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The Mathematical Modelling of the Environmental Performance of
Buildings as an Aid in the Design Process
* .

R.H. BYRD

Abstract

This thesis is a theoretical study of the accuracy and usability
of models that attempt to represent the environmental control
system of buildings in order to improve environmental design.

These models have evolved from crude representations of a
building and its environment through to an accurate
representation of the dynamic characteristics of the environmental
stimuli on buildings. Each generation of models has had its own
particular influence on built form,

This thesis analyses the theory, structure and data of such models
in terms of their accuracy of simulation and therefore their
“validity in influencing built form. The models are also analysed
in terms of their compatability with the design process and hence
their ability to aid designers,

The conclusions are that such models are unlikely to improve
environmental performance since:

a the models can only Be applied to a limited number of
building types,

b they can only be applied to a restricted number of the
characteristics of a design,

c they can only be employed after many major environmental
decisions have been made,

d . the data used in models is inadequate and unrepresentative,

e models do not account for occupant interaction in
environmental control.

It is argued that further improvements in the accuracy of
simulation of environmental control will not significantly improve
environmental design. This 1is based on the premise that strategic
environmental decisions are made at the conceptual stages of
design whereas models influence the detailed stages of design.

It is hypothesised that if models are to improve environmental
design it must be through the analysis of building typologies
which provides a method of feedback between models and the
conceptual stages of design. Field studies are presented to
describe a method by which typologies can be analysed and a
theoretical framework is described which provides a basis for
further research into the implications of the morphology of
buildings on environmental design.
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Introduction
]

This thesis presents the finding of an investigation into
models that predict the environmental performance of
buildings and the role of such models in improving environ-
mental design. However, it does not conform to the
conventional structure ofvtheses as it is almost entireiy

theoretical.

Research in this field has, in the past, concentrated on
improving the accuracy of data and the sophistication of
simulation, influenced to a degree by the advent of the
computer. Within its own frame of reference such research
may be productive but, this thesis argues, it does not
significantly aid environmental design. Conventional
environmental models are both incompatible with the design
process and have theoretical limitations that cannot be
overcome by refining models within their existing theoretical
context. The purposes of this research are therefore two-
fold: firstly, to analyse the theoretical limitations of
existing models and secondly to propose an alternative

theoretical framework for environmental modelling.

The original programmne for this research (appendix 1) was

based on the assumption that conventional theory in

environmental modélling was adequate and that a method of

improving the compatibility of models with the design

process would involve the production of simple rules-of-thumb.

This was argued on the grounds that the loss of accuracy

inherent in simplified-models would be compensated for by

ix
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an increase in their convenience of use during design.
| 4

This entailed empirical research that compared the accuracy
of environmental models of differing complexity in order

to measure the loss of accuracy involved in employing
simple rules—qf—thumb. Simultaneously, questionnaires were
sent to practitioners seeking their opinions concerning'the
convenienceiof various models during use. The results were
intended to be used in finaing a suitable compromise in the
‘convenience vs. accuracy' argument. The method proposed
for daylighting design (appendix 2) is included as it
manifests the results of one aspect of such an empirical
approach. However, this line of research was terminated

on the grounds that:

a. the limitations of even the most complex, and
therefore potentially accurate,modelsrendered
them inaccurate to the extent of being of little

aid in improving environmental design

b. irrespective of the accuracy of conventional
environmental models they only have the potential
of being 'fine-tuners' to designs where 'strategic
environmental consequences are decided before the

models can be employed.
The hypothesis is that such limitations are due to:

i. inadequate theories of environmental modelling

and the envircnmental control system.




ii. inappropriate concepts of the cognitive

processes involved in design.

The conventional description of the design process has seen
the design solution as being generated from the analysis

of the design problem. As the role of conventional environ-
mental models is that of analysis they afe assumed to be
compatible with design. However, more recent descriptions
of the design process suggest that the design problem can
only be described within the context of a conjectural

design solution.

This description of design implies that conventional
environmental models will only influence the tactics of
environmental design, the strategy being inherent in the

conjectural design solution.

Thié thesis is structured into two main parts. The first
‘part is a theoretical analysis of the limitations of the
theory, structure and data of conventional environmental
models as well as an analysis of their compatibility with
the design process. The second part’ is concerned with the
derivation of a theoretical framework that is intended to
aid strategic environmental decisions. This is supported
by empirical studies into alternative measures of
enbironmental performance which, although rudimentary, are
argued to provide a.more rational approach‘to good

environmental design.
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Notes on Terminology

Unless otherwise stated the environment is taken to be the

thermal, luminous and acoustic conditions in and around

buildings. The environmental control system is the

combination of the components of a building and its systems
that selectively reduce the eneray of the environment
external to a building in order to provide comfort

conditions internally, Control mechanisms are those

components of the environmental control system that are
designed to be altered (e.g. switches, windows and blinds).

Environmental models are mathematical representations of

part or parts of the environmental control system.

Environmental performance is a measure of the efficiency of

the environmental control system.

Design is taken to mean the cognitive process by which

three-dimensional form is generated and environmental

desiaon is the same process but with special reference to

environmental performance.

In the context of this thesis a _building type is

characterised by it s mode of environmental control, in

particular it s form and fabric. Typology and stereotype

are synonomous and describe building types that have a

commonly held image. Environmental conseguences are those

characteristics of environmental performance that are

inherent in a particular building type. Building type

dependent implies that the particular characteristic under
study (e.g. models, data or control-mechanisms) is peculiar
to a certain building type and cannot be universally

applied.




CHAPTER 1

FRAMEWORK FOR RESEARCH

1.1 Introduction

This chapter aims to both pose the problems that this
dissertation is concerned with and describe the framework
within which they will be analysed. The fundamental
:problem being that architectural research concerned with

the environmental performance of buildings has had little
influence on improving the quality of the built environment,
This can be accounted for (Koenigsberger, 1978) by a failure
in environmental models, being either inaccurate or
incompatible with design, or by a failure on the part of
designers_through employing models incorrectly (Note 1).
This dissertation is more concerned with the former failure
since the latter failure, a;thoughAimportant, is secondary
tq increasing the accuracy and compatibility of models in

the design process.

The central theme to the thesis ié that, in environmental
modelling, accuracy is inversely related to compatibility
and that the compromise or balance between these two
characteristics of a model depends on how one views the

cognitive process involved in design.




If, on the one hand, design is seen as a systematic and
iterative process of analysis-synthesis then models should
be made as accurate as possible as they are assumed, by

the definition of the design process, to be compatible

with the cognitive process of designing. On the other

hand, if design is seen as a process of conjecture-analysis
then the balance within models must be towards compatibility
as they will only be 'fine-tuners' fo a conjecture that has

inherent environmental conseqguences.

The accuracy vs, coﬁpatibility argument has been addressed
by other workers, For example: 'accuracy vs. convenience'
(Hawkes, 1970a), 'strategy vs. tactics' (Page, 1976) and

'prescription vs. evaluation' (Chaddock, 1980).

This dissertation takes up these arguments and analyses them
through modelling theory (chanters 2 and 3), the data for
mddels (chapters 4 and 5), the application of models

(chapter 6) and the design process (chapter 7).

This‘analysis serves not only to criticise the failure of
existino models of environmental performance but also to.
develop a framework (chapters 8 and 9) which, it is argued,
not only offers a logical approach to environmental design

~but also bridges the accuracy vs. compatibility paradox.




1.2 The Conflict in Research for Producing Models that
ATd Design -

Y

The outcome of much research has been the description of
building performance by decomposition which, within its own
frame of reference, may be valid but does not necessarily

aid the designer whose problem is the reverse: composition.
There have been many criticism of this approach, for example,
Hillier, Musgrove and O'Sullivan (1972) in a paper entitled
"Knéwledge and Design" suggested that increased investment

in research has proceeded side by side with a deterioration
iﬁ building quality. This was not because research was not
progressing but because it was ﬁot considering the rélation“
ship between its findings and the design process, A similar
criticism came from Koenigsberger (1978) in a paper entitled
"Architectural Science for Practitioners” in which he
suggested that there was a gulf between 'science' and
'practice', Architectural Science promoted "designing
‘backwards", design first then evaluate, whereaé the design
process required "designing forward", evaluate first and then
design.

Lawson (1980) seés this as an inevitable conflict that cannot
be resolvedvsince design is essentially prescriptive whefeas
science is predominantly descriptive, While scientific
research may help in understanding the present and predicting
the future, design is concerned with Prescribing and creating

the future,




e

This conflict is not apparent if the désign process is seen
as being scientific process. For example 'besign Method'
Broaabent (1969), which until recently has been the
conventional description of design, sees the composition of
a design solution as being generated from the decomposition
of_the design problem., Therefore, environmental models have
a clear fole in the generation of design‘as they are part of

the decomposing process.

However, 'design method' has been criticised because the
generative stage (syhthesis) cannot be carried out |
systematically and alternative theories of the design process
vsuggest that a design problem can only be understood within

" the context of a design solution, however crude. Therefore,
environmental models should not only deccmpose problems but

the knowledge gained from the decomposition should inform in

the making of the design 'hypothesis' in the first place.

" Steadman (1979) has suggested that the role of environmental
models is therefore at two levels. Firstly they predict the
performance of a design and seccndly, as a result of the

prediction, they define the limits of possible designs which

the given constraints impose.

March (1976) has .put this argument more succinctly in his
"p,D.I." (Production, deduction and induction) model of design.

Each stage is defined:




" Production 'is the inference of a case from the rule

(composition) .

Deduction is the application of a general rule to a

case (decomposgition),

Induction is the inference of the rule from the case

(supposition).
Each stage is in succession and by a process of iteration
(P1D1I1P2D212""'7 a design is refined,

However, such a model is hypothetical in environmental
design as there is no formal lihk between deduction and
induction. Production requires holistic models (design
hypothesis), the results of deduction (environmental models)
are atomistic. The only way of completing the cycle is if
the stage of induction can formulate holistic suppositions,
This is not possible with traditional enviropmental models

which are atomistic as they are concerned with:

a) only single variables of the physical environment

(e.g. heat, light and sound) and

b) single building elements (e.g. windows or rooms

considered in isolation).

Traditional, deductive models which decompose the problems
are therefore incompatible with design production. A role
for research may therefore be £o’formulate an inductive
framework that can complete the cycle of production,

deductioﬁ and induction.




1.3 QEQnds in Research

Previous research in environmental modelling has been
concerned with improving the data of models. For example,
data for comfort indices (discussed in chapter 4) (e.g.
 Griffiths, 1975 and Boyce, 1975) and data concerning the
climate external to buildings (discussed in chapter 5)
(e.g. Greenwood, 1971 and Lacy, 1977). This is consistent
with trends in modelling (section 1.5) which have been
towéfds more accurate description of the external climate

- ’

stimuli and comfort indices.

Within its own terms of reference this research is useful,
but in terms of aiding design this work is out of context

as the models are atomistic,

However, there is now a trend towards providing models that
describe building form and systems on a more holistic basis.
This is influenced by computer models which have the
characteristics of more sophisticated calculations and the
provision of interaction between them. For example:
Steadman's (1973) ‘'graphtheoretic' analysis of the topo-
logical arrangemeht of rectangular rooms, Cole's (1973)
research into the interrelationship between buildings and
climatic stimuli and Willey's (1978) theoretical model for
combining the many variables of the environmental control

system,




Although this vesearch has prodﬁced reéearch tools ahd not
design aids it nevertheless approaches a link between .
'deductive' and 'productive' (P.,D.I. model) reasoning.

These research tools decompose design while retaining an
overview of the whole building and its systems which provides
a method of 'inductive' feedback between the 'deductive' and

'productive’' phases.

1.4 Trends in Modelling

’

Trends in modelling can be characterised by the extent to
which models attempt to represent the environmental control

system, Models have basically evolved from legislative

tools to plant sizing through to measuring environmental

performance and to research models (cost-effectiveness or

dynamic environmental performance) with an ascending order

in the accuracy of simulation.

For example, the history of the mathematical modelling of
daylight has followed this t}end. Kerr (1865) produced a
"table of lighting" for calculating compensation for the
reduced rental value of a property caused by daylight
obstruction. Molesworth (1902) developed this work by
producing an orthographic projection of the sky vault with
areas of relative sky brightness indicated. A further
development of this (Waldram P J and J M, 1923) was the
Waldram diagram which allowed isophotal diagrams of daylight

factors to be plotted. The Waldram diagram provides the




turning point from assessing daylight for legislative
reasons to providing designers with a method for predicting
the quantity of daylight in a room. Dufton (1946)
developed a set of protractors that predicted the sky
components at points within a room with the specific aim

of aiding daylighting design., By this stage values of
daylight 'factors had been related to task performance and

an empirically based standard sky luminance was used.

These protractors were further developed when the CIE
overcast sky was agreed to be a more accurate representation

of the typically worst conditions of sky luminance.

Further developments in daylight modelling increased accﬁracy
. in the representation of occupant perception of lighting,

For example, measures of relative indcor illuminance such as
the vector: scalar ratio (Lynes et al, 1966) and uniformity

of lighting (Saunders, 1969),

. Most recent developments have been conéerned with the dynamic
characteristics of daylighting., For example, representations
of thé dynamic sky luminance distribution including direct
sunlight (Crisp and Lynes, 1979) and also the characteristics-
of daylighting within a room that determine the threshold of

switching action by occupants (Hunt, 1980),

The trend throughout the history of daylight modelling, as
well as other components of the environment, has been
towards more accurate simulation of the actual conditions of

the external and internal environments, most recent

8




developmenté being motivated by energy conservation.

The problem in the evolution of environmental models

is that each generation is not only influenced by the
preceding generation gut also inherits its data which is
either out of context or too simplistic. For example,
models for plant or window sizing presuppose a particular
approach to environmental control. This characteristic was
inherited by models of environmental performance (section
2.4,.2) which likewise made assumptions in the mode of
.environmental control although they are intended to evaluate
different building types on an identical basis. A further
example is the data of external climatic stimuli and
occupant comfort employed by research tools which has been
inherited from models of environmental performance., This
data is inaécurate in describing the dynamic characteristics
of the external climate and describes 'lack of discomfort’
(O'Sullivan, 1978) rather than the threshoid for behavicural

action.

1.5 The need for a Framework to relate Research to Design

Of the types of models discussed abéve, this research
concentrates on models of environmental performance

and research tools rather than legislative tools.
Although there is a trend for these models to become more
holistic in the description of building form and systems,

there remains an 'applicability gap' (Hillier et al, 1972)




between the research findings and their design application,

ie: between deductive and productive reasoning.

This researéh is concerned with bridging this gap by
offering a theoretical framework in the form of a matrix
whiéh, on one level, renders an holistic description of
the environmentél performance of building types., It is
argued that even a rudimentary knowledge of the
epvironmental conseguences of a building type at the early
stages of design is a more logical approach to good
.environmental design than the post—desién evaluation of

a type that may have inherently bad environmental
consequences, On another levél, the matrix also caters
for the accurate simulation of environmental performance.
It is argued (sections 3.7, 4.7 and 5.5) that the data and
structure of models intended to predict environmental
gerformanée are building type dependant. The matrix can
be used to identify the sensitivities of building types

to climatic elements and environmental modification by

‘occupants.

The matrix therefore, forms a link between and aids in

both the 'productive' stages of design, as it describes the
holistic environmental performance of building types, énd
the 'deductive' stages as it generates the possibility of

accurate simulation.

10




The designer can therefore, be offered a 'solution field'
of known environmental performance at the early stages of
design and a logical progression to the accurate

evaluation of the design at the later stages of design.

However, the matrix offers only a conceptual framework
and requires further research so that it may be refined,

and evolve by feedback from its practical application.

1.6 Summary

’

Although the trends in research have been towards the
holistic evaluation of buildings and their systems there

- nevertheless remains a gap between research findings

and their application in design. Research findings have
been concernéd with decomposing design solutions whereas
design is concerned with composing design solutions. This
research aims to bridge this apparent paradok by offering
a theoretical framework which can aid design both at the

composing and decomposing stages,.

Notes

1 See, for example, ABACUS and VALTOS (1979) where
identical models that predict energy consumption have
been used by both students and practitioners and have
resulted in very different recommendations for area

of glazing,
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CHAPTER 2

THEORY OF MODELS IN DESIGN

2.1 Introduction

Inaccuracies in models have been categorised (Hawkes and

Willey 1977) into three causes:

a ( theoretical limitations,

b incorrect or inadegquate data,

o the failure of models to define the full extent of
reality.

This chapter is concerned with the first of these causes,
although there are no distinct interfaces between the three

categories.

. In order to discuss the theoretical limitations and how they
relate to the accuracy vs. convenience argument (section 1,1)

models of envirconmental performance are classified into:

i  the function of models in design,

ii the construction of the models,

This classification system offers a framework in which
various types of environmental models can be analysed in

terms of their potential accuracy, ease of manipulation during

12




design and use at the early stages of design. Since accuracy
is inversly related to convenience, the comnpromise between
the two should vary depending on the stage at which the

models are intended to be used during design.

The examples of models discussed in this chapter will be
analysed in more depth in chapter six where more emphasis will
be put on the limitation of incorrect data and the failure of

models to define the full extent of reality (b and c above).

2.2 Classification of Environmental Models

"2;2.1 The Dimensions of a Classification Matrix

Echenique (1968) illustrated a matrix which élassified models
(of all types) into 'what they are made for' and ‘what they
are made of'. The classification matrix described in this
chapter employs the same dimensions but is only a subsystem
of Echenique's matrix as it is only concerned with predictive

models.

Environmental models have been categorised by Hawkes (1970a)
into design aids (Note 1), design assistance by example and
legislative tools. Design aidS‘are'defined as graphical

tools that enable the design to be ﬁested on the drawing
board. Design assistance by example is defined as a principle
that illustrates a possible solution to a design problem while
legislative tools ensure that environmental standards are

achieved.

13
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A further type cf model not included in this categorisation
are research tools which are intended to be more accurate

than design aids but are not necessarily for use on the

drawing board.

All these types of environmental models can be classified in
terms of their function to either prescribe or evaluate,
Evaluative models, which décompose a problem, include both
design aids and research tools whereas prescriptive models,

which offer a supposition, include design assistance by

" example,

The proposed matrix for classifying environmental predictive
models (figure 2,2.1) has one dimension which describes the
model's construction (iconic, analogic and symbolic) and one
dimension of the function of models in design (prescriptive
and evaluative). Typical mddels can then be plotted within

the matrix,

2.2.2 Types of Models Within the Classification Matrix

Apart from 'design assistance by example', predictive models

can be categorized, with an ascending order of complexity,

into:

a rules of thumb,
b design aids,

c research tools.

14




Rules of thumb are generally in the form of simple
mathematical equations or graphical analogs which
relate, for example, the required window area of a
room to either the floor area or window-wall area.
An example of such a model, discussed in more detail
in section (6.2), is the limitation of the depth of

unilateraly daylit offices to 1.75 times the height
of the room.

Many rules of thumb have the important property of
being both prescriptive and evaluative. For example,
the graphical analog (Byrd and Hildon, 1979) for day-
light analysis can be used either to generate required
window areas or to evaluate the minimum daylight

factor.

