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SUMMARY 

The relationship between activities and spaces may be an1;1.lysed at many scales. Previous studies at the architectural scale have generally been too deterministic, exemplified by the layout problem, or too empirical, as in surveys of buildings in use. Adap~ability is a sounder focus of analysis since it inherently takes account of the unce·rtainty and changeability of the relationship between activities and spaces. Up to now writings on adaptability have tended to consist of miscellaneous observations, without sufficient theoretical backing. Buildings desi gned to.be adaptable in different circumstances show a great variety of 
implicit objective!; which must all be encompassed in a general theory of adapta1Jili ty. 

Adaptability is a probability - the probability that a building will not become obsolete. It is a subjective probability based on a state of knowledge about the activities that might occur in the building. If there is a finite number of possible activities, then the number that can be accow.modated by a b~ilding represents its adaptability. The particular building and the set of possible activities vary from case to case. To implement this theory for a given building it must be possible to answer two q_uestions: l) what is the set or ensemble of possible activities? and 2) wh ich of the activities can be 
accommodated in the building? 

Th.e thesis concentrates on the first q_uestion, and sets up from first principles two precise combinatorial ensembles corresponding to el ementary assumptions. The first ensemble consists of all the different ways 
that a given population of individuals can be subdivided into groups. The thesis goes on to consider the accommodation of these states of grbuping, or organisations, in buildings with different distributions 
of room sizes. This allows a rigorous, if simplified, treatment of a 
fundamental aspect of architectural desi gn. 'I'he second combinatorial ensemble consists of all possible ways of allocating a set of activitie s to a set of rooms, taking account of the co:r.ipatibility or incompatibility of all rboms with all activities. Ar1 adaptable building a.llows many alternative states of allocation. This type of probl em is relevant to building management as well as design. 

The thesis, therefore, offers a theoretical basis for the study of adaptability in buildings, and begins to undertake its mathematical elaboration. 
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CHAPTER 1 ADAPTABILITY AS A TOPIC OF ARCHITECTURAL RESEARCH 

1 THE THREE DEPARTMENTS OF ARCHITECTURE 

Traditionally there were held to be three departments of architecture . 
durability, convenience and beauty; today we can place economy as an 
uneasy addition to this triad. Whilst all four are united in the proper 
practice of architecture, they can be used to classjfy architectural 
research, Recently Hillier and Leaman (1972) proposed· that . architectural 
research be . classified around four "functions" which are, they suggested: 
to modify climate, to modify behaviour, to mOdify culture, and to modify 
resources . It is possible to interpret these functions as a paraphrase 
of the three traditional departments plus one. 

The research reported in this thesis is not concerned with problems of 
building engineering, nor does it discuss architectural aesthetics or 
criticism, nor even the economic aspects of buildings. It focuses on the 
relationship between activities and spaces - the convenience of buildings, 
or, in today's words, how buildings contain sets of activities . It is 
unnecessary to emphasise the importance that has been placed on this topic 
in nineteenth and twentieth century architecture. Indeed, Summerson (1957) 
proposed that the elevation of the programme to primacy among architectUYal 
consideratio~s was the distinguishing theory underlying modern architecture. 
It is a broad topic, as can be illustrated by the two typical research 
problems that Hillier and Lemnan suggest under this "function": how can 
we minimise obsolescence in complex buildings vhere change of use is rapid 
because of technological change? and, how can we develop multi-use buildings 
in urban centres where land is . scarce and public policy is to retain a 
high level of accessibility? We will go on in this chapter to further 
subdivide this area of architectural research by scale, and then by 
methodology; this can be represented in the followin g diagram: 
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Durability 

Urban 
scale (s. 2 ) 

Layout ( 
l ss . 5,6) prob ems .. 

Architecture 

Convenience 

Architectural 
scale ( s. 4) 

Utilisation 
studies (s,7) 

Beauty Economy 

Atomic ( s. 3 ) 
sea.le 

Probabilistic 
models ( s . 8) 

Adaptability 
(s,9) 

We argue that adaptability is a fruitful subject for research, and offer 

this thesis as a contribution to architectural research into the relation

ship between activities and spaces. 

2 lJRB.fu"iJ' SCALE 

Urban modelling analyses the relationship between activities and space 

at the urban scale. A clear distinction is made between activities and 

spaces. "Imagine that all the buildings in the city were arranged before 

us in a single line .••. We could arrange the activities of the city 

in a similar fashion .... We have erected t wo arrays ..•. In one way 

or another the two match each other" (Cowan, 1968, p.28). Often the 

activities are then divided into place-fixed activities and flows, and 

the spaces divided into stocks of adapted spaces and channel spaces 

(Crowther and Echenique, 1972). 

