource 1i.

Clearly the contractor views the building not in terms of
the architectural form created but rather in terms of the
resources it consumes, that includes the amount of
materials and labour needed and also the indirect cost and
overheads of various kinds necessary to carry out the work.
The reconciliation of equations [3.1] and [3.2] 1s the

central issue 1in the application of economic models to

building design decisions.
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3.3 ECONOMIC MODELS IN BUILDING DESIGN: A REVIEW

3.3.1 A Proposed Categorisation

A careful survey of the literature of the field revealed
nearly forty  published works which presented economic
models applicable in building design. Some additional
publications presented approaches to, or accounts of,
estimating procedures in building design. Although not
strictly 'models', some of the latter will, where relevant,
be mentioned. The models are presented in groups. In each
group one or two models will be described in some detalil to
give the characteristics of that particular group and the
other members of that group of models will be briefly

noted. The categories under which this review is presented

are as follows:

i) Deductive models

ii) Inductive models
iii) Optimisation models

iv) Stochastic models

The categories were chosen merely for convenience of
presentation of the models, they are open to debate and are
not presented as a definitive classification. A more
suitable classification for general use is presented in the

following chapter, Some models display
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characteristics of more than one group, generally the
models were placed 1in the group which most closely

described theilr dominant features.

In the United Kingdom the function of providing economic
advice during the design process has traditionally been
undertaken by the quantity surveying profession. To that
end, it has evolved procedures based on the needs 0f the
various forms of building contract. Similarly, since the
early 1960s it has developed various techniques of cost
estimating during the design process. Examples are the
cube method, storey enclosure method and functional unit
method. These methods, although variously titled, are
merely procedurally different, being based on the same
assumptions and identical data. As the research embodied
in this thesis is not linked to any one profession, a
review of quantity surveying techniques would be out of
place, in any case this has been well done elsewhere.lz'l3

Accordingly, these methods are treated as one model and

dealt with once only.
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3.3.2 Deductive Models

Deductive models are models which are derived from
collections of data by using the techniques of statistical
analysis (usually some form of regression technique 1is
used) to 1infer model relationships.* An 1instructive

example of this group was presented in 1974 by Kouskoulos

and Koehn of Wayne State University in Detroit, Michigan.14

The method was presented as a 'predesign cost estimation
function'. It was based on a sample of 38 buildings which
was widely based, and appeared torbe, a random sample,
rather than one designed to take into account the range of
values of the variables. This has implications for the

model which are commented on later. The structure of the

sample is presented in table 3.1.

The function proposed was:

C=-81.49+23.93Vl+10.97V2+6.23V3+0.167V4+5.26V5+30.9V6 eosl3.3]

where

C = some cost measure of buildings (in the derived
model C became the dollar cost per unit floor

area)

* A full discussion of the nature of deductive models is
given in chapter 4.
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BUILDING TYPE NO IN SAMPLE

Office Building 10
Bank and Office
Housing , Apartments

College Building
Renovated Office Building

Health Science Building

Telephone Centre
Hospital

Hospital Addition
Chemistry Laboratory

Small Garage
Dental School
Home For The Aged
Medical School
Union Hall

High School

County Correctional Centre
County Jail
College Dormitory

Foundry

Factory

| ) -t f) = b - oh mbdh abd ob abd -t ) =b =b b wbdt o =b b

Total in sample 38

Table 3.1 STRUCTURE OF SAMPLE IN KOUSKOULAS AND
"

KOEHN MODEL




Vy = locality index; based on cost of living and wage
differentials and taken from a publication on

building construction cost data15

<
|

5 Price 1index; compiled in a similar way to vV, from

municipal statistics

Vy = Building type; an index compiled from the cost

differentials among the various building types

vV, = Height 1index; measured by the number of
storeys
Ve = Quality index; this attempts to measure: (1) the

quality of workmanship and materials used in the
construction process, (ii) the building |use,
(1iii) the design effort, (iv) the material type
and quality used in the components. Ve was

derived from the expression

K

1
V5= EZ Ii Ci

1=1

where k is the number of building components, C

th

is the portion of cost of the i component and

I is an integer between 1 and 4 (corresponding
to  fair, average, good and  excellent)

arbitrarily applied to that component.

In the derived model the number of building
components k was 8, these were the building use

(multi-tenancy, single tenant, mixed, etc.),
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building design (minimum, average, high 1loads
etc.), exterior wall, plumbing, flooring,
electrical, HEVAC, elevator.