More sophisticated and more common models are design
aids. There is no distinct boundary between rules of
thumb and design aids, in fact the above example for
daylight analysis lies somewhere on the boundary. The
essential difference, however, is that the output of
design aids is generally in. the form of prediction of
the environmental conditions inside buildings whereas
the output of rvles of thumb is generally in the form
of 'deemed to satisfy' prescriptions such as window
area or room depth, Design aids can be either
graphical or mathematical, an example of the former
being the BRS daylight factor protractors (BRS, 1964)
an example of the latter is the 'admittance method’
(London, 1968) for calculating peak summertime
temperatures in buildings. However, more complex design
aids have been computerised, for example SPEED (Baxter,

1978) which is discussed further in section 6.3.

Research tools are more sophisticated and complex than

design aids although there is no clear distinction

15
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between the two. The essentlal differences, however,
are that research tools have more detailed and dynamic
data and the output may not be used for analysing a
specific design but for calculating the cést~

effectiveness of control systems or improvements to
the building fabric,

For example, some research tools (see section 6.4),
have the characteristic of relating daylight level
within a room to the switching of lights which in turn
may be related to heat gains from the lights. Such
models require data that describes both the dynamic
characteristics of the availability of daylight and
the probability,of switching control action by
occupants,

2.2.3 Trends within Classification Matrix

Within the classification matrix all predictive environmental

‘models can be described and some of their properties

analysed. .There are no clear interfaces between the types |
6f models and many have dual functions of being either both
prescriptive and evaluative or both design aids as well as

research tools.

In general, the more potentially accurate models become the
more data they require which renders them less use in the
early stages of design. Furthermore, the more variables that
a model contains the less easy it is to manipulate which
makes it less attractive for use in the earlier stages of
design. Figure 2.2.3 shows this diagramatically. Prescrip-

tive-icons are most compatible with the early stages of

16




design but are less accurate than, say, mathematical

research tools which may be highly accurate but are of

little use in early design. .

The trend towards more accurate research tools (section

1.4) has meant a move away from the easily manipulated

generative design aids. '

2.3 Prescription vs, Evaluation

The compromise between complexity and convenience is
determined by the function of a‘model and the stage in the
design process at which it is intended to be employed.

- Those models intended to influence the generation of form
must aid decisions made at the early stages rather than
assess the coﬁsequences of decisions that have alréady been

made,

Within the classification matrix the dimension of the
function of predictive models has two basic components:
prescription and evaluation., Prescriptive models fulfil
the role of aiding early design decisions as they do not
require data that is only available at the later stages of
design when the form and fabric of the building is known.
Evaluative models, however, are more accurate but can only
be applied at the tactical stages of design and will there-
fore, only be 'fine-tuners' to a designvthat has inherent

environmental consequences deriving from strategic

17




decisions taken at the early stages of design.

However, a criticism of prescriptive models is that they
are deterministic and show bias to particular building
types or modes of environmental control., For instance
many .rules of thumb assume the area of windows or room
proportiogs which, if applied to buildings that do not

comply with these assumptions, will give erroneous results.

- This is a problem common to all models as they are
génerally developed in response to a particular buidling
type (for examples see section 6.6). The criticism of

prescriptive models is therefore on two levels:

a the limited number of variables in generating the
solution,
b  the determinism of the models in defining the nature

of the solution.

Such an argument has been used to promote evaluative models
in aiding design (Hawkes, 1970b). However, it has also
been argued (Chaddock, 1980) that evaluative models,
although intended to evaluate different buildings on an

identical basis, are also deterministic.

This argument is based on the fact that evaluative models
have been developed in response to the failures of

particular building types. For example, the 'admittance

18




method' was formulated in response to the problems of

overheating in small cellular offices and is inaccurate

if applied to other building types.,

Not only is the assumption of a building type in a mogdel
deterministic but also the data of both the external
climate and comfort building-type dependant. These points
are discussed further in chapter 4 and 5 but the
implication is that dissimilar building types cannot be

evaluated on an identical basis,

" The argument that models of environmental performance are
deterministic can therefore be applied to both prescriptive
' and evaluative models, Hence, the assumption that there

is an increasing order of accuracy from prescriptive

models through to design aids and research tools only holds
if the models are applied to the building type for which

they are EOmpatible.

2.4 Theory of Models in Design

2.4.1 Alexander's Model of the Design Process

Further limitations of models can only be described within
a framework that describes the theoretical application of
models in the design process. Alexander's (1964). model of
the design process is chosen as it provides a convenient

and concise method of describing both the application and

limitations of models,
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The model (figure 2.4.1) assumes that a good design is one,
in which the form (F,), responds to the context (C,) within

'the actual world';

Alexander suggests that this can be achieved in three ways.
Firstly by an 'unselfconcious' process of attempting to
relate the context (Cl) to the form (Fl) by trial and error
(Note 2). Secondly, by a 'selfconcious' process that
relates context to form vla a 'mental picture' of both the
c?ntext (C2) and fo%m (FZ)' and thirdly, by a process of
employing 'formal pictures of mental pictures' where a
theoretical understanding transfers the evolution of
buildings by the two former processes into externalised

models. These externalised models, of which models of

environmental performance are one type, have the property

" of being able to be 'run faster' (Steadman, 1975) than the

'actual world' but, being onlyArepresentations of reality,

"are unfaithful to it in certain respects.

2.4,2 Determinism, Atomism and the Oedipean Effect

The above framework can be used to illustrate further
theoretical limitations which influence the accuracy of

models in design., These l1imitations can be categorised

into:
a determinism,
b the Oedipean effect and

c atomism.
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Determinism occurs when models. are applied:outside_
the theory or context in which they are constructed.
An example, in environmental modelling, is in the
application of the 'Daylight Factor Slide-Rule'
(Hopkinson and Longmore, 1954) which was intended
to predict daylight factors in sidelit robms.
However, the slide-rule makes the assumption that
rooms are glazed wall-to-wall, a common occurence in
buildings of that time,. Although the slide-rule is
accurate within that context it renders erroneous
results if applied to rooms with a different

composition of glazing,

A further exampie, is the 'Daylight Indicators’
(Arnold, 1977) which, although intended for use in

block spacing criteria, favour high rise developments.

Such models can determine the outcome of a design
either because the model leads to a particular
solution or because a designer may simplify a solution
in order to comply with a model (Note 3). Relating
this to Alexander's model (figure 2.4.1), the form
(Fl) in the 'actual world' determines the 'context'

of the 'formal picture’ (C3) and vice versa.

A further limitation is the Oedipean effect which
occurs where models act as theories of the artificial
systems they interpret. An example, of this effect
occurs in the 'artificial evolution' (March, 1976)

of buildings. If the models that are used to
generate a solution have the same theoretical basis
as the models that evaluate it then the solution will

produce a self-fulfilled prophecy.

Examples in environmental modelling are models that

can both prescribe and evaluate, for instance daylight
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analysis techniqgues (Byrd and Hildon, 19795;;’This¢
particular method can be used to prescribe a window
area for a given minimum daylight factor and vice
versa. However, the evaluative mode * cannot be used
to check the results of the prescriptive mode as
this would only produce a self-fulfilled prediction,

Relating this to Alexander's model, the form (FB)’
fulfills the requirements of the context (C3) in the
'formal picture' but this does not necessarily imply
that the form (Fl) will fulfill the context (Cl) in
the actual world, ’

o

A further limitation in modelling is atomism where

it is assumed that a problem can be broken down to

its smallest parts, each part can then be solved
separately and the fragmentary solutions can be
synthesised to produce a single solution, This process
incurs two major problems. Firstly, the manner in
which the problem is broken down, which inevitably

has a bias towards quantifiable criteria.

Environmental models are atomistic as they consider
not only restricted parts of a buildings, generally

windows, but also categorise the environment into

thermal, luminous and acoustic components (Note 4),.

Secondly, the problem of valu ing each fragment in
order to synthesise a solution {Broadbent, 1979a).
Even if each fragmented model is in itself highly
accurate there needs to be an equallv rigorous model
to synthesize the fragments since the combined
accuracy of all the models will only be as good as
the least accurate, For example, the results of
models for window sizing in the thermal, luminous
and acoustic environments will invariably differ and

conflict (Markus, 1979). There is little point in
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using sophisticated and complex models in this case

if the compromised window size is based on arbitrary
value judgments. B

Inevitably design lore leads to a predominance in

the value of one model over the others. For example,
the 2% daylight factor regquirement for schools has
been valued above other considerations,leading to over-

fenestration and its consequences.,

2.5 Prospects for Environmental Modelling

‘The classification system (figure 2.2.1) allows not only

-for the analysis of the advantages and disadvantages in
. the convenience vs. accuracy argument but also for the
analysis of trends and future prospects in environmental

modelling,

The trend»in environmental modelling (section 1.4) has been
towards more descriptive and complex models and away from
simple prescriptive models. In figure 2,2.1,. this corresponds
to a move within the matrix from 'Prescriptive-Icons' to
:'symbolicéreséarCh tools",  The initial argument for this
.trend {section 1.3) was based on the belief that more
complex models would remain compatible with the design
process as this process was seen to be scientific, However,
a more recent argument (March, 1976) for increasing the
complexity of models is thaf prescriptive models will be
derived from research tools by a process of artificial

evolution. This can be illustrated by superimposing

March's PDI model (section 1.2) on the classification
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system for environmental models (figure 2.5).
The shortcomings of the latter argument can now be

analysed in terms of the theoretical limitations discussed

in (section 2,4,2),

Deductive reasoning, which is illustrated by a move along
the diagonal oflfigure 2.5, involves the failures both of
atomism and determinism. Atomism because the decomposition
by deductive reasoning increases along the diagonal and.

determinism as the decomposition is carried out by models

-

that make assumptions in building types or mode of

environmental control,

The process of induction, which is assumed to synthesise
the fragments of deductive reasoning to develop models for
productive reasoning, has not only the inherent determinism
and atomism but is also limited by the Oedipean effect
since the research tools both generate and evaluate
prescriptive models, In terms of the definitions of
productive, deductive and inductive, reasoning (section
1.2), the same models are used to derive the 'case from the
rule' as to derive the 'rule from the case', - Thus the

assumed iterative process of the PDI model can become a

closed loop.

From this analysis it would appear unlikely that
conventional research tocls will provide the inductive

reason ing required to generate prescriptive models for
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productive reasoning, However, to argue this point

further chapters 3, 4 and 5 analyse research models in

more depth in terms of their structure and data.

2.6 'Summary

By classifying models of the environmental performance
of buildings into a) their function iﬂ design and b)
their composition, the main arguments concerning the
accuracy and compatibility of models within design can

Jbe illustrated and. the shortcomings analysed.

The classification matrix alsé demonstrates trends in
environmental modelling and certain limitations iﬁ current
modelling theory. The theory being that by a more
holistic deductive process the fragments of a decomposed
solution can be synthesised into prescriptive models that
will aid in the productive process of desigh. The
limjtations of this are that the synthetically evolved
prescriptions are derived by models that are both

deterministic, atomistic and suffer from the Oedipean

effect,

Subsequent chapters extend this analysis by discussing in
more detail the determinism inherent in the more

sophisticated evaluative design aids and research tools.




1

Notes

-

There is a difference between design aids and "Design
3 "w .

Aids", The former 1S a general term for evaluative

and prescriptive models while the latter is a

particular type of graphical analog discussed further

in section 6,

Broadbent (1973) has suggested a similar process but
describes unselfcoﬁ%ious design as ‘'pragmatic',
selfcod%ious design as 'iconic' and design by formal

pictures as 'analogic' or 'canonic'.

March (1972) cites an example of design lore that
suggests that buildings should be as near as possible
to a cube in order to minimize heat loss. This can
be attributed to over-simplifications in the

'steady-state' heat loss equations.

A further limitation in environmental modelling which
can be categorised into both determinism and dtomism
is that most research has been qarried out on either
offices or schools, This implies that the results of

such research can only be applied within its given

context (see Louden, 1980) ,




CHAPTER 3

THE STRUCTURE OF MODELS OF THE ENVIRONMENTAL .CONTROL SYSTEM

3.1 Introduction

It was noted in sect101 2.1 that besides theoretical

llmltatlons and inaccurate data the inaccuracy of models

could be accounted for by their failure to define the full

extent of reality,

The reality that is intended to be represented in
environmental modelling is the environmental control system
and this determines the structure of models, The control
system can be categorised in cybernetic terms, into three

basic modes:

a passive control,
b . closed-loop active control,
c open-loop active control.

of which different building types have different

combinations and predominances.

Most environmental models are only concerned with the

passive mode; the form and fabric of the building. While

this assumption may be acceptable for plant sizing or-
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crude prediction of environmental performance, it does
not describe the dynamic performance of a building. A
description of the active control modes is essential

for accurate prediction in particular for research tools
concerned with predicfing energy consumption or cost

effectiveness of control systems or energy conserving

devices,

.This chapter discusses some theories of environmental
control, the trends within environmental control and
describes a structure that combines all the modes of
control, This structure ié employed in section (9.3) to
describe the difference in prédominance in modes of

control of three different building types.

3.2. Theories of Environmental Control

Environmental control was defined (see notés on
terminology) as the filtering of the natural environment
to produce comfort conditions at the immediate bodily
surrounds. At its siﬁplest, environmental control can be
achieved by biological homeostatis, eg: vaso-regulation
or pupil dilation. However, it is also achieved by
voluntary behavioural adaptation, for example seeking
shade of altering posture to increase heat loss. It is

further achiéved by introducing a barrier or combinations

or barriers between the bodily surroundings and natural

environment, eg: clothes and buildings. Control can

therafore be carried out by both voluntary and involuntary
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actions as well as barriers
L]

However, some th i i
’ eories of environmental control do not

account for all these control mechanisms and generally
only consider the passive mode of control by barriers.
The relevance of this being that environmental models
which have been intended to represent the environmental
control system have only described part of it,

Banham (1969), for example, describes the environmental

control system as having three components:

1 conservative,
2 selective,

3 regenerative.

The conservative mode (1) is concerned with the storage
and reemission of energy of the external cliﬁate to the
building while the selective mode (2) admits desirable
energy and excludes undesirable energy. The reiﬁerative
mode (3) involves the input of supplementary energy to
make up that which is lost or unobtainable to the
selective and conservative modes. However, these are only
passive modes of control as they are manifested in the

form and fabric of a building and its plant.

Milne's (1972) theory of environmental control states that

the environment is only known to us by the various kinds

of energy that impinge the senses and that each sense
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res ds i .
ponds 1ndependently to only one type of energy. The

object i
J of environmental control, according to the theory,

is to maintain all palpable energy within the maximum
and minimum limits of the human comfort range. The
control mechanisms being properties of the building fabric:

emission,transmission, and absorption,

Not on;yvdoes this theory only consider the passive mode
of control but it also supports the view that the
components of the environment, thermal, luminous and
acoustic, can be considered atomistically. Although this
‘has been suggested by other workers (eg:, Canter 1975) to
be alien to the way people perceive the environment inside

buildings.,

Thebassumption that these theories make is that if comfort
conditions are obtained there is no need for recourse by
building occupants to alter either the building fabric or
plant. In chapter 4 this assumption is analysed more
deeply, bu£ one of the conclusions is that the ability of

an occupant to modify the building's fabric or plant is in

itself a measure of comfort.

A further description of environmental control is Ashby's

(1956) concept of 'variety reduction' which is used in

section 3.5 to derive a descriptive model of the inter-

acting components of the environmental control system.

The variety of energy in the natural environment can be

reduced in order to provide comfort conditions by a
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heirarchy of control actions and mechanisms. The
reduction of undesirable energy is achieved by a
combination of biological homeostasis, voluntary

behavioural adaptation and, in the case of building

occupants, the building's fabric, These control actions

and mechanisms work by reducing the amplitude of the
cyclic charaCteristiCS of the natural environment and

further reduction or amplification is achieved by the

buildings' plant.

This latter theory is a departure from the others as
.environmental control is seen as being centred around

the occupant and not, as the other theories suggest, the
occupant being a subsystem to the building, The
important characteristic of the‘concept of 'variety
redﬁction' is that it provides a framework for a model to
describe all the components of the control system and
therefore the dynamic environmental performance of a

building.

3.3 The Conventional Structure of Models of Environmental

Control

Olgyay (1963) suggested a systematic method for describing

the structure

control system with the aim of predicting the

environmental‘condition

environmental control that it was based upon did not

consider any form of active control and the method was
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described as consisting of four stages:

a a survey of climatic_elements,

b climatic impact in terms of physiclogy,

c technological solution to the climate-comfort problem,
d solutions combined in architectural unity.

This is essentially a ﬁormative description of
conventional predictive - environmental models since an
input of meteorological data combined with an input of
the description of the buildings form and fabric will
render a physical description of the environment that can

be checked against a comfort scale.

A similar stfucture was described by Hardy and O'Sullivan
(1967) for ﬁodellinq the environment control svstem, The
concept of 'climatic modification' assumes two fixed
points: the climate external to the building aﬁd the
internal climate, the building envelope being a filter
between the two (figure 3,3). The building's plant is

seen as a 'fine-control' in the completion of the

£

modification process.

An example of a model that can be described by this

structure is the prediction of peak summertime

temperatures (Loudon, 1968)., The external climate is

described by the solar intensity, air temperature and

sol-air temperature while the form and fabric is
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bed by the transmission, emissiom and reflection of

the respective materials, The model then predicts the

environmental temperature within the room.

Such a model may be useful for plant sizing as it can

predict the worst conditions, but it does not measure the

dynamic environmental performance as it cannot account.for
occupant interaction with the control mechanlsms (eg.,
bllnds and openable windows). The smmmertlme temperature
predicted by the model may therefored prejudice a design

that has a potential for offering comfort conditions due to

sensitive control mechanisms available to the occupant,

The essential properties of environmental models described
by the concept of 'climatic modification' is that their
structure is linear and unidirectional and that there is no
interaction between the various mechamisms in the
environment control system. There is an implicit
assumption that any deficiency in the modifying character-
istics of the form and fabric will be supplemented by the
plant and not by any oécupant involvement in altering the

characteristics of the building's envelope or plant.

3.4 Trends in Environmental Control

The structure of environmental models that are described
by the concept of climatic modification are deterministic
pose a particular approach to environmental

as they presup

control by assuming building occupants to be inactive in
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accurate,

prediCtionS‘Of the performance of alternative

building types will be errcneocus.,

The linear structure of environmental models can
accurately predict the énvironmental performance of
building types based on *the principles of Integrated
Environmental Design (IED)., TIED building types aim to
produce a highly controlled environment by employing the
- plant alone to supplement the reductiom in variety of
energy by the building envelope, any occupant interaction
being minimized. This is achieved by air-conditioning,
permanent artificial lighting (PAL) and unopenable

windows.