Urban model s have a variety of formulations . The object of the model s 

is to describe a unique state of allocation of the activities t o t he 

spaces, where the unique st ate is the most probable that could be adopted 

out of all the states that might be compatible with fixed constraints. 
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·.(__'J; 
It is a probabilistic approach which can rely on very little detailed 
information about individual activities or spaces. Operating at the 
urban scale it is possible to take an aggregated statistical view, by 
analogy, for example, with statistical mechanics. 

It appears tha.t urban models are · extremely efficient: by ignoring masses 
of information which distinguish individual activities and spaces, and 

concentrating on simple quantifiable relationships, urban modelling can 
~stablish general, aggregate properties of urban systems. 

Urban systems can be viewed in other ways than by mathematical modelling, 
for the data that urban models ignore can provide the material for 

lifetimes of study. Rapoport (1977) for example, draws attention to 
problems of meaning, perception, cognition, and social, cultural and 
territorial variables; he concludes that "the question is basically 
ho~ to obtain the highest degree of congruence (or the least degree of 
incongruence) between physical setting and human requirements" (p,384). 

In our study of the relationships between activities and spaces we 
intend to err more towards the abstraction and discipline of urban 

modelling. 

3 ATOMIC SCALE 

At the opposite scale there is environmental research into the detailed 
relationship between particular activities and particular spaces, or even 
into aspects- of activities and spaces , when a great deal is known about 
specific properties and interactions. This is the province of behavioural 
research and architectural psychology. Such. research concentrates on 
the atoms of which the built environment is const~ucted - single spaces 
that are combined with others or single attributes that are combined with 
others. For example, the turning circle of lorries does ~ot vary f r om 
place t o place, and t here i s some uni formi t y about the light levels 

required in particular building types. Each probl em of this type can 
be researched in controlled experiments. Alexander has proposed (in, 
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for example, Alexander et al, 1968) that a set of relevant atomic pieces 
of information col1_ld function as the basis for architectural design, 
where the set would vary for different building types. It does seem a 
more intelligent process than specifying activity requirements as a list 
of spaces, which is often all the information an architect receives. 
The atomic approach, however, tends to assume the whol e is merel y the 
sum of its parts, and does not directly analyse the system of activities 
or system of spaces that constitute real organisations or buildings. 
In effect, micro-scale research aims to enable us to say with confidence 
whether a given activity can be performed in a given space or how wel l 
it can be performed, but not how wel l an organisation can be accommodated 
in a building or how effectively. We want to work on the relationBhip 
between activities and space at one scal e above that of the atoms of 
environment. 

4 ARCHITECTURAL SCALE 

It is clear that the techniques appropriat~ for analysing the relationship 
between activities and spaces must vary greatly with the size of the 
system being analysed. The typical system in which we are interested 
is of an intermediate size: neither so large that aggregated statistical 
analysis is possible, nor so small that endless detail can be considered . 
Weaver (1948) characterised this intermediate scale as the domain of 
organised cbrnplex systems, as opposed to 1) disorganised complex systems , 
like an ideal gas or, to some extent, an urban system, which can be 
modelled statistically , or 2) simple systems, of two or three well-defined 
variables where controlled experiments are possible. Techniques used 
in these two scales of sy stem cannot in general be used with organised 
complex systems, which are t oo smail to allow st at i sti cal approxi mat i ons, 
and too large for controlled experiments . 
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The system we have set out to study in our research consists of an 
organisation and a building; typically, those constituting a secondary 
school, where the activities are numerous and interrelated, yet 
individually distinguishable, and the spaces have particular attributes 
which affect their suitability for different activities and patterns 
of activities . I think it is justifiable to call this the architectural 
scale, as opposed to the urban and atomic scales. The purpose of research 
at this architectural scale must be to acquire knowledge that will somehow 
be useful in achieving good architectural designs. As we have indicated, 
however, the approach to systems at this scale is difficult, and we will 
now briefly review architectural and other research that has operated 
at this scale. Our concern will be not only with techniques of analysis, 
but also with usefulness of the research for the ultimate purpose of 
contributing to architectural design. 

r,. 