Technology index; this attempted to take 1into

<<
o
|

account extra costs of special types of buildings,
or the labour and material savings resulting from

the use of new techniques. V6 = 1 for normal
situations,'vslh 1 for extra costs (i.e. chemistry
lab = 1.45, bank = 1.75) and VG" l for savings as

a result of technology.

Indices for these six independent variables were applied to
the sample of buildings, a least-squares analysis was
carried out on each of the linear equations which, when

solved, simultaneously gave the function shown in [3.3].

Work of a similar nature has been carried out by Park, again
in the U.S.A., and applied to the estimation of civil
engineering Projects.16 A more detailed deductive model

applied to just one building sub-system has been presented

by Gould at Loughborough University.” Coincidently the
sample size was 38 buildings. The building sub-system
investigated was the heating, ventilating and air-

conditioning installation, which was also the subject of a
model presented in Holland in 1968.18 The Dutch study found
a relationship between the number of rooms and the cost of

the installation in housing projects. The



relationship was significant enough to estimate the cost

of the installation.

The sub-system concrete frame in multi-storey buildings
has been the subject of deductive models presented by

Buchanen and Bowen.lg'20

Flanagan and Wiles have developed similar models using

13,21

regression techniques for lift installations. Both

models sought to predict the cost of the lift installation

based on data such as the numbers of floors, the speed of

the 1lift and the number of passengers to be transported.
McCaffer has presented a number of examples of models for

cost estimation based on regression analysis.

In summary, deductive models have been presented both for

the whole building and for particular building

sub=-systems. Most of the models reviewed above have
relied on the use of the regression analysis technique,

with cost as the independent variable.

3.3.3 Inductive Models
A detailed explanation of the nature of inductive models

is given in chapter 4, section 4.1, which deals with

classifications of model types. Here, the term indicates
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that the models presented in this section are all models
where the economic measure (cost or price) is derived from
an additive function. This function in some way breaks
down the resource implications of the particular building
design or sub-system design, applies to each some economic
data relating to the amount of the resource used and then
sums across all the resources to derive the relevant
result. The traditional quantity surveying technique of
cost estimation during the design process, by applying
'unit rates' to quantities of finished work, and the more
abstract version of the same process, elemental cost

planning, are examples of this group.

The COCO cost model was developed during the early 70s at

24

the Property Services Agency. COCO stands for Cost Of

Contractors Operations, it is a computer based model and
operates by simulating a contractors planning and
estimating departments, Further, it looks at a proposed
design solution in terms of the plant and labour,
evaluating and comparing proposed design solutions. With
the exception of the related type of model proposed by
Flanagan, this 1is the only model of 1its type.13 This type

of model has definite limitations at the strategic and
predesign stages and it is here at these stages that the
majority of the cost commitment is made. The COCO model
specialises in the area of location of plant, frame
erection times, efficiency of utilisation of tower cranes

and consideration of the constraints imposed by the site
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on the contractors. Thus its main use can be seen as the
appraisal of particular proposed design solutions in terms
of initial construction cost,. It 1is worth noting that
during the design stage the client will not be setting
constraints in terms of contractors operations but in
terms such as lettable area, ancillary areas, circulation
area etc. The main use of the COCO model would be
relatively late in the design process, because of its lack
of sensitivity to fine adjustments 1in early design

decisions.

GOAL®> is an example of a complex Computer Aided Design

package which includes an economic mocdel of the building
to facilitate appraisal of the proposed design in terms of
capital <cost performance, The model simulates the
traditional estimating practice in common use, the user
sets up files of unit rates which are then linked to
quantitative 1information. However, the speed of the
computer means that the design process is not interrupted

and the designer gains access to a central data-base.

The models above are essentially for price prediction and

for the general appraisal of design solutions.

An example of a more detailed model is that derived by

26

Moore and Brandon. This concerned itself with the

effects of some design variables on the cost of an in-situ

reinforced concrete frame. Essentially this model was a
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natural development from the work of the Wilderness group
who reported 1in 1964 on an exercise which had been
initiated in the mid 1950s. Using standardised 1956
prices they studied 1,195 buildings considering the cost
relationships for the following: storey height; floor
loading; column spacing; number of storeys. This study

considered only steel frames, graphs and nomograms were

produced indicating the relationship between each variable

27 in effect a parametric model. The main

and cost,
drawback of the Wilderness report was that the limited
number of relationships which were identified were static

and soon became out of date.