The theory behind IED is similar to Milne's (1972) theory
of environmental control (section 3.2) and assumes that if
the thermal,luminous and acoustic environments can be kept
within the comfort range then the occupants will be
comfortable and therefore, by'ﬁefinition, need no recourse
to altering the control mechanisms. In order to achieve
such a high degree of control over the components of the
environment TED building types utilise the passive aspects
of control (restricted window areas) to reduce the variety
of the internal climate to a minimum and then extensively

. 49 .
employ the buildings plant to supplement the variety of

the internal climate.
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H . . ’
owever, alternative building types have not been able to

) depend on supplementary energy either because it is

unavailable, for example, in traditional building types,
or because of the need to reduce energy consumption. Tﬁe
characteristics of the control systems of such building
tyges involves more than just the passive control of form

and fabric but glso active controls by feedback from

occupants or automatic controls or both.

In traditional building types feedback is from the occupants
only and is manifested by alteration to the building
~envelope. For example, the opening or closing of windows

to increase ventilation or reduce the disturbance due to
noise, The building's plant being manually controlled, for
example, by simple on/off switches for electric lighting

and radiator valves for heating.

Other building types that involve feedback are those that
employ 'two-tier' control systems where the feedback 1is
from both occupants and electromechanical devices, The
‘purposes of such control systems being to reduce energy
consumption by optimising the:variety reducing
characteristics of the building fabric {eg: automatic

blinds) and the output of the plant (eg., automatic dimming

of lights).

In conclusion the linear and unidirectional structure of

models based on the concept of climatic modification is

inadequate in describing any form of feedback control

whether by users of 'free-running’ building types or the
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combinations of users and automatic con

trols in building

types employi i
ypP ploying 'two-tier',control systems.,

3.5 The Cybernetic Model of Environmental Control

3.5.1 Feedback Systems in Environmental Control

The cybernetic model of environment control provides én
alternative structure for models as it describes not only
the passive control by éhe form and fabric of a building
but also the active feedback control of both occupants
and electromechanical devices and integrates all three

" modes of control.

In cybernetic terms, feedbackAis described as the output
of a system regulating the input of the same system. 1In
terms of environmental control, feedback is the active
control actions of occupants or electromechanical devices
in regulating the various mechanisms of environmental

control (eg., fabric, plant, clothing and activity) .

Figure 3.5.,1 jllustrates the interaction between the

&+

modes of environmental control (Physiological and

behavioural adaptation, electromechanical control devices

and the passive mode) and the control mechanisms

(building fabric, plant and gelf adjustment). Self

adjustment includes altering activity, posture, position,

is.

clothing and biological homeostat
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3.5.2 Information for feedback loops

Active control can be separated into two distinct mcdes?

adaptive and basic feedback,

The former is associated with occupant control while th&
latter is associated with the control action of electro”

mechanical devices although, in practice,the two modes

are interactive,

An example of basic feedback is the action of a,thermoé'tat'
illustrated in figure 3.5.2. The temperature is regulat®d
because information from the 'sensor' affects the

‘variable control' and determines the level of pcwer input
into the system, The system is therefore self—régulatijlg
andiconsidered to be 'closed-=loop'. An example of an
"open-loop' system, feedback which is not self-regulating, .

is a radiator valve that relies on a person for its control.

Figure 3.5.2bis a hypothetical representation of adaptivye
feedback. However, this‘form of feedback cannot be
represented by simple loops since it not only monitors The
success of control action but alsQ of the whole strateg&,_
For example, a change within a control action or a Chanﬁye

from one control action to another or a change of

objectives.,

The essential differences between these two forms of

feedback is in the information required for control act _
ons.
'basic' feedback is the st

Eitea

The information required for
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of the controlleg System, disturbance to the system and

the results of control action. The information required

for adaptiv .
p e feedback requires a more complex representation

of the system's dynamic performance than the simple error

signal used in basic féedback, The threshold for control

action is based on collective sensory response which relies

on memory storage, anticipation and integration of

information. This is discussed in more detail in sections

4.5 and 4.,6.

This difference in information requirements between the two
modes of feedback highlighté the fact that electré—
bmechanical devices can only crﬁdely represent the likely
response actions of occupants.. The perception of
information that signals the threshold for control action
for electromechanical devices is concentrated on only a few
cues, more usually only one, and cannot be altered. This
implies that electromechanical devices are prone to masking.
‘For example, a thermostat placed close to an open window
will signal an increase in heating plant output although
the purpose of the openlwindow may be to increase the
ventilation heat loss. However, the control action of the

occupant in this situation would be the opposite (assuming

that they are motivated).

3.6 A Conceptual Model of Environmental Control

. A - . ]
The above discussion provides the foundations for a model

of the environmental control system which has been developed

by willey (1978) and based on’Ashby's (1956) work on
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biological hdmeostatis.

Figure 3.6, ' . m .
g a, is a dlagramgtlc representation of biological

homeostati .
is where regulation, R, on the natural environment,

N, reduces the effect of environmental disturbances, E, on

the physiological variables, C, which determine the state

of comfort,

By introducing the passive control of the building fabric,
F, into the system the environmental disturbances are moved
further from the immediate bodily surroundings and produce
an internal environment I, (fiqure 3.6.b). The régulation,
R, now controls the fabric of the building as well as the
natural environment. The natural environment includes such
things as clothing, level of activity and posture. The
building's piant, P, can now be introduced into the system,
however,it does not separate E from C but can be conceived
of as an extension to the filtering action df the building
fabric. If the plant-and fabric haﬁe automatic controls then
a feedback loop is introduced between the building fabric

in the internal enviroﬁment. Figure 3.6.c, provides a basic
model of an environmental control system involving all modes

of environmental control and types of feedback discu;sed in

section 3.5.1.

3.7 Prospects for accurate simulation of Environmental

Control

The purpose of déscribing a conceptual model of

i ls:
environmental‘control is on two leve
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a to d ¥ o . ’
emonstrate the lnadequacy of existing models,

to offer E
' & structure for accurate simulation of
environmental rerformance

The reasoning behind the latter purpose, accurate simulation,

is to provide a research tool that can describe the dynamic

performance of buildings and thus predict such measures as

cost-effectiveness or energy efficiency Characteristicg of
various existing or artificially evolved building types.
The ultimate objective being to promote building types or

certain of their characteristics.

-Howéver, the model has two basic theoretical limitations.
Firstly it cannot compare buildings that employ different
modes of control on an identiéal basis. The structure of
the model must be altered for building types that have a
different predominance in any mode of contrcl., Secondly the
data required for the threshold of control action is
different to comfort data, the conventional data used in

models,

The latter limitation is discussed in greater depth in
chapter 4 where it is argued (section 4.5) that the data
is building type dependant as occupant response is

influenced by the availability and efficiency of the

mechanisms of environmental control.

3.8 Summary

Occupants play a large role in determining the environmental

performance and energy consumption in a building. For simple
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design aid '
g S Or models for plant sizing it may be adequate

to ignore this

ef .
fect ang consider only the passive mode

occupants and electromechanical devices, have a large

influence on environmental performance

Many evaluative models and research tools are based on a

linear structure (no provision for feedback) for two reasons:

a the models have inherited the structure from the more

simple models they have evolved from (see section
1.4),

b most theories of environmental control assume:

i that occupants respond to the different components
of the environment independently,

ii that a measure of good envirommental performance is

when occupants do not need to interact with a
building's contrcl mechanisms.

A conceptual model, intended for computer application and
baséd on cybernetic theory, was described which can account
for all modes of environmental)control. Although its
structure needs to be altered for different building types,
the major limitation of this model is in the description of
equired for the threshold of active

the information r

response by occupants. The subsequent chapter discusses

this in more défail in relation to existing comfort data.




CHAPTER 4

DATA FOR OCCUPANT COMFORT AND RESPONSE h

4,1 Introduction

In section 1.4 it was noted that a common failure in .
modelling is that data used in one generation of models
is inherited by the next generation and, being out of

‘context, leads to erroneous results. Such is the failure

in data intended to describe:

a’ comfort conditions inside buildings and,

b the threshold for active response by the occupants

in altering the mechanisms of environmental control.
The limitations of data describing comfort (a) is that;

i it is based on single variables taken from physical

science,

¢ -
ii it assumes that the occupants are comfortable when

they choose not to behaviourally modify their

environment.

These limitations are discussed further in section 4.3

where it is argued that these assumptions (i and ii above)

in the description of occupant comfort led to experiments

that were only concerned with occupants whose responses

were limited and considered them to respond to the
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individual components of the environment - (thefmal

luminous and acoustic) 1ndependently

Data that describes the thresholg for active response
(b) has been inherited fronm data that describes comfort

conditions and therefore has the latter's inherent

limitations. This implies that data for active response,

intended for the dynamic modelling of environmental

erformance i i
P ;, assumes that occupants behave in a similar

manner to electro-mechanical devices. TFor example,
photocells or thermostats which respond to a level of one
particular physical variable e.g. air temperature‘or

~planar illuminance.

However, the purpose of this chapter is not only to describe
the limitations of existing data but also to show further
variables that should be accounted for in order to provide
better descriptions of both comfort conditions and the

threshold for active response.

4,2 Comfort Conditions

I3

It was argued in section 3.2 that conventional theories of

environmental control assume that if comfort conditions are

obtained within a building then the occupants need no

recourse to alter either the building fabric or plant.

There is also the assumption (e.g. Milne, 1972) that comfort

conditions can be achieved in each component of the

environment independently providing that the level of each
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nvironmental i
e mental component 1s within certain upper an

~

d lower
limits,

Within this frame of referénce experiments that obtain

comfort indices are justified in relating single physical

variables(eg, temperature, illuminance or sound level) to

comfort ratings and in performing experiments in situations
where the respondents cannot alter their environment..

The lqgical conclusion of such studies is to produce
buildings based on the principles of Integrated Environmental
Design in which the levels of the environmental cbmponents

do not wvary and there are norenvironmental control
mechanisms available to the occupants. However, such
building types have been criticised (eg., Haigh, 1977 and
Gerlach, 1974) for not providing comfort conditions on the
grounds that a better measure of comfort is the variation,

within certain limits, rather than levels of environmental

" conditions.,

4.3' Measures of Comfort

¢

The following subsections compare some methods of obtaining

indices of occupant comfort (laboratory studies, field

studies and multi-dimensional scaling) in terms of the

number of physical variables being measured and the control

that the respondents have over the physical environment

during experimentation.




4.3.1 Laboratory Studies 7 )

The characteristics of laboratory studies in determining

comfort i i N
omiort indices are that single phyvsical variables are

taken as measures of a respcndent's perception. These
measurements were carried out under controlled conditions
and the lack of discomfort or prerformance of a task was
related to a physical variable. For ekample, Weston (1949)
or Blackwell (1970) were concerned with the performance of
visual tasks related to the size of detail and luminance
contrast of images on a plane. In the thermal environment
measurements were carried out in climate chambers.(eg.
'Fanger, 1970) to produce indices of thermal comfort which
related physical variables such as air temperature, humidity

and air velocity to comfort rates depernding on level of

clothing and activity.

An interesting aspect of many éuch experiments that were
carried out under controlled laboratory conditions is that
different experimenters produéed differing results, for
example, the many different thermal indices listed by
Givoni (1969). Although there is no reason to suggest that
the methodologies used by one experimenter were more or
less precise than those used by any other. This sugéests
that attempting to represent the dimensions of occupant

perception by a single or restricted number of physical

variables is inadequate.

A further criticism of laboratory and ciimatic chamber

i ificial environment in
studies is that they create an artifici
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» For example,

Fanger's (19 s .
g (1970) climate chamber studies were stringent as

which response will be unrepresentative

h i .
they did not allow adjustment to clothing and posture in

the way it may be carried out in 'real life', Furthermofe,

laboratory respondents are unlikely to show the variation

in response that may be shown in 'real life' as they are

voluntary and GXPosed to the experiment for short periods

of time.

4,3,2 Field Studies

It was similar criticisms to those mentioned abové that
~promoted field studies as a method for measuring the
relation between the physical &ariables of the environment
and the dimensions of perception. The advantage being that
field studies have no control over the physical environment e
or the respondent. This is at once the weakness and
strength of field studies since respondents will behave
normally but there will remain variables in the physical

environment that are unaccountable,

An example of this conflict is.the difference in results

between laboratory studies (Balder, 1957) and field studies

(Saunders, 1969) concerning preferences for illuminances,

The former studies showed a preference for higher

il1luminances., One of the factors that could have contributed = |

to this difference is the type of luminaires used. In the

laboratory studies respondents were protected from glare

whereas the fieldwork took the luminaires as they existed.’
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A further imi
example of the limitations of field studies, due
to the i . T
inability to control or account for all variables,

is Brundrett! '
s (1976) study on the window opening habits of

families :
on two housing estates, A correlation was shown

between window opening and external humidity on one housing

estéte, and mean external temperature on the other estate,

However, the SurVeY did not report that it took into account
that the opening or closing habits may be related to either

the fear of rain or security purposes, for example.

Most field work has been carried out by studying the
relationship between subjective response and singie physical
variables in each independent component of the environment.
However, more useful information may be obtained if physical
variables from the different components of the environment

are considered simultaneously.

For example, Langdon (1966) and Manning (1965) obtained
useful evidence that peoplesattitudes, prejudices and

past experience play a large part in subjective appraisal,

But because this type of field.work still considered each
component of the environment in isclation it has been
criticised (Canter, 1975) on the grounds that it seeks

independent dimensions in people's perception which is

contrary to the way in which people interact with the

environment inside buildings. XKeighley (1970) has also

suggested that where there is a general dissatisfaction

with the environment, the rating of any one aspect will be
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lower than i
any other and vice versa,

4.3.3 The dimensions of occupant perception

Both laboratory and field studies have been concerned with

establishing relationships between single physical variables

and subjective response, the limitations of which have been

discussed above. To overcome these limitations systematic

techniques of uncovering further dimensions of response
have been put forward; Factor Analysis and Multi-

Dimensional-Scaling (M.D.S.) for example.

However, eXiSting M.D.S. experiments hawe been concerned
with those dimensions within a particular component of the
eﬂvironment (thermal, luminous and acoustic) and have not
triéd to inter-relate the dimensions of response between
these categories. For example, in the luminous environment,
Flynn et al (1973), in measuring the effects of interior
lighfing on impression and behaviou:, found the dimensions

in luminous perception to be:

a perceptual clarity (brightness/dim}
b evaluation (overhead/peripheral)
c) spaciousness (uniform/non-uniform)

In the thermal environment criffiths (1975) suggests that

the dimensions of thermal experience are:
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a comfort

(thermal index but not asyﬁgtry)
b warmth (thermal index including asyﬁ%try)
c humidity
a a factor representing freshness,

Inevitably there is a bias towards quantifiable measures of
the physical variables to which the subjective dimensions
can be related, However, besides the criticisms of
considering the componehts of the environment in isolation,

. s : ] ‘
interaction with the environment is not necessarily on a

dimensional basis. Canter (1975) has suggested that by
‘asking people to respond to a particular aspect of the
environment brings on a level of awareness which does not
exist in every day life. The dimensions of perception
derived from M.D.S. may therefore not measure the overall
expérience bﬁt just those aspects that can be discriminated

from each other.

4.3.4 Summary of experimental methods for obtaining
Comfort data

The measures of comfort obtaingd from the methods discussed

above comprise the conventional measures of environmental

performance., The Building Performance Research Unit (1972),

for example, has employed the daylight factor, an absolute

level of artificial jllumination, the environmental

ti i kes assumptions
temperature and energy consumption (which ma p

in comfort temperatures) to describe the environmental

performance of puildings. In section 4,3.1 to 4.,3.3 it has
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been argqued ¢t s
g that these measures are only crude descriptors

of comfort,

and henc i
© environmental performance, for four

main reasons:

a “each environmental component (
acoustic)

thermal, luminous and

1s considered in isolation,

b the number of variables considered to describe
occupant perception is restricted :(with the excepfion ;V
of M.D.s.),
C the measures of comfort are all taken from physical
science (an alternative measure will be discussed in
section 4.4),
ol each physical variable intended to describe comfort

is considered only in terms of levels (with the

exception of M.D.S.) and not variation in levels.

4.4 Interaction in environmental control as a measure of

- Comfort- ‘ P

With the assumption that any férm of occupant control should
' be minimised, comfort experiments on passive occupants
appear justified. The aim of iaboratory tests, field tests
or M.D.S. is therefore to determine physical descriptors
which, when achieved by a given environmental control system,

‘reduce any necessity for occupants to behaviourally alter

their environment.

This assumption embodies a form of determinism that assumes

that occupants do not wish to interact with their

environment and that comfort conditions can only be

achieved when there is no need for occupants to revert to

active control of environmental control mechanisms. This

- 5Q -




is contrary to certain research findings which suggest that i

determinant .
@ of comfort is the degree te which occupants may

interact with their environment, For example, Canter (1Q75)

has suggested that the degree to which a person is able to

act upon or modify a building may well influence his

preference for it. A further example is Haigh's (1977 and

1980) work on the environmental performance of building types
in which she argues that a further measure of buildina

performance could be iﬁs capacity for modification. This

includes the range of environmental control mechanisms such as

opening windows, adjusting thermostats and blinds and the

‘responsiveness of the fabric to the changes which they effect.

This measure of comfort is discussed further in section 8.3

where a method for its quantification is discussed.

4,5 Data for the threshold of active response

This chapter has considered the data for comfort conditions

separately to data for the threshold of active response.

However, this is in practice an artificial separation
particularly in the light of section 4.4 which suggests that

comfort is determined, to an extent, by the level of response

in modifying the environment, At this point the discussion

concerning data can be considered within the framework of the

structure of models (Section 3.6) ° Referi‘ing to figure 3.6cC

the determinants of comfort, C, must embody not only the

dimensions of occupant perception, discussed above, but also
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data concerni .
ing the likely threshold of occupant behavioural

action, R. The subjective measures that are based on

variables taken fr i :
om physical Science are inadequate in

predicting the likelihood of occupants modifying their

environment.

Existing models that attempt to represent. occupant behavioural
response employ data that is based on single physical
variables which can predict the response of electro-

mechanical devices such as thermostats or photocells but are

unrepresentative of the threshold of response by occupants.
Fo; example, Baxter's (1979) experiments on the ecoﬁomics

of photo-electrically controlled lighting assumed that the
threshold for the switching of lights by occupants is related
to an absolute level of illumination on the working plane.
This assumption is also made in the Cambridge environmental
model (Hawkes( 1976a) where the duration of use of artificial
lighting is included in heat balance calculations. Hunt
(1980) has proposed that the minimum daylight factor be used
as a measure for the threshold of switching action. Although
this measure was chosen as a result of extensive field work,
the only alternative measures considered were the geometric
and arithmetic means of the daylight factors. Thus the
restricted number of measures considered, all of which are

measures of absolute levels of illumination, and the

assumption that switching only occurs during the -extremes of

renders this measure crude.

a period of occupation




To reduc ‘ : \
e the behavioural response of occupants to the

level of - i
£ electrp mechanical devices, by assuming that the
information required for response to be
B :
[y
case, is erroneous.
\\
AN

'identical in each

Electro-mechanical devices concentrate on the information

of one physical variable and are highly accurate in

response within their giVen context but they are not
adaptable to alternativéccontexts. For example, an internal
photocell can be very accurate but if placed in an
unrepresentative position may provide erroneous information
on the level of lighting within a room. On the other hand,
occupants will not respond in such a highly predictable way
and will inevitably be less accurate but they can adapt to

different contexts as they rely on more complex information

based on collective sensory response (section 3.5.2).