5 LAYOUT PROBLEM 

The classic environmental problem at the architectural scale is the 
layout problem (Koopmans & Beckmann, 1957). It attempts to perform one 
of two tasks; either to allocate given activities to spaces in an already 
defined building such that an objective function is maximised; or, more 
ambitiously , to generate a building design to accommodate given activities, 
so that the design is optimal with respect to the same objective fu...riction. 
The oojective function represents the cost of a solution, and the optimum 
is the cheapest. Costs arise from movement between activities, so that 
activities with a lot of communication.are close together in optimal 
solutions . There may be additional costs associated with locating each 
activity in its space. The efficient solution of this problem has engaged 
an extremely l arge amount of interest, in management sci ence and operational 
research as well as architecture. It is not necessary to contribute to 
that discussion now; it is the characteristics of the solutions themsel ve:3 
that we will consider. 
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In the simpler case, of allocating given activ-ities to a given building, 
the objective function represents the cost of a solution, calculated as 
follows; it is called the quadratic assign.ment formulation: 

C r· .kl (x .k x.l T .. ckl + a . k x,k + a.l x.l) 1.J 1. J 1.J 1. 1. - J J 
= 

where C = total cost 

1. ' J = activities 

k,l = spaces 

x .. = 1 if activity 1. 1. s in space k, 0 otherwise l.J 
= 1 " " " II II 1, 0 II xjl J 

T:. = traffic between activities 1. and J l.J 

ckl = cost or time between spaces k and 1 

aik = cost of allocating activity 1. to space k 

ajl = II " II II j II II 1 

Traffic is usually taken as numbers of trips. The data on activities 
and the number of trips between activities has to be precisely defined 
as input for the layout problem. 

The outcome of the layout problem is a unique solution derived deter
ministically from the activity data in the problem specification, which 
is supposed to be optimal. We can note two important points: 1) there 
is no provision in the quadratic assignment model for alternative 
destinations: the number of trips from one activity to a second is 
unaffected by a third, whatever its type or location. At the urban 
scale this renders the quadratic assignment fairly ineffective (Hopkins , 
1977), because , as we noted, activities are hi ghly aggregated in urban 
models and all activities of the same type are substitutes for each other . 
In a large building complex, too, t here may be a number of similar 
spaces of given t ypes, and again it is likely t hat within these types 
some substitution will be possible. 2) In t 4e quadratic assignment 
model the number of trips between two activities i s fixed regardless 
of the distance between them, and the cost penalty rises linear l y with 
the distance between them. Common sense suggests that the first point 

, is rather unlikely, except in very rigidly structured organisations . 
The second point somewhat contradicts- practice in urban models, where 
it is found that the disinclination to make trips increases more quickly 
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than linearly as distance incr eases. These are criticisms of the structure 

of the quadratic assignment model, and they combine to suggest that the 

model makes use of the input data in ways that cannot , in general , produce 

very convincing results. 

The structure of the model calls for input data which, we suggest , is 

unknowable , since the traffic between two activities can . hardly fail 

to be affected by location. However, if we overlook this difficulty, 

we immediately come across another, which is in some ways more fundamental. 

Not only is it extremely hard to establish precise data about the pattern 

of act~vities in any organisation, but activities, when considered in 

detail , are constantly changiag. The optimality of results which rely 

on imprecise and unstable data is acutely ephemeral. 

6 LAYOUT PROBLEM - CONTINUED 

The type of layout problem that generates a building form is very similar 

to the type which simply allocates, for a notional site is divided into 

cells and activities are allocated to cells (perhaps taking more than one 

cell to make up area requirements) so as to optimise the quadratic assi gn

ment objective function. Spaces corresponding to the arrangement of 

activities in cells constitute the building plan. 

One example from a vast literature can be used to illustrate this approach. 

· Agraa & Whitehead (1968) surveyed a secondary school, and recorded the 

interaction between activities in terms of the numbers of trips. They 

used this data in an application of the layout problem , and produced an 

optimal plan. Is it conceivable that, if a given org~nisation were decanted 

to a different building, the communication between activities measured 

by the number of trips made would remain unchanged? And of course, the 

activities observed in the existing school wculd be different if' the 

survey were taken a.gain at a different time , Insofar as the survey 
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revealed a mismatch between the activities and the spaces, it might be 
r elevant to reorganise these activities within the existing building -
possibly by applying the allocational layout problem - but the wholly 
new design seems weakly based on arbitrary data. 