26

Brandon and Moore attempted to solve that aspect of the

problem by linking a program for structural design to a
database containing rates for the various items of work in

the frame. The rates were designed so that they could be

updated regularly.

The model was designed to provide two types of
investigation.

(1) The exploration of the effect of bay area and
length/breadth ratio of a building with slabs
spanning in two directions.

(ii) The exploration of the effect of changing the
number of storeys and shape of building on the
frame cost using a fixed bay size and

length/breadth ratio chosen from (i).
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This model did not consist of a function relating design
variables with cost, rather it linked a measurement and
estimating program to a program for performing structural
calculations for an in-situ concrete frame. Although the
model was designed to carry out parametric studies, the

nature of its own internal logic was inductive.

Smaller scale studies of a similar nature were carried out

in the U.K. by Southwell46 who considered compartmentation

in particular, and by Flanagan and Norman who studied the
relationship between cost/price and the height of

buildings.47

A large computer based model has been developed by Logcher
for price prediction of housing contracts 1in I.":*.rael.28
This model was designed to take account of the iterative
and hierarchical nature of the design process. This
process starts with a small set of very broad and general
objectives but as it continues the specificity of the
objectives increases and choices are made concerning the
level of satisfaction required for the objectives. As a
basis for judgement the designer collects and compares as
much data as possible about his problem. Sources for this
data 1include codes of practice, legal regulations, the
designer -experience, and constraints implicit in the

clients brief. COSTMOD treats a cost estimating problem

as the construction and costing of a hierarchical tree of

cost components,

12



Powell and Chisnall have developed a computer program
BECON which replicates the traditional elemental

estimating process with a data file of historic data which

29

facilitates probablistic analysis of the results. As

the design progresses there 1is a facility for the
generation of building quantities and the production of
more detailed estimates. A model by Townsend, although

similar 1in nature, achieved a simple simulation of the

entire design process by taking into account the statutory

30

constraints on design decisions. The latter model was

restricted to office buildings, but contained enough
detail for simple parametric studies of particular design
solutions, to be produced. Newton has presented a similar
model although with a more sophisticated approach to the
treatment of the economic data for the various building

components.31 This model recognised that the price for

units of work is dependent on what Newton refers to as

'the context'. Before running the model the user builds
up & "knowledge-base", by defining the value of the items

of data for different contexts. The model then selects

the appropriate value for each context.

Some inductive models are built specifically to carry out
parametric studies, i.e. studies of the relationship
between the physical - parameters of the building (or
sub-system) and cost. For example, Regdon studies the
effects of eight parameters on the cost of European public

housing (i1.e. apartments in blocks up to 20 storeys).
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1785 dwellings were considered, the parameters

investigated were:

1. Average dwelling area.

2 . External wall area per square metre of floor.
3. Horizontal structures (by floor thickness).

4. Internal vertical structures.

5. Area utilisation ratio (total dwelling area to

gross built area).

6. Number of dwellings, on a floor 1level, per

staircase.

7. Floor to ceiling height.

8. Number of storeys.

The eight parameters were found to be sufficlent to
estimate the future cost of such apartments, graphs were
produced showing the influence of each parameter on

building cost and their order of importance.

Meyrat, working in Paris (again in a large-scale study)

with hundreds of hypothetical dwellings designed to the
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standards and constraints for French public housing,

44

carried out a sizeable parametric study. Parameters

investigated were the structural design and the marginal
square metre. Unlike many o0f the optimisation models
presented earlier, this study grew out of a very practical

model, namely A.R.C.

A.R.C. was a method of predesign cost estimation developed

43 It was used in practice for

in France in the mid 1960s.
about a decade, mainly for apartment blocks. Public
housing of this type comes under rigorous control and
there are strict limitations on the provision of space for
various functions such as circulation, storage space, etc.
within each apartment and block. The cost is broken into

two categories, the cost of each apartment (fabric,

services and fittings) represented by

Pc = (S xrH) + (L xDL Xx rL) + PN esel3.4]
where,

PC = Cost of One Apartment.

S = Floor Area.