4,6 Information used for the threshold of response

Occupant perception of the environment involves the use of
multiple cues and the response may be either conventional

or novel depending not only on’collective physical

variables (sections 4.3.1 to 4.3.3) but also on a) spatial

changes, b) temporal changes, c) the structure and d) the

context of the stimuli.

The following examples are research findings which

demonstrate the importance of accounting for the;e

characteristics.

53




An exampl : : :
Ple of the relevance of spatial variations in

stimuli is i1
' %o N the results of experiments carried out
by Griffiths (1975)

the dimensions of

(see section 4,3.3) where one of
thermal éXperience was related to
dimensions of lumiit o e boéy. bikewise the

Ous perception mentioned by Flynn
et al (1973) included measures of relative spatial
illuminance such as uniformity or v -

the asyﬁ%try of he

ector: scalar
1lluminanceAratio. ' V

In terms of temporal change, Nicol and Humphreys (1973)
showed that besides short term variations in temperature
the long term variations, over a matter of days, also
influenced thermal comfort. Furthermore the rate of
variation is important as it is related to such

things as monotony, disturbance and arousal.

c The importance of accounting for the structure of

stimuli has been demonstrated by Gagge et al (1967)

whose work showed that people's subjective appraisal
of warmth was related not only to the temperature at
any particular time but also the seguence of
temperatures leading up to it. People anticipate

changes in the environment before:they occur.

d The relevance of the cont%xt within which
environmentai stimuli occur is demonstrated by
Humphrey s' (1975) work on thermal comfort. + was
shown that comfort conditions in free-running buildings,

within certain upper and lower lifaiits, differed from

comfort conditions in heated buildings. An

implication of this being that dissimilar buildings

cannot be compared on a like basis. A further example

is the measurement of noise annoyance (Langdon, 1977)
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where i

not :t vas shown that the Traffic Noise Tndex was
. On-y relateqd to free flowing traffic but also
o the quality of the neighbourhood

These e
Xamples demonstrate that one cannot consider

environmental components in isolad

o tion to each other
neithe
T can absolute levels of physical variables be

adequate by themselves in describing the threshold
of active response. Other data that includes |
temporal and spatial variation of the environment as
well as its context ang structure must be included
in order to provide data for models that simulate
the dynamic performance of buiidings,

Summarz

In section 4.2 it was noted that the type of data and

methods of obtaining it was related to the theory of

environmental control. The conventional theory assumes

that optimum comfort conditions are obtained when a

building's occupants are passive and need no recourse to

altering the environment.

Experimental techniques for dasterminingthe subjective

&

response of occupants to provide comfort data have assumed

that:

i | occupants respond to each comporent of the

environment independently and

ii comfor

+ is achieved only when occupants are passive.




-However, this has been criticised (section 4.3.4) as it

is alien t i ‘ .
n tO the way occupants interact with buildings and,

it 1s argued (section 4.4), a further measure of comfort

is th SRR
€ occupant s'ability to alter their environment.

Predictions of ej t i
of either the cost-effectiveness or dynamic

environmental performance of buildings which contain
control systems where occupants take an active part,
require data to predict the threshoid of occupant response.
The existing subjective measures based on 1imited physical
variables are inadequate as they do not account for

spatial and temporal variations or the structure and
context of environmental stimuli. Furthermore the

response action will be building - type dependent as it is
related not only to a hierarchy of available actions but

also to the anticipated satisfaction from these actions.
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CHAPTER 5

DATA FOR DESCRIBING THE CLIMATIC STIMULI ON BUILDINGS

5.1 Introduction

In section 3.3 it was noted thét, in order to predict. the
environmental performance of a building, models require not
only data of occupant comfort (chapter 4) but alsoc a
description of the climate external to a buiiding: The
conventional method of describing the climate is by standard
meteorological data and although this is intended to
describe the actual climatic stimuli it is jinaccurate and in

certain cases inappropriate.

The reason that climatic data is both inaccurate and
inappropriate is due to assumptions inherited from cruder

models of earlier generations (section 1.4).

Data for plant sizing requires.only a crude representation
of the typically worst conditions whereas models for

predicting environmental performance réguire more

sophisticated data. Research tools, intended to measure

the dynamic performance of a building, have inherited many

assumptions from these more rudimentary models. The crude

data required for plant sizing is adequate within its own

frame of reference as safety factors are built into such
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models but the datg i 3
a 1s i . t
nadequate andg 1naccurate for use

in more sophisticated models

However, there i . ’
! € 1s a further lnaccuracy incurring in models

that require data describing the dynamic characteristics

of Fhe external cl%mate. The interaction of buildings with

the external Climate can be ignored in more rudimentary
models but is an important consideration, particularly in
terms of the thermal components of the environment, in
measuring the actual climatic stimuli on a building., This
is due to the climate around buildings being unknown until
ﬁhey are built. This has been described by Page.fl976) who
‘suggested that the design of a building has to proceed on
the aSsumption that the enviroﬁment is known, but the

finished building influences the climatalogical environment

for which it has been designed.

5.2 Accuracv of Data vs. Purpose of Mgdel

The required accuracy of climatic data is dependent on the
context of the employment of a model. This section compares

the characteristics and accuracy of data required for

models whose purpose is:

a plant sizing,
b measuring environmental performance (steady-state),
fo. measuring environmental performance (dynamic) .
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The essenti i ' - |
ial requirements being an ascending order of

accuracy and a trend from g

escribing the typically worst

conditions to describing actual conditions

In general
ng ral, models for plant or window sizing require

the least accurate data as they are characterised by

measuring the typically worst conditions and including

safety factors that render. the models inaccurate
overall. Any improvement in data being offset by the
safety factors. For‘example, in the sizing of heating‘
plants Cole (1976b) has sﬁgqested that due to
simplistic assumptions and safety factors ovérsizinq
is often in the order of 100 per cent. Furthermore,
steady stafe heat loss calculations may aid in certain
decisions concerning the maximum rate of heaf loss but
they will not model the thermal performance of a
building throucghout the entire heating season. Any
recommendations of optimum building form (e.g. Pike,

1978) based on this data alone will be erroneuous.

Models that measure environmental performance, in terms
of comfort conditions inside buildings, can employ more

sophisticated data since they do not jnclude safety

factors and hence increased accuracy will not be offset,

The structure and data of these models is generally

inherited from plant sizing, howewer the output is in

the form of environmental conditions instead of plant

capacity of which the latter presupposes a particular

nmental control.

approach to enviro




C For modelling the dynamic environmental performance

the required climatic data should represent the actual
envir&nmental stimuli. The reason being . that the
output of supplementary energy of the building's plant
can be minimised by active control that can be ﬁighly
responsive to changes in the external environment.

For example, the likely savings in enerqgy due to
automatic dimming of lights can be related to the

extra capital cqst of such lighting system only ‘if the .
dynamic characteristiés of the external climate can be

modelled,

The limitations of climatic data employed for plant sizing
or simple measuﬁes of environmental performance (e.g.
daylight factors or peak summertime temperatﬁres)-is that it
only considers a limited number of the components of the
actual environmental stimuli. For example, models of the
availability of daylight are only concerned with diffuse

sky illuminance and not direct light from the sun. Models
of thermal performance are generall§ only concerned with

dry bulb temperature and do not include the wind speed,

cloud cover or atmospheric radiation.

Climatic data, for the thermal en?iroﬂMent in particular,
that is employed in modelling the dynamic performance of
bﬁildings includes more of the elements that comprise the
climatic stimuli on buildings and requires a more detailed
description of them. However, the disadvantage of such
precise data is that it is building type dependent. That
is to say, for such an accurate description of the climate
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around the building the effect of the building on the
climate must already be known. This latter point is

discussed further in section 5.5,

5.3 The Conventional Description of Climatic Data

Data for describing the thermal climate is considered
separately in this section but its limitations apply to
other elements of the climate. For example, similar:
limitations in dayliéhting data are discussed in section

5.6.

The essential limitation of conventional thermal data is

that:

a " it has a restricted number of variables to describe

the climatic stimuli of a building,

b ‘it does not account for the interaction between climate

and buildings,

c data that includes more than one climatic variable
of the thermal climate tends to *iron out! the inter-

relationships between the variables.

Most of these limitations are due to the deséription of

climatic data being fulfilled by standard data available
from meteorolcgical stations. This has both advantages

and disadvantages as the meteorological stations are on

'green field' sites and hence representative of a
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particular region, but the 'raw' macroscale data is out of

context with particular building sites.

Improvements on this data have been suggested (0'Sullivan
1970) by accounting fer an intermediary climate, which

s
exists between the metecrclogical climate and building

envelope, that can be calculated from the urban density

and empldyed to temper meteorological data.

The interaction between buildings and climate is, however,
more complicated and the use of meteorological data
tempered by micro-climate data is inadequate in its
description of the climatic stimuli on buildings. In
section 5.5 it is argued that the shape, length and texture
of a building as well as the configuration of its
surroundings are important variables in the climate/

building interaction,

Meteorological data intended for use in prédicting the
thermal performance of buildings is in the form of long-term
averages. This has the disadvaﬂtage of tending to ‘'iron-
out' the inter-relationship between climatic elements

(e.g. cloud cover, windspeed and dry bulb temperature).

For simple models, such as the 'degree-day' method, where
only one climatic element (dry bulb temperature) 1is
considered, the effect of long-term averaging will be
negligible although 'degree-days"are not capable of

distinguishing between duration and severity. But for more
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complex models that employ, for example;'a 'reference
year' (Lund, 1974) or an 'examplé vear" (Holmes and
Hitchin, 1978) the inter-related data will be distorted.
In the latter case,which is chosen from the least abnormal
vear, it is claimed that it will not suffer from this
distortion. But the measure of least aﬁgérmality is
related to the deviation from the longméerm mean which

implies that the choice of the example year is influenced

by data that is already distorted.

5.44 Accurate Descriptions of the Climatic Elements in
the Thermal Environméent .

5.4.1 Building/Climate Interaction

This section discusses in more detail some climatic

components that interact with buildings:

a longwave radiation,
b convective heat transfer,
c air infiltration,

The purpose being to demonstrate that accurate descriptions
of these ccmponents, for design purposes, require a
knowledge of the design as the data is depe ndent on the

characteristics of the building and viece versa,

Cole (1976) has suggested that if any model intends to
accura tely predict the thermal performance of a building

it must include solar radiation, atmospheric radiation,
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wind speed/direction, cloud cover and vapour pressure

The influence of the elements on a building depends on
both the physical properties (e.g. texture, colour and
mass) and geometrical properties (e.g. size, shape, and

orientation) of the building envelope.

\/,
N\

5.4.2 Longwave Radiation

Little research has been done on longwave radiation and the
models that predict it have many oversimplifications.
Iongwave radiation on a building envelope originates from
the atmosphere, the ground and surrounding buildings.
‘Radiation from the atmosphere, principally from clouds,
greatly influencesthe heat loss by radiation from horizontal
surfaces. Howe&er, while radiation from an overcast sky |
can be predicted to a reasonable degree of accuracy,

partially overcast skies provide a problem as the relationship

between cloud cover and atmospheric radiation is non-linear.

In the built environment much of the longwave radiation
exchange is 6n vertical surfacgs, hence the radiation
exchange between the ground and buildings must be considered
alongside radiation exchange from the atmosphere.

Radiation exchange from the ground and buildings is almost
impossible to predict as it depends on the surface
temperatures, the nature of the surfaces, the prevailing
climate and the recent history of heating and cooling of

the surrounding surfaces. The surface temperature
characteristics of the ground and buildings vary considerably;
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concrete will differ from grass, an insulated building will

“have a lower external surface temperature than an un-
insulated one and South faging surfaces are generally
warmer than those that face North. Hence radiation exchange
between the‘ground and vertical surfaces in the built
environment is difficult to quantify. . —

(
As radiation exchange between a buildiﬁg and its
surroundings is related to the fourth power of the absolute
temperatures of the respective surfaces it is represented
by a surface coefficient. The coefficient, when
multiplied by the temperatufe difference betweenvthe
ibuilding surface and the surfaces 'seen' by it, will give
the radiative component of heat transfer., Large errors can
be incurred and, depending con the temperature differences,
thé error hés been shown to be between 10 and 40% (Cole,

(1976a) .

5.4.3 Convective Heat Transfer

Energy balance on a building's surfaces is also dependent
on convective heat exchange. This mode of heat exchange
depends on the 'boundary layer' characteristics of a
building. There is both a hydrodynamic and thermal
boundary layer, the former being the zone between the
stationary layer at the surface and the main stream

velocity of air.

The latter is the temperature zone between the surface and

main stream air temperature, Convective heat transfer 1s

"65



therefore dependent on the wind velocity‘and ité

characteristics (turbulent or laminar) and the temperature
difference betwéen the surface and the air. This mode of
heat exchange is complex as the hydrodynamic and thermal
boundary layers interéét. The heat exchange is not only
dependent on the characteristics of the buiiding but also
on the configuration of the surroundings, the“building's

shape and length, its ofientation, texture and water

retention characteristics.

Initially measurements of the convectiwve coefficient were
_carried out in wind tunnels, the results of which are still
used by the CIBS guides. These tests were carried out on
flat homogeneous surfaces and the main variables were
surface roughness and wind speed. More recent wind tunnel
tests (Sturfock, 1971) on cubes have shown the effect of
surface length, Qind direction, velocity profile and
homogeneity of the surface to be important éharacteristics

in influencing heat loss coefficients.

It was found that the éonvection coefficients on the most
exposed surfaces were twice as much as those on the least
exposed surfaces. Field measurements (Sturrock, 1971) also
showed that convection coefficients varied by up to 30%
from values given in the CIBS guides, mainly due to the

influence of the form of the building and the configuration

of the surroundings.

Convective heat transfer is generally greater than longwave

heat loss. Nicol's (1977) work on the energy balance of
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windows showed that the relative magnitudes of longwave

radiation and convection heat losses varied with wind
speed. At low wind speed (O—O.Sms_l) convective heat
losses have a similar magnitude to longwave radiative
losses, but as wind sﬁeeds of around 4 ms—l the ratio of

convective to radiative heat losses is around 5:1.

\
N

5.4.4 Heat loss by Air Infiltration

Not only is the window the most sensitive building element
in terms of convective and radiative heat loss but also in
terms of air infiltration. To a certain extent the
limitations and assumptions made in calculating the long-
wave radiative component are acceptable as this mede of
heat loss is fairly minor compared with the convective moce
or Heat losé by air infiltration. Heat loss by air
infiltration is typically between 30-75% of the total heat
loss in buildings (Arens and Williams, 1977f. Therefore,
for accurate modelling of heat losses the infiltration
component is probably the most important. However, of all
the components of heat}loss, it is the least well defined
and most models that predict infiltration losses only
consider the interaction between buildings and climate in

a token manner.

Air infiltration is essentially caused by the wind, which
affects the air pressure distribution on the surface of a

building, and the difference between external and internal

air temperature.
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Models that predict the guantity of infiltration use

meteorological data based on wind speed and air
temperature. However, the aerodynamics of a building is
unaccounted for both in terms of the relation of the
building to its surroundings and the effects of surface
features. Both of these factors have been shown to be
highly significant in altering the air pressure

distribution (Arens and Williams, 1977}).

A further factor that is not accounted for is the influénce
of occupant action on the building, both in terms of
.altering the building envelope (eg. opening windows) or
altering the internal layout (eg. inpernal doors) . Fof
example ventilation rates in houses/vary, at low wind-
speeds, by over 100% depending on whethér they are occupied
or not (Arens and Williams, 1977)[

> ~J

5.5 Building Type and Climatic Data

From section 5.4 it can be seen that for an accurate
'descfiption of the climatic stimuli on a building certain
geometrical and physical characteristics of the building
must be known. For existing buildings or those where the
design is finalised such data could be made available but
the data for aiding in the generation of a design must

remain inaccurate as it cannot assume the finalised built

form.

Certain building types are more sensitive than others to

climatic elements depending on characteristics such as:
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orientation, shape, texture, proportionlof glazing and

jnternal layout. TFor example, highly glazed buildings
are sensitive to wind velocity, solar radiation and iongm
wave radiation wheréas buildings of very low percentage
glazing and relying on either mechanical ventilation or

air-conditioning are sensitive to air temperature.

There is still a limit to the accuracy of describing
climatic stimuli even if the climatic sensitive
characteristics of the bﬁilding are known. Occupant
interaction with the building's control mechanisms will
alter the building's sensitivity. For example, the opening
of a window makes a building more sensitive to air
temperature aﬁd wind velocity while closing curtains in
cold weather will make a building less sensitiveAto long-

wave radiation.

The climatic stimuli are also sensitive to the heating
system within a building since t@is will determine, to an
extent, the relative magnitudéé/éf the modes of heat loss.
Gran um et al (1979) have shown that the energy balance
at a window depends on the type and positioning of heater
unit as well as the type of glazing. Where radiators
are located beneath windows the convection coefficient is
larger than is normally accounted for due to air movement
on the inside surfaces of the window. With forced
convection heating systems the error jncreases and it was
shown that the convection coefficient could be twice as
much as the currently assumed values, thereby increasing
2 o

the 'U' value of single glazing from 5.6 to 6.9 W/m - C.
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5.6 Climatic Data for Davlighting

Climatic data for daylighting is considered separately in
this chaptér as, although the thermal and visual functions
of a window cannot be separated, the climatic elements
concerned with heat exchange and daylight can be separated.
The purpose of this section is to show the limitations of
the conventional 'overéast' description of the distribution
of daylight in predicﬁihg energy consumption., In this
respect there is a strong relationship between the format
of all climatic data where eneray conservation is concerned
as the conventional format describes "worst conditions'
which can lead to overdesigning.> The format required for
predicting energy consumption'requires a dynamic

description of the actual climate.

An example of the use of the ‘'overcast sky' model (Moon
and Spencer 1942) to predict dynamic environmental
performance is the Cambridge-envirbnmemtal model (Hawkes,
1976a). This model calculates the daylight factor at a
point in a room using the CIE overcast sky model. It then
converts the daylight factoré into measures of absolute
internal illuminance using data for the availability of
daylight. If the internal illuminance exceeds a given
value then it is assumed that the lights are switched off.
This is erroneous as the 'overcast sky'model is concerned
with only the worst conditions whereés the data for
availability of daylight is concerned with all conditions

and the two should not be combined to produce a measure of
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internal illuminance. Furthermore, the ‘overcast sky'

model doces not account for the directional characteristics

of lighting from the sun.

For the sizin§ of windows in buildings where daylighting
is predominant, criteria that describes the worst
conditions is acceptable. However, if daylighting is to
be used efficiently then there is a need for a balance
between artificial lighting and daylighting. The oﬁtimum
balance is dependent upon the orientation of fenestration,
time of day and cloud conditions. All of which should be
accounted for if energy consumption 1is to be accurately

predicted.

5.7 Summary

The conventional data for describing the external climate -
is concerned with 'worst conditions' (egq. design
temﬁeratures or overcast skies). These descriptions are
of use in plant or window sizing but ¢annot be employed in
measuring the dynamic performanée of buildings. The
greatest potential for energy’conservation is likely to
occur in average conditions and therefore data of worst

conditions will be unrepresentative.

Accurate descriptions of those elements of the climate

that interact with buildings are dependent on the physical
and geometrical properties of the buildings. Therefore,
data for aiding in the generation of a design is inacéurate

as it cannot account for building/climate interaction.
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The design must be known before the data can be accurately

described.

Different building types are sensitive to different
climatic elements. This sensitivity can be further
altered by the action of occupants on control mechanisms.
This limits, to an extent, the accuracy of data even .for

building designs that are known.
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use and accuracy. For example, prescriptive models have
traded accuracy for greater convenience whereas research
tools have traded convenience for accuracy as they are, in
general, not intended for use by the designer ‘over the
drawing board'. The accuracy vs compatibility argument
Gection 1.1) is therefore taken into account and the
aﬂalysis will vary depending on the intended use of a

model,

-§.2 Prescriptive Mcdels

Prescriptive models vary from simple rules of thumb that
limit for example the area of windows or the depth of .
rooms to complex computer prégrammes that can offer a
range of alternative solutions to specified requirements
of the internal environment. The following part of this
section is a review of three types of prescriptive models

that differ in their complexity:

a some common rules of thumb,

b . a set of tables which diagnose climatic data and
generate performance specifications,

c a computerised model that optimises and prescribes
propertiés of a building's fabric for given data of

the internal environment.

a Rules of thumb:
Croghan and Hawkes (1969), in a survey of the type of
daylighting prediction techniques used during design,

found that 73.5% of practising designers employed simple
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rules of thumb in order to size windows. At that

particular time the rules of thumb were based on
legislative requirements that the minimum window area
should be one-tenth of the floor area of a room. A rule
of thumb using a similar index exists for buildings based
on the principles of Integrated Environmental Design
where the recommended window area is between 15-20% of
the external wall area (Hardy and O'Sullivan, 1967). The
use of percentage glazing as a rule of thumb has been
renewed with the 1979 Building Regulations part FF where
a maximum percentage glazing is specified depending of the
purpose of a given building. Interestingly the
regulations relate closely to Florence Nightinggle's
"Notes on Hospitals" (1859) where it was recommended that

the window area should be one-third of the wall area.

Not only has the window area been the subject of rules of
thumb but also room deptﬁ. Hardy (1966) has recommended
that thé)maximum depth of a room with bilateral day-
lighting should be 14m whiFh may be increased to 22.5m if
Permanent Supplentary Artificial Lighting of the Interior
(P.S.A.L.I.) is employed or 27m with Permanent Artificial
Lighting (P.A.L.). A Study Group appointed by H.M.
Treasury (1947) recommended that for daylit offices the
maximum depth should be 1,75 times the room height for
unilaterally lit rooms and 4 times the height for

bilaterally 1lit rooms.
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The room depth and window aréa are the basic rules

of thumb for early design decisions as they comprise the
two modes of passive environmental control: variety
reduction (section 3,2) by mass and distance. They are
deterministic as they have a bias to particular modes of
epvironmental control. For example, twenty percent
glazing and room depth over 15m imply-a building type
similaf to those based on the principles cof Integrated
Environmental Design., However, trends in environmental
contrcl mean that such rules of thumb must be continually
updated in order to reflect the bilas in environmental

control of the time,

b Mahoney's tables:

A more complex and sophisticated model than the rules

of thumb is Mahohey's tables (cee Koenigsberger et al,
1973) which diagnose raw climatic data and transcribe
these to thermal indices. These indices'are then employed
to prescribe performance specifications whigh include

variables such as building layout, spacing and orientation.

They also include the size, protection and positioning

of openings and the mass of the structure. However, the
tables are restricted firstly because they are only for
housing and secondly because the climatic indices are
crude and can only discriminate between macroclimate
changes. For example, performance specifications derived
from Mahoney's tables for housing in all parts of the
U.K. would be identical. The tables are therefore
that the

essentially normative and it could be argued
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diagnosis of the climate and performance specifications

could be done descriptively egually well as numerically.

c "Tradeoff Diagrams"

An example of an even more complex prescriptive model

is the Tradeoff Diagrams (Radford and Gero, 1980). They
are intended to aid designers optimise the compromise
between the functions of the buildiné in terms of
environmental control., It was developed in reaction to
evaluative models where the variables of form and fabric
of a building are held constant and their effects on
environmental performanCelevaluated by a process of
iteration. The Tradeoff Diaérams reverse this process

of triaffgiror by offering a range of solutions for a
given environmental performance, the optimum solutions
are then lccated in such a way that improved levels of one
environment (eg: daylight factor) are obtained at minimum

disadvantage to another aspect of environment (eg: peak

summertime temperature).

The Tradeoff Diagramé are open to almost all the
criticisms outlined in section 2 and section 6.3. Firstly,
they have a bias to only the most rigorous models as the
environmental performance specifications are related to
minimum Daylight Factors, peak summertime temperatures,
minimum wintertime temperatures and noise levels.
Secondly, it is implicit in the model that these criteria
are adequate for the formation of an optimum solution.

Thirdly, the optimum solution is restricted by the
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limitations of constructionél variables and the
combinations and composition that the computer program
will allow. The tradeoff does not identify all the
design options as the models are concerned essentially
with rooms of which the window area, shading and type of
glazing are the main variables. The environmental
performance ofia building depends on more than just an
analysis of a window in relation to a room but also on
the layout and orientation of rooms. Certain building
_types have inherent environmental consegquences for which
tradeoff diagrams will only be fine tuners and not offer
an early design solution. For example, Tradeoff Diagrams
will not aid in the generatign of an overall building-
type (e.g. courtyard or pavil ion type) but may attempt to
optimise the window areas. Thus they may be making the
best of a bad design and not aiding in its formulation.
Furthermore, the amount and detail of information required
to prescribe a solution (e.g. type of glass, 'U’ values
and wall thickness) are more than a designgr may be
expected to know at the early design stages, when this

type of model is intended to be used.

0f the three types of prescriptive model discussed above,
all can be criticised for being deterministic. Each‘
model has a certain bias to a certain form of |
construction or mode of environmental control, Mahoney's
tables are too general and normative and the possible
solutions could be equally well deccribed by stereotype
buildings for particular climates. Tradeoff diagrams also
offer a limited range of solutions but this is because
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of the bias in limiting the’vast range of possible
solutions. Rules of thumb may also be criticised for
being deterministic, however, their simplicity of use
during the early stages of design renders them more

powerful design tools than computerised models.

6.3 Evaluative models as design aids-

The essential difference between prescriptive models and
‘evaluative models is that the former aid in the
generation of a design solution whereas the latter
evaluate a given solution. Evaluative models can be
categorised into design aids and research tools. The
difference being the degfee of sophistication of the
models, and the information obtained from them. The
former are less SOphisticated as they require less
information of the description of the properties of
climate and building so that they are more easily

manipulated by designers.

Three evaluative design aids will be discussed 1n a

similar manner to section 6.2,

a a graphical design aid intended for the early
stages of design,

b a computerised model 21so intended to aid early
design decisions, |

c computerised models for daylighting design. The
iatter differs from the first two as it considers
only one aspect of the environment.
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a "Design Aids"

"ﬁesign Aids" (Milbank and Petherbridge, 1974) are
graphical analogues of the environmental performance of
rooms in buildings for a specified building fabric,

window area and soclar protection. For a given ratio of
area of glass: area of floor, window type, internal wall
reflectances and area of openable window the peak summer-
time temperature, ventilation rate and minimum daylight
factor can be. assessed. It is assumed that these vélues
will aid the designer to decide on the necessity of the
continuous use of artificial lighting and air Conditioning.
The necessary assumptions taken in terms of active control
by occupants and variations in weather conditions are
accounted for by a measure of "decign risk", defined as a
measure of "accuracy of prediction, the vagaries of the

weather and the behaviour of the occupants” .

Although” 'Design Aids' are the reverse of prescriptive
models, as they are intended to predickt environmental
conditions, they can nevertheless be criticised on the
similar grounds. They are ]1imited tc the types of design
they can analyse just as the prescriptive models cffer a
limited range of solutions. The cdesign aids are further
separated into aids for schools and aids for offices. Each
building type has 20 thermal design aids, depending on the
type of glass and solar protection, as well as ventilation

and daylight design aids.
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The amount of information required in order to use the
design aids is more than can be expected at the early
stages of design, a reasonably detailed sclution being
fequired to calculate the summertime temperatures. The
use of the ratio of glass érea: floor area could lead to
large inaccuracies, particularly in predicting levels of
daylighting, as it makes gross assumptions of room depth.
However, the concept of ' design risk' has much in its
favour as this can iron out both theoretical inaccuracies
and the influence of occﬁpants on environmental control soc
that the designer can see some of the more disastrous

consequences of early design decisions.

b "Speed"

A more complex evaluative design aid is the computer
program SPEED (Baxter, 1978). This is very similar to
'Design Aids' but as it is computerised it contains more
sophisticated data and more variables. Its purpose is also
similar: to identify, at the eerly stages of design, the
extent of the use of supplémentary energy, in particular

to identify whether air conditioning or permanent artificial
lighting is regquired. It also has a sﬁbroutine fof
calculating internal heat gains and the total annual energy
consumption. As 'Design Aids' and '"SPEED' have similar
objectives but different levels of sophistication they can
be compared on the basis of the compromise of accuracy and
convenience. 'SPEED' may be slightly more accurate due to
ﬁhe improved data and number of variables but is more

cumbersome to use particularly at the early design stages.
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To the designer a graphical analogue, although limited in
the number of variables it can contaim,is a far easier
tocl to use as one can interpolate and extrapolate by eye.
This combined with a measﬁre of 'desigm risk' which allows
the designer to visualise if the inaccuracies may be too
great, make the 'Design Aids' a far more useful tool at
the early stages of design. The advamtage of SPEED over
'Design Aids"is in the latter stagesiof design when the

'fine-tuning' to the building envelope occurs.

c Computer programs of daylighting

A further example‘of evaluative desigm aids are some
computer programs intended for predicting the daylight
fators in rooms. The Design bffice Consortium (1978)
published a comparative study of varieous programs for
predicting daylight factors in terms af their ease of use,
modelling capabilitiles and other factors. All the methods
were based on the same theory, the main difference between
them being their format and the number of variables
involved, The purpose of the analvsis in this dissertation
is not to highlight the differences between the methods but

the shortcomings and advantages of these methods as a

whole.

All the methods are 'point—by—point‘ techniques and
involve an input of the room dimensions and reflectances,
the window dimensions and transmittance and external

obstructions. From +his data the programs print out the

daylight factors in a grid on the room.
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Some of the programs do not account for Maintenance Factors,
ground reflectancé Eivéxternal obstruction however, a more
important shortcoming is in the application ¢f such results
in aiding design. Firstly, these programs, and indeed all
'point-by~point' methods, may be criticised for not»aiding
in-the generation of a design as they. essentially check

a design. Particularly as the amount of data reguired by
the programs would bnly be known g+ the latter stages of
design when it is unlikely to be altered. Secondly.a grid
of daylight factors'in itself is of little use to the
designer in deciding whether the daylighting conditions

are acceptable, except in the extreme cases of inadequate

or unnecessary amounts of daylighting,

A further point is that the daylight factor at a point on

a working plane is not necessarily representative of the
adequacy of daylight within the room (see section 4.3.4)..
A déylight factor is notva measure of the absolute
illumination but a measure of the geometric properties of

a window in relation to a point in a room added to an index
of the reflectance of the room. Furthermore, a measure of
the adequacy of illumination in a room must be related to
the relative values of illumination within the room as
welfbesolute values. For exampie, in the appraisal of
daylighting within classrooms (Building Performance Research
Unit, 1972), the rooms with the highest minimum daylight
factor also had the highest use of artificial iighting.
This could be due to the positioning and type of switch
controls forrthe artificial lighting but as all classrooms
were nearly identical in this respect the increased use of
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artificial lighting may be accounted for by the differenQ@s

in diversity of illumination within the classrooms,

. 6,4 Research Tools

Research tools are essentially an extension of evaluative
models being more sophisticated and able to employ more
detailed and dynamic data. There is no distinct boundary
between evaluative models and research tools, the
main difference being that evaluative models are intendeqd
to be compatible‘with the design process whereas research
tools are not necessarily intended for use during design,

A further difference is that the output of research tools
may not necessarily be in terms of enwvironmental conditions
but in terms of cost-effectiveness or energy consumption.
For example, although research tools cannot be criticised
for their compatibility with the design process their data
and structure can be criticised in depth as there is no
need to trade accuracy for convenience. Research tools

are therefore generally computerised, require detailed
input data and allow for limited interaction between aspeCts

of the physical environment,

One such research tool that displays these characteristicCs
is the Cambridge Environmental Model (Hawkes, 1976). TItS
purpose is to relate aspects of physical form to
environmental requirements, allowing the consequences of
decisions made in any one aspect to be ohserved in other .

aspects so that the environmental performance of differert
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building types can be compared on a like basis. The main
components of the physical environment that are Measured
are daylight factors, peak summer temperatures ang winter

heat losses.

An example of the way in which this research tool his been
used is in the prediction of the environmental berformance
of a courtyard-type office building (ﬁawkes et al, 1978).
One of the shortcomings of the Cambridge model is in
calculating the energy consumed by lighting. The
calculation is based on cohverting dawlight factors to
levels of absolute illuminancé (section 5.6) and thence
calculating the duration of time for which the levels of
illuminance are exceeded. The first assumption is that
artificial lighting will be switched when the illuminance
is below a certain level at a particmlar point on the
working plane. The second assumptiom is that the sky
Juminance diétribution does not alter with varying levels

of external horizontal illuminance.

‘ A further shortcoming is in the calculation of the peak
summertime temperatures in the glazed courtyards. ?he
temperatures, calculated by the 'admittance method' were
in the region of 25°c. However, the 'admittance method’
was not intended for calculating the temperature ©f large
spaces but "to develop design recommendations for avoiding
(Loudon

over-heating in offices in multi-storey blocks™.

1980) , (see section 2.3).
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Both the calculation of the peak summertime temperature

and the annual energy consumption do not account for any
occupant interaction in the control system. Steady state
heat loss calculations may be used for comparing the
passive means. of environmental control of buildings but
will not give accurate results for bulding types that

include significant levels of active control.

6.5 Prescriptive vs Evaluative models

In general prescriptive models offer a more logical
approach to a design solution but are limited and
deterministic in the range of alternatives they can
generate. A similar argument applies to evaluative

models as their bias to a particular mode of environmental
control means that they are limited to the range of

building types they can evaluate,

With theoexception of Mahoney's tables neither the S
prescriptive nor evaluative models consider buildings |
as a whole, in terms of spatial distribution of mass and
fénestration, but generally consider only individual

rooms of which the window is given most variables. The

sizing of windows and decisions concerning the type of

glazing are only the fine~tuning of environmental design

and may only alter its performance slightly if the overall

design is inherently poor.

One approach is to combine prescriptive and evaluative
models as the former models may offer a reasonably good
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starting solution which could then be improved by the

'fine-tuning' of the evaluative model. However, caution
must be taken not to fall into the trap of the Oedipean
effect. 1If the prescriptive model is based on the same
theory and data as the evaluative model the prediction

of the environmental performance may be a self fulfilled

prophecy.

6.6 Summary

The purpose of this chapter is to integrate the conclusions
of previous chapters by discussing the limitations of

some typical models. The conclusions are that conventional
environmental models are both inaccurate in their

representation and incompatible with design.
The essential causes of inaccuracy in models are:

a  the limited number of variables in describing the 'é

data of both comfort and the external climate,

b  the variables do not fully represent climate or
comfort,
c many models have inherent assumptions of either

building type or mode of envirommental control,

d certain models do not account for the interaction

between a building and the extermal climate,

e most models do not account for the feedback by

occupants on the control mechanisms of the building.
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The essential causes of the incompatibility of Models with

the generative stages of design are:

a models consider only parts of buildings

b data needed to manipulate models requires that 5
design is already generated,

¢ certain models can only be applied to certajp
building types,

d models have a bias to guantifiable criteria,

fhe implications of these limitations are that conventional
evaluative models are only likely to provide a crude
prediction of environmental performance. Furthermore, .
these measures will not aid iﬁ the strategic stages of
design and hence are only likely to be 'fine-tuners' to
designs that may be inherently bad in terms of environmental

control.

In section 1.3 it was noted that trends in research are
towards improving the data of models. From the above
~conclusions it can be seen that improvements in data have
only a small potential in improving models. Since the
overall accuracy of a model is as good as its least
accurate_compohent it is unlikely that research into
improving data alone will improve the overall accurac? of
models., Even if research was to produce models with the
potential of a high degree of accuracy, they are unlikely
to influence strategic design decisions as they’are

incompatible with the denerative stages of desig?’:
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CHAPTER 7

THEORIES OF THE DESIGN PROCESS AND THE ROLE OF MODELS

7.1 Introduction

It was noted in section 1.2 that the conventignal
description of the design process, until recently, is
that of an iterative process of analysis-synthesis-
evaluation, This assumes that a design solution is
generated from the decomposition of a design problem,
The role of environmental models within this context is
acssumed to be at the evaluative phase where their

function is to refine the evolving design.

Alternative theories of the design process have suggested
that a design can only be generated from a preconceived
solution since the decomposition of the design problem
must be carried out within a given context. The role

of environmental models in relation to this thecry should

be to influence the preconceived solution.

This chapter analyses the role of environmental models in
design with reference to these theories of the cognitive
processes of design. It is argued that if models are to

aid in improving the environmental performan®® ©f designs
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it must come from a knowledge -of the environmehtal

consequences of the preconceived design solutign

7.2 Strateqgv vs. Tactics

The importance of employing models at the early giages of
design has been discussed by Page (1976) who degcribed the
design process as,Eaving two stages. Tﬁe first gtage being
the generation of form and the second stage invOlvinq
detailed work. Major climatalogical decisions zre made at
the first stage and any action to improve the climatic
environment af the second stage is tactical rather than

strategic.

The most potentially influential role of models in the design
- process is therefore as, 'form generators' at the strategic
stages rather than 'fine-tuners' at the tactical stages. The
paradox of conventional models that describe the
eﬁvironmental performance of buildings is that thev become
more accurate with the increased data available at the later
stages of design but their influence in improving
environmental performance becomes less. Decisions with major
~environmental consequences are made at the 'genperative'
stages of design and most evaluative models canhot be

employed until after these decisions are made.

This can be described in terms of the P.D,.I. model (March,

1976) (section 1.2) where Production is analagoUs to strategy
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and deduction to tactics, Employing the definitions of
Productive and Beductive reasoning, the inference of a case
from a rule (composition) has many inherent envircnmental
conseguences. The application of a general rﬁle to the
case (decomposition) only has the potential of being a
'fine-tuner' to these consequences. Therefore a knowledge
of environmental performance during the composition of
design can be seen as strategic whereas a knowledge of
environmental performance after the decomposition of a

design is tactical.