D, = Total length of internal partitions within

the f£loor area S.

rH = Minimum cost/m2 of horizontal works, i.e.
floors, ceilings, etc.
2
rL = Cost/m of vertical divisions, (half of the

partition is taken where it is shared).
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PN = Cost of services 1in the flat, heating,

sanlitary, water, etc. not including service
costs to common areas.

L = Storey height.

The cost of the common areas, c¢irculation, stailrcases,

etc. was represented by a series of expressions. The
model was used by the public authorities for the planning

and design of public dwellings (apartments).

Clearly this is a very simple model, but given that such
items as S, DL and the level of provision of services to

provide the cost P_, are all clearly constrained in the

Nl’
requlations and standard specifications for public

housing, it was a useful price prediction tool for use

before detailed drawings were produced.

Finally, Birrel has presented a study of cost estimating
for bidding which, although not strictly a model 1in the
sense of the others included here, is at the same time of
interest.33 The essence of his study, carried out in

North america, is that it presents construction cost
estimating as an information handling process. This 1s of
course the essence of any inductive computer model but

presented in isolation, in a non-computer environment as

in this case, it serves to focus the mind on the

inadequacy of many of the current methods.
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3.3.4 Optimisation Models

Optimisation models construct a feasible solution space,
given certain model constraints and simplifications and
then, with certain criteria preset as evaluation tools, the
space 1s searched to locate the point which optimises the

given criteria. Models of this nature require rigorous and

formal definition of the problem and become rapidly highly

complex for anything other than simple problems.“’35

Two important optimisation models were produced by Wilson
in the mid 1970s. The model for thermal design of office
buildings warrants. further attention. In modelling terms
the problem, although complex, was at the same time
well-defined. Of some importance is the fact that it was a
working life-cycle cost model, thus taking into account
both initial and recurring costs. Only one other oOf the

models presented in this chapter is a true life-cycle cost

model. The model of Wilson and Templeman was constructed
in terms of heat supply and heat losses.36 This takes
account of intermittent heating. The objective function
was the total discounted costs of the entire heating and
fuel cost, plant cost and insulation costs. The cost

function used to represent fuel cost was:

Total fuel cost = DF[C1+C .P.QS(T+t + .tz)]ﬁ eeesl3.5]

2 1

where

DF discount factors.

Cl = annual standing charge.
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C, = WY x DW X WF x FP,
F

WY = heating season in weeks/year.
E = plant efficiency.
DW = occupancy in days/week.

WE

weather factor.
FP = fuel price.
T = plant time constant.
Total plant costs = a + b (p.Ws) Q (d/e)(p.Q0s)E ...[3.6]
\M_/ N e’
boiler emitters
where

a, b = boiler cost regression co-efficients.
. o . 2
d = average radiation cost in £/m" .

average output rating of radiator surface

(D
il

in W/mz.

The cost function for insulation was obtained by plotting
thermal resistance againét the cost of providing it, using
different insulation materials. This gave a large cloud of
points with a dense lower edge. The lower bounding curve
was mathematically approximated and this equation was used
to provide the cost of insulation. An optimisation
algorithm was then applied to the thermal model. The model
has been formally constructed with objective and measurable

variables. It 1is capable of manipulation and of providing

a sensitivity analysis of changes in design parameters.
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An optimisation model for the same (thermal design)
sub-system, presented in 1970 by Gupta, chose as the
criterion of optimality, the minimum discomfort of the
occupants in the absence of custom-designed environmental

control systems.37

Optimisation models at the overall building level but which
deal comparatively c¢rudely with particular sub-systems,
have been presented by Brotchie and Lindsey in Australia
and Clarke of the Asian Institute of Technology in Bangkok,

Thailand.>2r32 /40

The important contribution of these
models is that they attempt to deal with the problem of
combining the optimal subsystem solutions in such a way as
to produce a global optimum.

53,54

Dudnick and Gero have investigated the use of linear

and dynamic programming techniques, while not formally

presented as economic models, both techniques were
acknowledged as in some way helping to provide more

econcmic and efficient designs.,

Radford and Gero have considered optimisation in multiple
criteria problems,41 proposing the use of 'trade-off
diagrams' and dynamic programming. The results have been
too highly constrained by the simplifications necessary to
render the problem computationally tractable to be of
practical use in design as yet. Russel and Arlani focussed

attention on the derivation of objective functions for
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42 They identified five main steps

optimal building design.
in the optimisation process, which are well known but worth

mentioning here:

1. Identification of the decision variables and

the relevant constraints.