7.3 The Conventional Role of Environmental Models in

Design

within the termé of reference of a design theory that
assumes the composition of a design solution to bé obtained
by the decomposition of a design problem, mcdels can be
seen to directly influence the generation of form. The
implicatigns of this 'form follows function' theory, in
terms of environmental modelling, is that if the function
can be described then envir@nmentalAmodels will determine

form.

An example of this is Broadbent's (1969) 'Environmental
Design Process' where he suggests.that a 'permissible
building envelope' can be built by plotting. an
'environmental matrix' consisting of the envirconmental
stimuli around the proposed building. Likewise Page
(1976) suggested that the form of a building could be

determined by the climatic stimuli arocund it, and proposed
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that this can be done in a svstematic way. Figure 7.3
demonstrates this systematic method by a flow diagram to
which an input of external climatic data (box‘ll) and data
of occupant response (box 12) can be mamipulated to
formulate a design in terms of form and orientation (box
14). The design is then evaluated in terms of its
environmental performance and rejected or accepted depending
on results, "Thus a hypothesis concermring form is
formulated which uses dafa drawn from koxes 12 and 13 to
match climate with needs. A check can then be made to see
if the needs of activities located in different parts of the
-preliminary design are correctly matched to the preliminary
p;edictions of internal climate. If the answer is

unsatisfactory, a new design must be chosen". (Page, 1976)

This iteratiwve type of procedure is common to all systematic
methods of the design process based on decision theory. The
theory being that by a seQuénce of deciéiéﬁéuthe form can |
be mouldeé from the function by a process of iteration of
analysis, synthesis and evaluation, Swch a process is
better known as 'Desian Metﬁod' and is carried out
syStematically: analysis relates desigm reguirements to
performance specifications, synthesis is the formulation of
a solution and evaluation is the testimg of the solution

in terms of the performance specifications. Relatina this
to figure 7.3., boxes 11 and 12 are the analytical stages,

box 14 is the stage of synthesis and box 17 is the

evaluative stage.
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7.4 Theories of the Design Process

7.4.1 Design Method

Design method has been described in many different ways
(e.g. Alexander (1964), Archer (1963), Jones (1965)) but
all are variations on the theme described in section 7.3
and although semantics differ almost all the proposed
methods are composed of analytical, synthetic and
evaluative stages which are intended to formulate a design

by iteration.

The role of environmental models in this process is seen to
be at the evaluative stage where the synthesised design can
be evaluated in terms of the performance requirements
specified at the analytical stage. ~Design solutions are
therefore generated and evolve through the cyclic application
of the stages. Hence 'evaluation' is seen to directly
influence 'synthesis' the form generating phase. If 'design
method' is an accurate description of the cognitive

processes that generate form then evaluative environmental
models do have a role in aiding form generation., However
'design method' has been criticised as being an
unrepresentativé description of the design process because
the stage of synthesising is seen to be a 'black box'
(Archer, 1969) and cannot be conducted systematically or
objectively, That is to say that design method cannot
account for the séurce of a solution, If the génerative
phase of design cannot be carried out objectively then theré

is no place for evaluative models in aiding form generation.
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Evaluative models can only be 'fine-tuners' in improving
the environmental performance of a design after the main

decisions have already been made.

It was because the 'black box' or 'creative leap' in the
stage of synthesis could not be accounted for that 'design
method' was no longer considered as a reascnable theory
for the design process (eg: Colquhoun,‘1969),

One criticism of 'design method', in particular the cyclic
procedure is the concept of ‘'wicked problems' (Rittel,
1972). A 'wicked problem',.of which the design process

is one, is described as a probiem that cannot be defined

until the solution has been found.

"Information needed to understand the problem depends on

one's idea for solving it. That is to say: in order to

describe a wicked problem in sufficient detail one has to
develop an éghaustive inventory of all conceivable solutions
ahead of time. Problem understanding and problem resolution
are concomitant to each other. Therefore, in order to
anticipate all questions requires knowledge of all
conceivable solutions."” (Rittel, 1972). The concept of
'wicked-problems' not only negates 'design methods' as a
theory of the design process but also describes the basis

of two other theories of the cognitive process of the
generation of form: the linguistic and evolutionary

analogies (Note 1).
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7.4.2 Linguistic and Evolutionary Analogies

Since 'design method' there have been two explanations of
the generative phase of the design process: tﬁe "linguistic’
and 'evolutionary' analogies. The 'Linguistic' analogy is
based on Chomsky's (1971) ‘'transformational grammar' theory
and relates design to language (as they both simultaneously
interpret and construct reality). Chomsky suggested that
the generation of sentences (analagous to the generation

of form) depends on both 'deep structures' that map meaningl
to semantics and 'surface structures' that map semantics

.to verbal production. The analogy in design is that 'deep-
structures' map the problem statement to a general

solution, the 'surface-structure' then maps the general

colution to a specific solution (Hillier and Leaman, 1974).

'Deep-structures' are strategic while ’surface structures'

are tactical.

"The- speaker, like the designer, starts from a
prestructure in which the most important entity

is abstract structure by which mapping between
dissimilar domains may be effected. Without

the mapping structure' these are wvirtually useless
and only meaningless sounds or arbitrary artefacts
could be generated." (Hillier and Leaman, 1974)

The prestructuring therefore acts to interpret the problem
for adesigner and also acts as a solution field. The
evolutionary analogy is very similar and suggests that a
design, like an organism, grows from a seminal idea (geno-
type) which interacts with its environment as it grows and

in so doing becomes more complex (phenotype). The genotype
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has the genetic structure of the organism while the
phenotype contains both the characteristics transmitted by
the genes as well as environmentally obtaiﬁed
characteristics. The important similarity between these

two analogies of the design process is that they both

account for the source of the solution to a design since

they both suggest that in order to understand a problem one
must already have a solution. The 'genbtype' or

'prestructure’' contain s a generalised solution by which a
problem can be understood. This point has been paraphasgd

by Steadman (1979):

"There could be no way in which the form wculd

come out of the context; in which the design
problem would, so to speak, produce its own
solution., It would be necessary to bring some
pre-conceived pre-established design to the
problem in hand in order that any process of
testing and evaluating its anticipated performance
could begin in the first place. In the biological
analogy this would correspond to the way in which
selection, is at any point always acting on the
inherited'design', which has been passed down from
the whole of the species' evolutionary history."

7.5 Building Typologies

Hawkes (1976) has suggested that the architectural
equivalent to a 'genotype' or 'deep-structure' is a
'stereotype' which is defined as "a generally held notion
about the nature of a good solution to any recurrént
building design problem and that it is this notion which

frequently inspires the initial design hypothesis",
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Broadbent (1979) has described this mode of designing as

'typologic' design, in which the members of a particular
culture share a fixed mental image of what the design

-should be like,

Hawkes (1976) has demonstrated how office building
typologies have evolved from heavyweight with low percentage
glazing to lightweight with high perceﬁtage glazing and back
to the low percentage gl?zing of I.E.D. building types. The
evolution being influenced by legygislation, technical change
and social change. However, in discussing how building
typologies ,in particular the I.E.D. type, are promoted he

-(Hawkes, 1978) suggested that:

".v....although this type was derived by analysis,
' it has been promoted cod%iously through its image
we are shown designs not offered design aidsi"

Clearly the typology that is thought to be a good solution
~and which initiates the design prccess contains in it many
of the major environmental deéisions which have not come
about by objective evaluation. Such characteristics as
form, room depth and the amount of glazing may well be
inherent in the éhosen typology and its evolution by
evaluative models will be only 'fine-tuning' to a séiution
that may be inherently bad (Note 2). ZIf the chosen
typology is not rejected the design may have to rely on
unnecessary supplementary energy in order to provide a
habitable environment with the inherent consequences of

reduced occupant control and increased energy consumption.
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7.6 Summary

During the time that many design aids were being formulated
.the conventional description of the design process was
Design Method. This assumed that a design solution could

be generated from the decomposition of a design problem.
Within this frame of reference evaluative environmentai
models, which are employed in the decomposition process, can
be seen to directly influence the generation of form.
However Design Method has been criticised as being an
inaccurate description of the cognitive processes involved
‘in design as it does not account for the source of a

solution.

Alternative theories, in particular the linguistic and
evolutionary analogies account for the source of a solution
in terms of a 'deep-structure' or 'genotype'. The
implications of these theories is that a design problem

can only be understood within the context of a preconceived
design solution. This solution has inherent in it many
strategic environmental consequences, the application of
conventional environmental models to the solution being

tactical.

An alternative role for environmental models would be to
influence the preconceived solution at the strategic stages,
This cannot be undertaken by conventional environmental
models as they afe unable to describe the performance of a

building holistically.
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The following chapters describe an holistic measure of
environmental performance and a method for its application

to influencing strategic design decisions.

Notes

1 The philosophical analogy has also been used to
describe the design process (Hillier et al, 1972).
This analugy does not attempt to describe the
cognitive processes of design but highlights the
difference between the 'conjecture-analysis' vs.
‘analysis-synthesis' argument. Analysis-Synthesis
is seen to be equivalent to Newtomian philosophy
which assumes that scientific laws correspond directly
to reality and can be deduced empirically without
preconceived ideas of the laws. Conjecture-analysis
is equivalent to Kantian philosophy which suggests
that scientific laws can only be obtained within the

context of preconceptions,

2 Canter (1972) cites an example of the design of
a children's hospital where formulations of the
three dimensional shape of the finished building
were in existence before a detailed analysis of the

design requirements were made.
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GHAPTER 8

THE ENVIRONMENTAL PERFORMANCE OF BUILDING TYPOLOGIES

8.1 Introduction

Building science has concentrated on isolated building
elements and the prediction of environmental performance is

generally carried out on a 'room-by-room' basis. There

exists no method of measuring whether one building type is
inherently better than another in terms of environmental
design. To describe the environmental performance of a

whole building in terms of its parts would not necessarily

identify those gross characteristics of form that may make
one building type better than énothef (e.g., pav:ilion vs.
courtyard). Thus there is no way that a building designer
can'readily identify at the early stages of design a
building type whose environmental performance is inherently
good. The only option open to the designer being to
eQaluaﬁe parts of a building design by a process of 'trial

and.error'. Conventional models that predict, for example,

peak summertime temperatures, daylight factors and sound
reduction characteristics of a building envelope are unlikely
to be any use in comparing building designs on an holistic

basis.
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This chapter changes the emphasis from the critical frame-
work of the previous chapters towards a development of an
analytical framewerk intended to form the bésis for
identifyinag building typologies whose environmental
performance can be predicted at the early stages of design.
A rudimentary measure of environmental performance based

on empirical studies is proposeé. It is argued that even a
crude estimate of -environmental performance at the early
stages of design is a more rational approach to good
environmental design than a more accurate evaluation after

the major environmental decisions have been made.

8.2 Design theory and holistic analysis

‘An assumption in environmental modelling has been that
buildings can be holistically described and compared by
conventional envirdnmental models. This assumption was
based, to an extent, on the description of the design process.
Thevconventional description (design method) being that the
-composition of a solution is derived from the decomposition
of the problem. The implication of this being that holistic
e&aluation is not required as the performance of a building

can be described by the sum of selected measures of its parts.

In terms of the P.D.I. model (section 1.2) the conventional
role of environmental models is that of deduction or
decomposition. If design is seen as a process of analysis-
synthesis then the'stages of deduction will produce a

solution,
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However, this .description of design has been criticised
(section 7.4.1) on the grounds that it cannot account for
the source of a solution and that the only way by which

a problem can be decomposed-is within the context of a
conjectural solution. The implications of this is that
the conjectural solution or design hypothesis contains
inherent environmental conseqguences (eg. deep/shallow or
pavilion/courtyard). A role for strategic environmental
models could therefore be to demonstrate the environmental

consequences of building typclogies in order to influence

the design hypothesis.

In section 2.5 it was noted that one method of obtaining
holistic measures ot environmental performance of building
typologies is by employing research tools. The argument
being (section 1.3) that research tools can provide a

link between decomposition and composition as one of their
characteristics is that, being more complex, ‘they can

retain an overview of a building and its systems as a whole.

However, the purpose of ‘the critical analysis of models in
previous chapters was to show the limitations of research
tools, as well as other models, in describing the environ-
mental control system. Conventional research tools have
evolved from more simplistic models and inherited many of
their limitations. They do not, therefore, provide any
inductive feedback between the decomposition of a design

and the composition of a design hypothesis.
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Any alternative to research tools in the holistic analysis
of the environmental performance of building types requires
a different basis for evaluation. In order to overcome

the problem of atomism any measures of environmental

performance must be less specific and hence more rudimentary.
The necessity for being less specific is that helistic
measures, by definition, cannot consider the thermai,
luminous and acoustic components of the environment or

the modes of environmental control in isolation.

However, a rudimentary knowledge of the environmental
performance of a preconceived design solution can be argued
to have greater advantages than a more detailed description
of environmental performance after the strategic environ-

mental decisions have been made.

8.3 2An 2Alternative Measure of Building Performance

An alternativeAand holistic measure of a building's
performance 1is 1its sensitivity‘to environmental modification
which can be analysed through a knowledge of a buildiﬁg‘s
energy consumpticn. In section 4.4 it was argued that a
person's ability to modify the envirenment was a measure

of comfort. This ability is dependent upon the avaiiability
of control mechanisms (section 3.5.1) (eg.opening windows,
switching lights or altering thermostats), and the
responsiveness of thebuilding fabric (eg. area cf openable

windows or thermal irertia). These are in turn dependent
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on the characteristics of a given building type and the
extent of use of these mechanisms and their efficiency

is manifested in energy consumption. The energy consumed
as a consegquence of these céntrol actions 1is therefore an
approximate measure of ‘the performance of a building and
its sensitivity to be modified.

An'example of sensitivity is the opening of a window for

increased ventilation. In certain building types with

o

large openable areas of windows the environmental conditions
are sensitive to control actions since only a small degree
of action will cause a large change in the area of opened
window. The sensitiyity is also dependent on the response

of the building fabric, in this case its thermal inertia.

The method by which such a measure may be obtained can be
described by the results of a survey carried out on ten
schools in Hampshire C.C. (Perkins et al, 1977). The
schools were identical in terms of construction, size, plant,
plant efficiency, internal teméeratures, number of pupils
and pattern of use. Any variation in energy consumption
could only be attributed to differences in microclimate,
orientation and user-response to the control mechanisms.
However, no correlation could be found between energj
consumption aﬁd microclimate or orientation although energy

consumption varied by up to 50% between the schools.

Such a variation can almost entirely be attributed to

differences in user response and is therefore a measure of

!
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the building-type's sensitivity to environmental modification
and cannot be considered as an anomaly of the effect of

occupants on buildings.

8.4 Environmental performance inter and intra building-type

The ﬁeasure of energy consumbtion intra building-type means
little by itself but when considered in conjunction with
other building types the comparative variations, as well

as mean level of energy consumption, reveal a simple
although crude method of ranking building types according
to their energy consumption and sensitivity tec environmental

modification.

A further example to demonstrate this is an energy survey
carried out by Essex C.C. (Crowe and Page, 1976) on various
school building types. Because of the large sample and
impurity of building types; the schools have been categorised

by age. The three categories are

a. buildings based on the principles of I.E.D.,

b pfe—war buildings, generally traditional, heavyweight
btypes and

c post-war buiidings, generally lightweight system—buiit

schools (figure 8.4 ).

Due to the size of the sample, and ktecause the survey was
not designed to measure the variation in energy consumption
intra building types, the types were not normalised to

5
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account for plant efficiency, pattern of use or number of
pupils. Instead an index of energy consumption per unit
floor area was used to compare the schools. Although this
index is only a rough measure for comparing building types,
figure 8.4 neverthelg_ss shows the variation both inter
and intra building. type. As the sample number of post and
pre-war types was the same, the post-war building types
show a greater sensitivity to environmental modification,
probably due to the lowef thermal inertia and larger
openable window areas of these typesT The compressed
variation of the I.E.D. types is due to a combination of

a smaller sample and the inability of occupants to environ-

mentally modify such types.

8.5 Energy consumption inter and intra school typologies:
field studies

While the first example (sectioﬁ 8.3) has the advantage of
having highly .contrblled variables, the survey is only
‘concerned with one building type. The second example
(secti>on 8.4) has the advantage of an inter building-type
comparison but many of variables are uncontrolled. ‘To
combine the advantages of the two examples a survey was
carried‘out on school types in Birmingham and a sample

of three hundred schools was classified into six basic

types (figure 8.5.a) (Note 1).

Some of the schools were not included in the sample as
they did not conform to any of the types or were not pure

3
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types, usually because a substantial part of the school

had been extended.

Type 1 is a stereotype Victorian School (post 1870) of
high thermal inertia. 'The classrooms are directly off
the main hall giving the school a compact plan and fairly

low % glazing.

Type 2 is typical of the 1930's cross-ventilated schools.

o

It is of lightweight construction, highly glazed, and its

‘finger'-like planning gives it a high perimeter: floor

area ratio.
Type 3 1s a 1950's corridor plan type school which is
highly glazed due to the influence of the 2% Daylight

Factor requirements.

Type 4 is a 1960's system built school, similar to many

schools built by a schools consortia, with a high % glazing

but compact plan.

k!

Type 5 is only typical to Birmingham and was one of the
earlier attempts at open-plan schools; alternate classrooms

have demountable partitions between them.

Type 6 is also typical only to Birmingham and is essentially

an open-plan school of heavyweight construction but with a

fairly high proportion of glazing.

Lo
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The expected (note 2) energy consumption of each school
type was normalised by taking into account the floor area,
type of fuel used, number of pupils, duration aﬁd pattern
of use, exposure and internal temperatures. The only
‘aspect that was not normalised was the constructionalv

type of each school.

The normalised energy consumption was then compared with
the actual energy consumpﬁion of the schoéls. Schools
in which the services systems were clearly inefficient
were not included in the sample. These schools combined
with those of impure types reduced the sample to one-
hundred and twelve schools which are evenly divided up

between the six typologies.

Figure 8.5.b shows the percentage of actual: normalised
energy consumption between the schocl types. Not only is
high energy consumption related to lightweight and highly

glazed buildings (types 2,3 & 4), as is to be expected but

these types also show the greatest variation in energy

consumption.

The energy consumption considered so far is for space heating
only. A further measure of environmeﬁtal performance is
energy consumed by electric lighting; Unfortunately the
survey on electricity consumption was inconclusive as the
school types had mixtures of fluorescent and incandescent
lamps, and in many schools electricity was consumed for

purposes other than lighting.

t
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8.6 Inter and Intra Building type analysis vs. evalua£ive
studies

The survey and results discussed above can be compared
directly with Haigh's (1977) comparative evaluation of

classrooms in five school building types.

The classrooms were compared in terms of daylight factors,

summer heat gains, ventilation rates and winter heat losses.
The measurements were predicted using evaluative environ-
mental models but only winter heat losses were compared
with actual measurements. No correlation was found between
actual and predicted energy consumption and this was assumed
to be the effect of plant efficiency and management policies.
However, this may also be due to the fact that occupant
interaction with the'building fabric was not accounted for

in the evaluative models employed; This assumption of the
occupants being inactive may also render the other
predictions, for example summer heat gains and ventilation
rates, inaccurate. Furthermore, since these évaluations

are done on a 'room by room' basis the results give the
designer little information of which building-type has a

better overall environmental performance.

A further criticism of not accounting fer occupant'
interaction applies to those indices intended to compare
different buildings ona like basis. For example the

volumetric heat loss ('G' value) is a crude index for
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comparing the heat loss characteristics of buildings.

It is conceivable that two different building types {eg.
types 1 & 4 of figure 8.A5.a) have identical volumetric

heat losses. However this index of heat loss only takes
into account the passive modes of environmental control
and, ndepending on the sensitivities of the building to

environmental modification by occupants, the actual heat
loss characteristics of the occupied buildings may vary

considerably (note 3).

The results of the evaluative models can be compared with
the. results of energy consumption variation intra building-
‘type in terms of their ability to holistically evaluate a

" building's environmental performance in order to aid in
the formulation of future designs. The analysis of energy
consumption and its variation intra building-type is only
a crude measure, however it has several advantages over

evaluative models:

ol

by a process of normalisation of factors such as those
described in section 8.5 all but the building's passive
control and occupant's control iactions can be isolated
out. This makes it possible to analyse the effect of
the form and fabric and its sensitivity to modification
of environmental control'. Conventional evaluafive

models can only analyse the passive mode of control.

b energy consumption and its variance are holistic

measures of the performance of building types.




c the variance in energy consumption intra building-type
offers a measure of the sensitivity of buildings to
environmental modification which is important both in
terms of energy conservation and environmental

performance.

d these measures, although crude, offer designers an
holistic appraisal of built form and fabric which
can aid at the early stages of the design process.

o

8.7 Further research

The rudimentary naturé of the wvariation in energy consumption
intra building types’as a measure cf envircnmental performanc
could be substantially improved by further research into
other school types as well as buildings of other functions.
Hawkes (1976), for instance, has identified some 'stereo-
type' office designs which could be analysed in a similar

method to the school types discussed above.

Further research would require firstly an identification of
building types, which requires a knowledge of their historical
evolution. Secondly, by choosing a large sample, many of

the variables that influence energy éonsumption which are

not affected by building fabric or occupant control action

can be controlled or normalised. Thirdly, having isolated

out aspects such as pattern of use and plant efficiency the
variation in energy consumption inter and intra building

types can be analysed and limits of variation identified.

5
<
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For example, referring to figure 8.5.b a building type
of high energy consumption énd high variation intra-
type (eg. type 2) has both a fabric of poor thermal
properties and is very sensitive to fabric alteration by
the cccupants. At the other end of the scale an I.E.D.
building type may have a low enérgy consumption but the
variétion intra-type may be too low implying that the
occupants'cannotvfesort to’altefing their environment.
From figures 8.5.a and 8.5.b it appears that traditional
building types, if thermally upgraded to the same standards
as I.E.D. types, would be comparéble in terms of energy
consumption but at the same timé allow for occupants to

alter their environments.
8.8 Summary

It has been argued (sections 8;1 and 8.2) that in order to
influence the environmental performance of buildings during
the strategic stages of design a knowledge, albeit rudi-
mentary, of the performance of the preconceivéd design
solution is required? This cannot be carried out by
conventional environmental models since they consider only
isolated characteristics of a building and components of

the environment.

In section 8.3 it was suggested that the variation in energy
consumption inter and intra building types provides a measure
of environmental performance that can campare building types
on an holistic basis. This measure is derived empirically -

L
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and based on the argument (section 4.4) that the response

of occupants to the ¢nvironmental control system is a
measure of comfort. Given a sufficient number of an
identical building type where the characteristics affecting
energy consumpticn can be normalised; then the variation

in energy consumption is a measure of the sensitivity of

the building type to be modified by occupants. This measure
may then be empldyed to promote building types of good

environmental performance.

It is suggested that further research on building types
may uncover the acceptable upper and lower limits of the
variation in energy consumption and offer further holistic

measures of environmental performance.

Notes

1  The original survey, which was independent of this
research, was carried out by the National Industrial
Fuel Efficiency Service for the City of Birmingham
Education Department. It compared the actual energy
consumption with the predicted energy consumption for
each school for the purpose of identifying schools
that consumea excessive energy. These results were
processed further and used by this research in’claséify—
ing the schools into six types and comparing the

variations in energy consumption.
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Expected energy consumption is calculated from the
mean of empirical results and adjusted depending on

the size and characteristics of occupation.

A further point is-that the variation 1n energy
consumption is a measure of the effect of occupant
interaction. Whereas the dynamic modelling of .
occupant control requires a kﬁowledge of the cause

of occupant interactipn. While existing measures.that
predict the threshold of occupant interaction are crude,
emp;rigal\measures of the effect of occupant interaction

can be argued to be more reliable than those that

“attempt to measure the cause.

L&
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CHAPTER S

t

THE APPLICATION OF BUILDING TYPOLOGIES IN THE DESIGN PROCESS

9.1 Introduction

The previous chapter described a method by which the
environmental performance ofrbuilding typologies could be
analysed. It was argued that the variation in energy
.cdnsumption inter and intra-building types offers a
rudimentary method of holistic analysis and that further
research may makevsuch an analysis more sophisticated and

reveal further holistic measures of environmental performance.

This chapter is concerned with how building types may be
applied to aid in predicting environmental performance at
both the early and later stages of design. By classifying
building types according to their environmental per formance
it is’possible to observe trends and artificially evolve

synthetic types.

9.2 Classification of building typologies

9.2.1 A classification system

While it has been argued (section 6.5) that prescriptive
models, of which building typologies are one form, offer a
logical approach to a design solution of good environmental

performance, the application of building typologies is
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fundamentally different to the prescriptive models discussed
in section 6.2. The aim of typologies as an aid at the
~early stages of design is not to systematically optimise,
in the same manner as "tradeoff-diagrams" or 'rules-ot-
thumb', nor to offer a single' example (e.g. design
assistance by example section 2.2.1) but to show the range
of the possible solution field and the eqvironmental
consequences of choosing ahy part of this 'field'.

In order to demonstrate the environmental consequences of a
range of typologies, a classification system in the form cf
a matrix is employed which allows for interpolation between
" existing types and the identification of types of good

environmental performance.

9.2.2 Matrix dimensions ' .

"Depending on the purpose of the classificatioﬁ of typologies,
the dimensions of a matrix will differ. An approach to
identifying the dimensions that describe environmental
performance is through tﬁe concept of 'variety reduction'
(section 3.2). Extending the description of this concept:
the building envelope reduces the variety of energy entering
by 'smoothing out' the gross repetitive characteristics of
the external climate. The building's plant, which includes
all forms of supplementary energy (e.g. heating, lighting,
cooling and noise generation) further 'smooths out' the
variation to retain the internal climate within 'comfort
zones'. in terms of the characteristics of a building,

variety reduction is therefore-achieved by the passive
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components of environmental control and any deficiencies
in %his are supplemented by energy from the plant. The
extent of the use of the plant is therefore a measure of
the deficiency of the passive mode of control. The
components of the passive mode being those characteristics
that exclude an occupant from the external climate: mass
and distance. Mass is a property of the building fabric
and distance, the spatial distribution‘of mass, a property
of form. The form and fabric therefore provide two of the
dimensions that can be used to describe a building, from
which the environmental performance may be analysed. At
ltﬁe same time 'form and fabric' are the main variables that

the designer can manipulate at the early stages of design.

The third dimension is the supplementary energy required

to overcome the environmental deficiencies in any combination

of form and fabric.

In certain climates the form and fabric of a building will
produce an internal climate within the comfort range but

without the use of supplementary energy. However in most
circumstances, due to climate, economics: and building use,

supplementary energy is required.

For the purposes of the present description of the dimensions
of ‘the matrix, the components and quantification of the

indices of form, fabric and supplementary energy are not

vital, though form and fabric are the main variables in
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Figure 9.2.2a. Classification Matrix for Building Typologies

(Numbers correspond to school types in figure
8.5a).



many rules-of-thumb. For example form could be described
by ;n index that could include the ratio of wall: floor
areas (B.P.R.U., 1952) the surface area: volume ratio and
the absolute depth of a room from a window. Fabric could
be described by an index of percentage glazing, thermal

capacity and thermal transmittance of a building's envelope.

While supplementary energy can be described by an index of

the variation in energy consumption inter building type.
This index could include the energy required for lighting

as well as space heating (section 8.5).

Within these three dimensions building types of known
environmental performance can be plotted. Figure 9.2.2a

is a matrix whose dimensions are form, fabric and supple-

mentary energy. A surface is described within the matrix

which gives the values of supplementafy energy required
for a building type of any given form and fabric and assumes
that the level of supplementary energy supplied will retain
comfort conditions. This surface is hypothetical as the

values of the dimensions cannot be determined at this stage.

The three-dimensional matrix represents the passive mode of
conbrol

environmental,and its consequences in terms of energy

consumption. A further dimension is the extent to which a

building can be modified by active control. This dimension

would be composed of an index that describes the influence

of the active control mechanisms and the responsiveness of

the building to the control actions (section 3.5.1).

Figure 9.2.2.b is a matrix which illustrates some of the

- 118 -




Capacity of Building

“Tto be modified
g Bl S
//// \\\"“**—\
T T
] /// \\\\\
// /\\“\; -
/ // /\_‘ \\\\\ X
A B —
=l ] <y :;7\\\\\\
///<<:>%/// /»\\\\\N\\‘ Arafgitional
AT T Yrep R{OAMng
' < s o1 s
- >4 X WO LEEL\gEntrol
// .
// TohtWeidhttaiyg conditioned
i 7
' B T
‘! Z ~lExtent to which
2 . Occupant can modify
. Building

v

Extent to
which electro-

mechanical devices
can modify Building .

!
4

o
f

Figure 9.2.2b. Components of Active Environmental Control




components of such an index: the capacity of a building to
¥

be modified and the mode of modification whether by electro

mechanical devices or by occupants. Certain building

typologies are described within the matrix.

This index of the sensitivity of a building to environmental
modification can bé crudely quantified by the variance in
energy consumption intra building type (section 8.5). This

measure can be superimposed on the dimension of supplementary

energy on the classification matrix (figure 9.2.2a) in order
to describe both the performance of the form and fabric
(passive control) and the sensitivity of the building to be
environmentally modified (active control and dynamic

characteristics cof passive control).

Within these four dimensions: form, fabric, supplementary
energy and active control, any building type can be described
and fhe consequences of its bias to any mode of control
{passive, active-occupant, active-electromechanical)device

can be analysed.

9.2.3 Trends within the matrix and drtificial evolution

The surface defined within the matrix is, at this stage,
hypothetical and only intended as a theoretical framework.
Ho;ever if indices'of the dimensions could be formulated
then the actual environmental performance Qf buildings
could be plotted on the matrix and the surface within the

matrix determined by empirical data.
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A high degree of accuracy in determining the location of
bui&ding types within the matrix is unnecessary. Such‘a
matrix is not intended to be employed in order to rendef
gquantifiable criteria of a particular building type but
to illustrate its environmental performance relative to

other building types.

The school typologies (figure 8.5a) can be plotted on the
surface (although in practice they would determine the
surface) and the environmental consequences of any type

can be analysed.

For example type I has a compact plan with fairly typical
room depths for classrooms. The form dimension has therefore
a relatively low value, referring to the indices described
in section 9.2.2., whereas the fabric dimension is relatively
high as this type is of traditional construction with high

thermal inertia and low percentage glazimg. Translating

this to the surface within the matrix will describe the

environmental performance of this type (figure 9.2.2a).

A similar analysis can be carried out on the other school
types using the descriptions set out in section 9.5. I.E.D.
building types can also be plotted on the surface. Within
the three dimensions of the matrix I.E.D. types lie close
to traditional types on the surface. However, they have
vefy different characteristics in terms of the fourth

dimension: active control.

Historically there has been a trend firstly away from the

passive mode of control while retaining the same level of

occupant control, and then a revertion to passive control



while decreasiﬁg occupant control. Figures 9.2.2a & b
al;o show areas for which there are no existing types
(besides the school types) but which can be assumed to
describe good environmental performance. For example the

area of predominantly passive control by the buildings

form and fabric but allowing active control by the occupants.

By extrapolating from or ihterpolating between typologies
of known environmental pefformance a rudimentary anatomy
of hitherto untried building types may be artificially
evolved. With empirical data and more precise indices
for the dimensions, the evolutionary process could become

more sophisticated and produce synthetic typologies.

9.3 Use of typologies during design

9.3.1 Early Stages of design

In section 8.6 it was argued that an holistic analysis of
the environmental performance of building types, although
crude, offers a more ratipnal approach to good environmental
design than evaluative models employed at the later stages

of design.

By classifying building types, in the manner discussed in
section 9.2.2., the environmental conseguences of choosing
an§ particular type can be analysed. The analysis has an
advantage over evaluative models since the dimensions of
the matrix are the main variables that theidesigner

manipulates at the early stages of design. Furthermore,
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through a knowledge of the variation of energy consumption
¥

intra building types, the designer has not only an estimate

of the passive environmental performance but also of the

sensitivity of the building to active control.

While the matrix is not intended to be employed in the
optimisation of form and fabric it is inewvitable that with
so few variables optimisation is possible. The intention
of the matrix is to illustrate the broad environmental
consequences of strategic design decisions. This can be
done in two distinct ways: Firstly, by observing whether
the design hypothesis conforms to an existing typology
already mapped onto the matrix. Secondly, by calculating
the approximate position of the design hypothesis in the

matrix employing the dimension’'s indices {section 9.2.2).

T

For example the matrix may be used to illustrate the arguments
of sﬁallow vs deep plan or heavy vs lightweight. Figure
9.3.1la is a plane within the matrix and illustrates the
supplementary energy required’'as a consequence of choosing

a deeb or shallow plan. With the increase in plan depth

the distance of the occupant from the external climate
increases (variety reduction, section 3.2) and the level

of supplementary energy required increases. With a decrease
in plan depth increased supplementary energy is required

£

to counteract excesses of the external climate (e.g.

cooling or artificial lighting due to sun blinds). However

the shallow vs. deep plan argument is also dependent on the
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properties of the building fabric. Within certain limits,

deéreasing the depth of plan for a heavyweight building

may make a corresponding decrease in the requirement of
supplementary energy (figure 2.3.1.b). However, for a
lightweight building, within the same limits of plan depth,
a decrease in plan depth could increase the requirement of
supplementary energy (figure 9.3.1l.a). Therefore there is
an optimum zone for plan depth depending on the building

mass.

This zone is further increased by considering not only the
‘sepplementary energy required for a given building type
but also the environmental performance as measured by

the variation in energy consumption intra building types.
Figure 8.5.b shows how the mass of a building is reiated
to its sensitivity to envircnmental modification. A highly
glazed building of low thermal inertia is both easily

' modified and highly responsive to modification. On the
other hand a deep-plan heavyweight building that relies
almost entirely on supplementary enerqgy may be insensitive
to modification particularly if the control mechanisms
(e.g. room thermostats or light switches} are inaccessible.
Therefore, althoggh the dependence on supplementary energy
may be optimised (figures 9.3.1 a & b) for a given
combination of the indices of the dimensions form and
fabric, the potential for environmental modification by

occupants may be sub-optimum.
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9.3;2 Typologies at the later stages of design

In section 5.5 it was noted that the external climatic
data, in particular of the thermal environment, used by
evaluative models could not be used to compare dissimilar
building types on a like basis as the different building

types have different sensitivities to climatic elements.

For example a highly glazed building will be air-temperature,
wind velocity and solar radiation sensitive. A building
type'of high surface: floor area ratio will be wind velocity
sensitive both in terms of convective heat loss and air

infiltration.

For accurate simulation of the environmental performance

of a building type, climatic data may»be tempered to account
for the sensitivity of any given building type. The
classification matrix providés a framework in which climatic
data may be tempered. Given a data-bank of external climatic
elements, these could be tempered according to the values of
the dimensions on the matrix at which the building type
under study is located. For example, building type 2

(figure 8.5.a) being highly glazed and having a high surface:
floor area ratio and low thermal inertia is sensitive to
solar radiation and wind velocity. Whereas an I.E.D.
bu%lding type will not be so sensitive to these elements

but may be more sensitive to air temperature.

A similar argument applies to data for occupant response.
In section 4.7 it was noted that occupant contrcl action

was dependent on the available control mechanisms. The
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type and availability of controls is building type dependant
ahd therefore occupant response data can be tempered according
to the values of the dimensions of figure 9.2.2.b. For
example I,E.D. building types will require different data

than school-type 2 to predict occupant response as they are

at opposite extremes of the matrix.

Furthermore the structure of the models required to describe
the differing predominance in mode of environmental control
will vary depending on building type. Figure $.3.2

jllustrates the structures of three different modes of

environmental control which can be directly related to the

matrix (figure 9.2,2.b) of active control action.

Not only will the use of the classification system aid in
more accurate simulation but it also offers the designer a
logical step from the initial design hypothesis of the
performance of a building type to its detailed analysis at
the later stages of design. The system offers both an
approximate prediction at the early stages ana a framework

for accurate prediction at the later stages.

9.3.3 Limitations of building typologies

The intended use of typoloagies is not necessarily to promocte
individual types but to demonstrate thée environmental
consequences of the gross characteristics of form and fabric

of a building and its sensitivity to modification.
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It may be arcued (e.g. Hawkes, 1970b) that such an approach
i§ deterministic as it will inevitably lead to optimised
solutions due to a restricted description of the
characteristics of typologies. However, in sections 2.3
and 6.5 it was argued that the alternative approach of
employing conventional environmental models is egually
deterministic since these models were developed in response
to shortcomings of specific building types. Predictiogs
based on these models will therefore be erroneous if applied
to different building typ;s. Thus although both approaches
are deterministic the extent to which the typological
approach will predetermine a desian is partly dependent on

its detailed presentation since it is essentially an

illustrative rather than mathematical model.

The argument .that typologies are deterministic is especially
valid in the process of extrapolation or artificial evolution
based on existing types (sectioh 9.2.3). The description or
vprediction of environmental performance within the.context of
existing typologies is normative and is therefore unable to
describe the performance of radically different typologies.
For example, the effects of a combination of environmental
control by electro-mechanical devices and occupénts cannot be
modelled with reference to existing typologies. The bnly
alternative apart from trial and error being simulation by

conventional mathematical models (Willey, 1979) .

Therefore, while the matrix describing the performance of
typologies may aid in predicting the environmental performance

of existing types or hybrids within existing types, it is

- 126 =




essentially normative and can only be used to speculate
oh the form and performance of hithertoc untried building
types.

9.4 Prospe and furthe

Models that are intended to improve environmental design have

inherent conflicts. Prescription offers a more rational
approach to good environmental design than evaluation, but
evaluation is more accuraté than prescription. The accuracy.
of models is inversely related to their convenience of use
in design, but most strategic environmemntal decisions are

made before accurate models can be employed.