2 . Mathematical formulation of the decision problem.
3. Determination of appropriate objective function(s).
4. Selection of a mathematical programming algorithm

to determine the optimal values of the decision
variables.

5. Execution of sensitivity analysis.

Further they also indicated that for a given design
problem, different objective functions may lead to
different alternatives being identified as optimal. The
most useful objective function was that which maximises net
present value (NPV) which clearly lends itself to

life-cycle cost models.,

3.3.5 Stochastic Models

Stochastic models, in the context of this research, are
models which are designed to take account of the economic

risk involved in making any predictions during the design

process. The necessity for some form of risk analysis has
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been increasingly recognised during the past 15 years due
in part to the political and economic instability of the
period. The techniques of risk analysis have surprisingly
only been applied in building economics since the early

1970s and much work remains to be done.48’49'50

Wilson has recently presented a study which seeks to

identify limitations of the widely accepted probabilistic

11

techniques used in stochastic models. In a case study he

concluded that the influence of correlation among variables
was not significant in his case, but that much further work
was required to investigate any limitations of
probabilistic techniques which may manifest themselves 1n
building economic applications. Legard51 has presented a

very simplified analysis of a theoretical probabilistic

model of construction cost. However, an idealised model
combined with the use of a rectangular or uniform
distribution renders the results less important, to the

problems of stochastic modelling, than could have been the.

case.

A highly detailed model for cost estimation 1in residential
rehabilitation has been presented by Chapman at the
National Bureau of Standards in Washington D..;C,..52 A
combination of probabilistic techniques and cost functions

enables a potential investor to identify an optimal

'retrofit' strategy which complies with relevant codes.
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In 1981 Russel,>?

then at Concordia University in Montreal,
presented a methodology for measuring risk and
incorporating it into design decision making by means of a

first and second moment or mean and varlance description of

life-cycle cost. The basic life-cycle model was stated as:

M
Lee= 2 (Cp+(1-¥)(0;40; ¢ "M gMi e ) *RiaRie P iaP it
i=1
Ts —r3
-Y ZE.B Vijc CA.e ] eool3.7]
where J=R1
LCC = life cycle cost.

M = number of building sub-systems.

th

C. = capital cost of the i sub-system.

Y = combined federal and provincial income

tax rate,
. . £th "
Oid = operating cost of the 1 sub-system a
time zero.
O,, = present worth function of time varying

operating costs per dollar of expenditure.

th

M.g = maintenance cost of the 1 sub-system at

time zero.

M;, = pPresent worth function of time varying

maintenance costs per dollar of expenditure.

R; 3 = cost at time zero of aperiodic major repailr
costs for the ith sub-system - these COSts
are capitalised.

R;, = Present worth function of time varying

aperiodic repair costs per dollar of

expenditure.
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A,q = Cost at time zero of alteration or retrofit
costs (capitalised).

A;, = Present worth function of time varying
alteration of retrofit costs per dollar of
expenditure.

Bvij = book value of ith sub-system 1in jth year.,
CCAi = Capital cost rate allowance for ith
sub-system.
r = after tax discount rate of the investor,

including an allowance for long-term

inflation rate.

The quantitative treatment of risk consisted of, firstly,
calculating the mean (LCC) and variance (JQLCC) of the life

cycle cost.

This involved three steps:
1. Estimate the mean and standard deviation
| or coefficient of variation V for each of the

components in equation [3.7]. A combination of
experience and subjective judgement may be
needed to compute .

2. Estimate the correlations between each of
the components. Analysis of existing data may
need to be supplemented with subjective judgement

here also.

3. Process the results using standard statistical

formulae.

83



Clearly the above calculations rest on the assumption that
the risk attaching to each component is normally
distributed. Once these calculations are complete the

alternatives may be ranked by a varilety of methods.

3.4 COMMENTS AND CONCLUSIONS

Comments.

(i) Deductive Models.

These in general suffer many of the problems of statistical
analysis. Correlation itself does not establish causality.
The output of such models may not be extrapolated beyond
the limits of data in the original sample. In the models
of this type presented earlier, insufficient attention was
given to the size and structure of the sample, also there
was an underlying assumption that the relationships were
linear. There was no evidence of any consideration of
sampling theory in the design of the samples. Indeed the
samples appeared to be relatively (in statistical terms),

small and random.
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This would cast doubt on any conclusions from such models.