These conflicts described in section 1.2 (conveniénce vs.
accuracy, strategy vs. tactics and prescription vs.
e&aluation) cannot be overcome by traditional environmental
models. However, the classification system for building
typologies bridges these conflicts and offers designers an
approach to identifying an epvironméntally good solution at
the early stages of design and a logical progression to its

accurate evaluation at the later stages.

Furthermore, the classification syétem can be used as a
research tool to generate synthetic typologies by inter-
polation and extrapolation from existina tvpologies. The
synthetically evolved typologies can then be more accurately
evaluated and, as theyv have not been gemerated with the aid

of evaluative models (section 2.3), the analysis will not

suffer from the Oedipean effect.




The use of the classification system for prescription,

evaluation and as a research tool provides, at present,
only a conceptual framework because the dimensions that
describe the typologies and their environmental performance

are rudimentary. However, further research into:

1 holistic measures of environmental performance,

2 the relationship between the control mechanisms of

a building type and its environmental performance and

3 the relationship between building types and their

sensitivity to climatic elements

would allow dimensions of the matrix to be refined and

evolved by feedback from its application.

9,5 Summary

A classification system in the form of @ matrix is described
for comparing buildina typologies in terms of their 2
environmental performance. The dimensions of the matrix

are derived from the concept of 'variety reduction' and

describe a building in terms of form, f£abric, use of

supplementary energy and active control modes.

It is argued that by employing such holistic measures as the
variation in energy consumption intra building—type, the

dimensions of the matrix could be guantified. Such a matrix
Qould not be required to have a high degree of accuracy since

it is the location of buildingtypes relative to each other

that is important in describing the environmental

consequences of any one tvpe.
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The matrix could then be used to:

a predict the broad environmental consequences of a

particular building type relative to others,

b describe trends in the environmental control system

of buildings,
c . artificially evolve building types and

d provide a framework for more accurate simulation of

environmental performance.

As an aid in design the matrix offers a solution field in
which the environmental performance of building typologies
can be identified at the early stages of design. It also
offers a logical progression tq a more accurate evaluation

at the later stages of design.
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CHAPTER 10

]

EPILOGUE: TYPOLOGIES AND MORPHOLOGIES

10.1 Prospects for Typological Analysis

The purpose that the analysis of building typologies should
be used as an aid in environmental design does not exclude
the use of conventional environmental models. The two

types of models are intendedlfor use at different stages of

the design process: building typologies as-an aid in the

generation of the initial hypothesis and evaluative models
to test parts of the hypothesis. They therefore complement
each other since a typological analysis offers an outline
strategy that can be refined by‘evaluative models., Without

the initial strategy, evaluative models are limited in their

scope of improving environmental performance,

The analysis of building typologies, in particular sensitivity

analysis, also complements research concernina dynamic
modelling. Field studies (such as those described in Chapter
8) measure the effect of occupant interaction and the
responsiveness of a building to control actions whereas models
of dynamic environmental performance require a knowledge of
tﬁe cause of occupant interaction. Existing methods of

analysing the cause of occupant interaction (Chapter 4) are

crude but may be refined from a knowledge of the effect of

interaction derived from field studies.
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A further area of research that can be aided by typological
ahalysis is building morphology and the environmental impact
of certain characteristics of the buildings anatomy. .For
example, the classifiéation matrix (figure 9) was composed
of indices that describe certain characteristics of form and
fabric. These indices could be extended by the results of
field studies of large samples of building types. By
controlling many of the major variables of form and fabric
by selective sampling‘the environmental impact of certain
uncontrolled variables (eg; proportion and distribution of
glazing, thermal inertia of building fabric and aspects of

form) can be studied.

The purpose of éuch an analysis is not to promote individual
building types but to identify the extent to whicﬁ certain
gross characteristics of built form, that are decided during
the early stages of design, influence the environmental
performance of buildings. By understanding the anatomy of
existing building types, with particular reference to energy
conservation and environmental perfofmance, new types can be

artificially evolved.

Typological analysis is concerned with whole buildings and
the theoretical framework (Chapter 9) offers a way in which
to analyse the significance of the parts of a building to

the whole. This has the advantage over conventicnal
environmental models which, although less crude, have
theoretical inaccuracies and are only concerned with selected
parts of a building. The essential difference is that

typological analysis is concerned with architectural
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science and building species whereas conventional models
are concerned with building science and only part of a

building's anatomy (Note 1),

10.2 The anatomy of buildinags and evolution of
environmental modelling

Due to the restricted number of variables considered by

conventional models and their bias to guantifiable criteria
there has inevitably been an 'optimum' solution for tﬁe
various generations of models (although the conflicting
requirements of buildings have made this optimum fairly
broad, eg; 20-40% glazing). For example 'steady state'
models have promoted cube like buildings to conserve

énerqy (Page, 1974 and March, 1972) with an even
distribution of glazing on building facades and no

consideration of orientation, This generation (steady-

state) of models is still predominant in education and

practice (Note 2).

The present generation of models is concerned with dynamic
envifonmental performance, in particular the dynamic
characteristics of the external climate. This has put more
emphasis on the orientation and distribution of fenestration
as well as the thermal inertia of a building (eg: 'E.S.P.'.,
Clarke and Forrest, 1978 or 'BUILD' Page and Jones, 1979).
W%ile this generation of models may help ,both by throwing
out some of the design lore derived from steady-state models
and in predicting the cost-effectiveness bf electro-
mechanical control systems (eg: optimum stop/start or

automatic dimming of lights), the results obtained from
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such models are of little aid during the formative stages

of the design process.

However the limitations of both the theory and data of

N

of
this type model restric¢t them from accurately representing

environmental performance and may ultimately determine

built form erroneously.

The trend in the evolution of modelling is towards the
dynamic representation of both the external climate and
occupant response to the environmental control system.

A morphological study of building types can account for
both the dynamic characteristicé of climate and occupant

behaviour. Empirical studies on building types offer a

further insight into the dynamic performance of buildings

which overcomes many of the theoretical limitations in
modelling discussed in this thesis. And, although such
studies are relatively crude coﬁpared with computer
.modelling, théir intended use is to aid the early stages of
desian where simplified informétion of the impact of form

and fabric on environmental performance is required.

Notes

1, The essential difference between 'architectural' and
'building' science, in this case, is that the former
accounts for other factors (eg: social, economic and
cultural) that influence built form, The latter only
considers how the physical environment may influence

form and fabric. -
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2 For example the RIBA calculator promotes steady-state

«

calculations as do the Building Regulations part FF,.
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Appendix 1

Abstracts from the original application to the

Science Research Council for funding the Research

project.

Although these were the original intentions of the
project many of the objectives were altered or became

redundant during research.




6.1.

.

Alms of the Investigation

<

In recent years ccrgiderable research work has led to the
development of numerous prodictive techniques relating to
environmental conditions within buildings. Many cf these
techniques are empirical or greatly simplified versions of
theoretical models. This 1s unavoidable for two reasons:-—

i) buildings are not precise machines and can never be, as
they are subject to highly variant climates {natural and
manmade) and unpredictable use patterns.

i) excessive complexity usually precludes practical
application by designers. :

A wide selection of these techniques are currently taught in
Schools of Architecture where thelyr use as design tools (as
opposed to postdesign analysis) is encouraged. However, a major
component of current vocifcrous criticism of contemporary
architecture revolves avound the physical performance of buiidings
of which poor envirommental contrcl is a principal element. This,
together with experience within the architectural profession,
consititutes evidence that the availability and teaching of environ-—
mental scicnce is not matched by its application to the design of
buildings. Although there is an alnzst universally accepted
Gesirabiiity for some form of desipa aids the cverwhelming mass of
information and techniques now available irbibits their fluent use
necessary in a circular, refining design evolution.

The overall aim of this project is to more accurately diagnose this
malady and its causes and, through a rationalisation of ervironmental
science as a dynamic design parameter to evolve & "package' of
techniques and information aimed at iucreased design application

compatible witi improved envircnmental design.

The principal objective then is to identify the true value of current
predictive techniques to the desigrers, through an assessment of their
use and accuracy. Secondary objectives related to the previously
mentioned package the work shnuld eventually relate to practising
architects where the need'is for a wide range cf techniques dealing
with thermal/lighting/acoustics/encrgy aspects that can be applied as
design tools. In addition to the techniques themselves, their

accuracy must be assessable, and a simple "data bank' available.

Lo




6.3.

Proposed Plan of Work

The major elements of the work will be:

a) Survey of environmental predictive technicues and their
current status within building design.

b) Monitoring/measurement of design application and building
pexrformance

c) Analysis of predictions, the manner in which they are or
should be applied, and comparisons with actual performance.

Although these are approximately chronological, because of the
multifaceted nature of the work, there will be considerable

overlap as particular aspects move forward at different paces’
dictated by external factors such as buildings/designer availability,
since it 1s clear that en essential ingredient of this work is ‘live’
buildings and design projects.

It is possible to further subdivide the programme into phases of
activity: - '

1. Collation of techniques, their research and development as
predictive methods, previous work (if any) relating their
accuracy and actual building performznce.

2, Survey the architectural profession to determine attitudes
to and degree of use of the various predictive techniques
avallable.

- 3. Experiments and interviews to assess usability of predictive
techniques

4, Selection of:-

a) recently completed buildings and their designers and

b) design projects about to begin.

5. a) (Completed Buildings) Prediction of a range of environmental
parameters using existing techniques applied to 'drawing
board information' i.e. using the lewel of knowledge that
would have existed at the relevant stage in the design press.
Dialogue with the designer(s) to ascertain the particular
design process and the role of environmental science.

b) (Design Projects) Prediction of environmental aspects at
suitable stages in the design evolution. Monitoriang of the
design processes through regular evaluation of the design,
with particular regard to the diagnostic versus deductive
nature of predictive techniques within a dynamic design process.

(Although, computers will be used in this work, predictive computer
programmes are not under investigation since the study 1s concerned
with those techniques readily availablie to the designer'at his
drawing board'i e manual techniques) R




Completed buildings will be surveyed to determine actual environmental
performance. This will involve measurement of various physical
parameters associated with thermal acoustic amd lighting corditions.

In addition factors which influence the parameter being measured will
require investigation since these may be different from those envisaged
/assumed at the prediction stage.

Comparative analysis of the results of 5 and 6 including circular
or refining experiments through stages 5 and & in order to study
discrepancies identified by the comparative analysis.

Using the results of 7 and experience of § attempt to characterise
those properties of the environmental prediction that influence its
design application viz. accuracy, limitatioms and constraints,
flexibility, degree of data required, sensitivity to building/user/
efficacy/viebility of predictive techniques will be paralleled with.
an identification of modifications necessary to improve design use.
Any proposals will be tested by returning to previous phases of the
programme. ’

be
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Summary A method for analysing daylight in buildings is described for use in

the early stages of the design process where the conilicting functions of ‘the
window can be related through a knowledge of the percentage glazing on a building
facade.

Daylighting: appraisal at the early design stages

H.BYRD, BA(Arch.), AND A.HILDON, BA, PhD(Cantab)

1 Introduction

For a building design team concerned with the quality
of the internal environment of buildings the
percentage area of glazing on a building facade is
one of the most useful criteria for judging the
building envelope as a modifier of climate at early
design stages, since it is at the window. that the
various environmental parameters (heat, light and
sound) remain only minimally modified.

The percentage area of glazing can be used to relate
the numerous and often conflicting functions of the
window such as the provision of daylight, summer-
time temperatures!, sound insulation?, energy
efficiency3 and view satisfaction4.

2 Predicting daylight

‘Althcugh several well established techniques for
predicting daylight conditions within rooms already
existd these are not compatible with the conjectural
processes of the early design stages.

This is in common with other forms of environmental
predictive techniques where hich precision, .
inflexibility, time consumpticn and other properties
result in their non-use at the critical stages in the
generation of building form®: 7, The designer
requires techniques that are essentially 'rules of
thumb' to guide and influence decisions made

during the conjectural stages of design, the import-
ance and value of such simple and flexible methods
being more important than the loss of precision
involved8. The method described here allows an
analysis of daylighting to be done at early design
stages and relates the minimum daylight factor

(that daylight factor equalled or exceeded over the
working plane) to the percentage area of glazing,

H.Byrd is a research student and A. Hildon, Principal
lecturer in architectural science at the Birmingham
School of Architecture, City of Birmingham
Polytechnic. The paper was first received on 19
March 1979, and in revised form on 11 May 1979.
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depending on room geometry and reflectance. It
also allows the uniformity of daylight distribution
within the room to be analysed and can yield the
area over which supplementary lighting is required
if daylighting is inadequate.

3  Criteria for daylighting design

There are essentially three principal criteria for
assessing the quantity of daylight within rooms.
These are the daylight factor at any point (sky and
internally reflected components), the minimum
daylight factor and average daylight factor. In terms
of accuracy there is little to choose between the
different predictive methods but the minimum and
average daylight factors are more useful criteria -
at early design stages as they measure properties of
a room rather tham any point within a room.

The advantages of tihe average daylight factor are
that it bears a close relationship with the subjective
appraisal of lightimg in a room? and it is less
sensitive to changes in the sky luminance
distribution and the jpositioning of the window in the
window-wall. Howewer, while recommendations for
daylighting are relafied to minimum standards
applicable to the wiaole room a knowledge of the
minimum daylight factor is important particularly
where task lighting is considered.

The main argument against the minimum daylight
factor as a design ériterion is that by concentrating
on achieving adequiite amounts of light furthest

from the window it can lead to over-fenestration with
its attendant probléms such as glare, excessive heat
losses and gains. Hiowever the minimum daylight
factor does have adwantages where task lighting is
required if it is not taken as a criterion in itself but
is considered alongside the distribution of daylight
in a room through am assessment of uniformity.

The method presented here (Fig. 1) is empirically
based and employs the minimum daylight factor as
the design criterion. The upper part of the graph
relates the minimumm daylight factor to the
window : floor area ratio for various conditions of

99



Unilateral lighting

05
s 5 /O
[§]
g, / 05 ¢
5 A ZRE:
> 3 / A o5 &
< / 4 04 2
£ 2 // /é/ 8
£ 03 2
g 1 . I/i;,/,//’: - g
3 P
i
O No'-; ' oi2G 03 04
3 /ass
0 \\\3\ WIOFF- area
2 \\\!.
\ h
30 \\ \ 1 \\\
< _ﬂ__\_ 3\\\1‘%\ ~os
.'% 40 \\ \\\\X 1.0 €
>
T 5 \ \ \\\ . g
HEENANNNNA
c PSS
I 60 \ 3>
IS \\ NN\ 812
g 70 \ \\\ 175
<~
o
c .
< \ N\
8 g0 : \ ™
o
X 100
50 40 30 25

Fig.1. The minimum daylight factov velated to per
cent area of glazing of the inteynal elevation of the
window wall.

room reflectance. The lower part of the graph
simply relates the window: floor area tc the per-
centage glazing through a knowledge of room
geometry.

To complete this method a rule of thumb for
assessing uniformity is incorporated. -

4 Uniformity of daylighting

Uniformity is essentially a measure of the subjective
appraisal of lighting within a room but it is also a
measure of efficiency of providing adequate lighting
levels without over-glazing. For example, a room
may have the required minimum daylight factor but
if this is achieved only by an excessive window area
then the room may be too deep or dark. The uniform-
ity of daylighting can be measured as the ratios of
minimum: average or minimum: maximum daylight
factor, although Lynes!0 has produced a formula for
the ratio of average daylight factor in the front

half of the room: average daylight factor in the back
half of the rcom. The rule of thumb described here
uses the ratio of minimum: maximum with a limiting
value of 1:10 as this is near the maximum acceptable
contrast. The minimum daylight factor is a known
quantity (from Fig.1) and the maximum is easily
deduced as it has a constant relationship with the
percentage glazing being relatively independent of
room conditions. The maximum daylight factor is
taken as being 1 m from the window and although
this is not a true maximum it covers an area more
closely representative of the subjective maximum and

100

has an approximate value of ten times'the window
height (metres), assuming the cill level to be on the
working plane.

Maximum DF: Minimum DF <10 (1)

Max DF = 10h (2)
g w.h ’

100 W.H )

From (1), (2) &(3)

e . < 100.
min DF

w. 1
S— (4)
W.H

where g = percentage area glazing

w = window width '
h = window height (metres)

W = room width

H = room height

For typical ceiling heights and positioning of windows
the limiting value for acceptable uniformity is

% glazing _
Min DF ° 30 ()

Even if adequate daylighting is provided the rario
for uniformity may be checked taking the values of
minimum daylight factor and percentage glazing
from the graph, and if the ratio is excesgive then
the necessary changes in room geometry and/or
reflectance can be quickly calculated.

5  Graphical method

The graph (Fig. 1) consists essentially of four
parameters; the mintmum daylight factor, the area
weighted average reflectance, the Depth: Height
ratio of the room and the percentage area of glazing
of the window wall. A knowledge of any three will
determine the fourth but its most common uses will
be for determining percentage glazing or maximum
depth of a room for given lighting levels and room
conditions. The latter use is particularly relevant
to supplementary lighting. The predicted depth of
adequate daylighting can be compared with the actual
depth of the room and hence the difference will
yield the depth of the room requiring supplementary
lighting. This may also provide useful data for
selective switching or dimming of artificial lighting
systems although ultimately other values of sky
luminance distribution must be used for a better
assessment. This method is intended to be used

for integrating those factors involved in producing

a building that not only modifies climate for comfort
reasons but also for efficient use of energy. While
the new building regulations part FF!! may seem
heavy handed in restricting glazing they do set
targets which can easily be applied to this method,
although there can be a trade-off if multiple glazing
or rooflights are used.

For example: a typical office of average reflectance
0.5 requires a minimum daylight factor of 1 per
cent. If single glazing is to be used and there are
no rooflights then the maximum percentage glazing

Lighting Research & Technology



permitted is 35 per cent if it is to conform to part
FF of the building regulations. 35 per cent can
therefore be flagged (A) on Fig. l.

The intersection of 1 per cent minimum daylight
factor with the 0.5 reflectance curve can also be
located (B). Where the horizontal from A meets the
vertical from B the maximum Depth: Height of the
room can be read (2. 25). If the ceiling height is

3 m then the maximum depth of the room is 6.75 m
if it is to achieve a 1 per cent minimum daylight
factor.

Similarly, if the Depth: Height ratio is already
determined then the percent glazing required to
provide the specified minimum daylight factor in the
room can be found and checked against other design
targets. For instance, checking for uniformity; the
ratio (equation 5) will be exceeded for the above
example (35:1). By altering the room geometry or
reflectance the percentage glazing may be reduced.
In this example, if the depth of the room is
decreased to 6 m or the reflectance increased to
0.55 then only 30 per cent glazing is required which
satisfies the uniformity ratio.

6 Conclusion

In conclusion: the average daylight factor will provide

the best criteria for assessing daylighting within a
room but only when its method of calculation and
recommended-values have been agreed upon. But the
minimum daylight factor will always remain a useful
criterion where task lighting is required.
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