In general, deductive models are of use in the early stages
of design but they become rapidly weaker as the design

progresses and more information becomes available. It is
not possible to manipulate such models to consider the
effect of changing any design decisions. Therefore their
use is limited to a type of black-box prediction, without
enabling the designer to learn anything new. None of the
deductive models surveyed gave any consideration to the
time period for which the model would be valid. It is
known that regression-based models deteriorate over time.
The relationships between variables change over time,
updating the output of the model by means of an index is an
lnadequate approach. The data itself also becomes out of
date and updating the original data by means of an index
gives only a limited life to the model. I_t is not known
how fast or by how much they deteriorate in building
economics applications. This is one of the questions which

will be considered in this study.

(ii) Inductive Models.

In computerised form, inductive models of total building
cost have a 1lot of potential in building economics,
especially in the generation of flexible and up-to-date

parametric studies, examples of which have been produced

from the models of Newton and Townsend.31'30 However,
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there are a few attendant problems. In manual form, these
models which operate at the relatively coarse level of
approximate quantitites, are far too slow to be of much
practical use to a designer. This is one of the main
criticisms of traditional quantity surveying techniques.
In elemental cost planning, the turnaround time for receipt
of economic advice by the designer is so slow (measured in
days and sometimes weeks) that relatively few alternatives
can be fully appraised. Computerised models circumvent
this problem, but there still remains the problem of the
data used 1n the model. No assessment of the limitations
of the data was given in any of the studies presented.
Inductive models generally do not perform well in the early
stages of design, but become rapidly more useful as
sketches are produced and information builds up. A
change-over system between deductive and inductive models
may be appropriate in a global modelling system. Whether
or not this is the case, attention should be directed
towards the relationship between the model and the design
procesé. Is the level of detail of information required by
the model to produce one output, appropriate to the stage
of the design process? Sometimes this is dealt with by
including default values which the model takes for certailn

variables until the designer has made a firm decision.
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(iii) Optimisation Models.

Well designed optimisation models are very powerful tools
for 1locating optima on the basis o0f clearly defined
constraints and criteria. However, in problems where the
decision criteria are complex (i.e. the cost is not the
only criterion a building designer must consider), the
computational aspects of mathematical optimisation rapidly
become unmanageable. Successful optimisation models have
been built for particular building sub-systems, but much

work remains to be done on the problem of the global

optimum of a set of highly interactive sub-systems.,

(iv) Stochastic Models.

This group of models is gaining in importance, as both
client and professional advisors seek to evaluate the risk
attached to decisions. Probabilistic and mathematical
simulation techniques are well known, but have only
infrequently been applied in building economics. However,
work 1s continuing in the field of assessing the
limitations of these techniques and exploring the use of

new techniques.
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Conclusions.

Although the models were presented in four distinct groups,
this is not how they emerged in the literature. 1In fact,
the studies above were mostly carried out in an
unco-ordinated fashion with each researcher solving the
problems relevant to the particular modelling application
in hand. Much could be gained by taking an overall view of
economic models in building design, and assessing their

strengths and weaknesses per se. This research is a first

attempt at the latter,

Models resemble reality in an approximate way. The purpose
of a médel 1s not to describe reality, but to reduce it to
a more manageable form, losing much of the minutiae of
reality, but hopefully retaining the general form in a way
that 1s more easily understood. They can be regarded as a

translation of reality into a different language with fewer
words, and which only addresses itself to the features of

reality which are relevant to whatever problem is being

studied.

Further, Wilson has proposed that models are sometimes

simplified by:s6

1. Converting discrete variables into continuous

ones.

88



2. Translating non-linear functions into linear

form.

3. Eliminating some constraints.

The most powerful computational techniques that exist are

for linear functions dealing with continuous variables.

Clearly, such simplifications as those listed will tend to
increase the level of abstraction of the model from the
reality of the problem, and if used, they should be made

explicit.

The problem of the .limited life of models has been

indicated earlier, no quantitative work has been undertaken
in this field yet. Similarly insufficient attention has
been given to understanding the relationship between the
economic model and the design process. The theoretical
limitafions of the various modelling techniques are known
in building economics, but little or no gquantitative work

has been undertaken.

Accordingly in the next chapter, some features of the

models reviewed here will be examined exhaustively and
criteria for measurement will be established so that such

quantitative research may be carried out.
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