Where trip data cannot be concocted - it can never be known for an 
unbuilt design - we sometimes find that an intuitive weighting of the 
importance of connection between parts of_activities is proposed. This 
has a plausibility if taken at a sufficient level of generality. ABACUS 
(Th' ng & Davies, 1975), however, in the SPACES program used the n11.c"Jlerical 
weight.ing precisely as the traffic component of the layout problem, and 
infer that the optimum distance between the centroids of departments 
occurs when a linear function of these weights is minimised. The results 
achieved are not elegant. 

We can seriously question whether a solution of the layout problem is 
optimal in any practical terms, but clearly the architect must take a 
great deal of account of the desirable relationships between activities, 
when planning a building. It is an exercise for which architects are 
trained but we find that even untrained humans can achieve very satis
factory solutions to such planning problems, when expressed in the 
simplistic terms of the layout problem input . . Scriabin & Vergin' s 
(1975) experiments, and others reported by.Cross (1977) show no advantages 
in using formal programs over human intuition , in terms of the quality 
of solutions achieved. The solutions to such a simplified problem 
statement will anyway require scrutiny and elaboration before being 
applied realistically . Kerr (1871, p,76) portentously introduces a low
technology alternative; he refers to circulation-minimising, the objective 
of the layou~ problem, as the "compacting" of plans , "Having first made 
a complete classified list of the rooms ... cut out to scale small pieces 
of .paper which shall represent these rooms individually; the process of 
designing the plan then consists of arranging these pieces together, 
with intervening spaces for. Staircases, Corridors, and Passages, etc. , 
wherever necessary." 

We are suddenly in the worl d of pract ical men. What does the layout 
problem offer them? It is of course a simplification of a real de s i gn 
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...,.. 
problem , but if it encapsulate s the essence of a real problem , its re sult s 
might give an indication of the general character of a. successful desi gn. 
This would be useful, but it is not achieved . Willoughby (1975b) notes 
that even small alterations to the problem statement , which should not ,, 
di s t urb the pattern of a sound general strategy , in fact result in 
r adically di fferent solutions. The layout problem produces a single 
solution , and in elaborating this the architect vould wish to know what 
important properties of this solution he should preser~e (March & 
Steadman , 1971 , p . 333) , but he is given nothing of the kind. What the 
architect needs is knowledge that enables him to match the general 
prope1;ties of an organisation to the general properties of a design , 
rather than unique ana unstable optima. 

7. UTILISATION STUDIES 

A second well-established strand of research at our architectural scale 
is the empirical observation and analysis of the use of space by real 
organisations, and such surveys have been carr i ed out in many building 
types . The purpose of these surveys is e s sentially evaluative, and they 
are usually concerned with problems of management or suppo sed mismanagement. 
Whilst solutions are not generated there must be an implicit objective 
function in order to evaluate the use of space . Sometimes surveys take 
account of the amount c f movement - the less the better - or t he r ather 
more elusive concept of space utilisation . Space utilisation compares 
the quantity _of e..ctivity with t he capac i t y of a building , and the impli cit 
objective is high utili sation (DES, 1974) . Of course , for a given 
organisation in a gi ven building, over all utilisation is fi xed , and it 
i s neces sary t o di saggr egat e to gain any ins1 ght into the way that space 
is used . Thus one can discover, for exampl e, that in universities large 
l ecture rooms are used less effi ~i ently t han si:naller one s (Bullock et al , . 
1968, ch,7), or that more underuse of space capacit y in comprehensive 
school s is due t o large r ooms be ing occupied by smal l groups than to 
space s being left empty (Fawcett, 1 976b) . 
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The approach 1s essentially empirical, and tends to offer no explanation 
of observed phenomena. Rawlinson (1978) evaluated the utilisation of 
teaching space 1n a hospital on the basis that "earlier studies ... 
suggested that an upper limit to utilisation to allcw some degree of 
flexibility was a.bout 60 per cent". One wishes to know more. 

As we have noted, these studies look at problems of management, but what 
do they offer the manager? High utilisation, or low circulation, are 
not in themselves significant objectives for the manager. The examples 
above both relate to educational buildings where timetabling encapsulates 
the pFoblems of management: for the timetabler the ideal building is 
one which offers least constraint - to help him to achieve one workable 
timetable within a reasonable search time there must be many feasible 
solutions. The timetabler does not search for the. optimum timetable, 
nor would it be easy to say what might be meant by an optimum timetable. 
The situation is very different from that of the layout problem. 

What do surveys of existing buildings offer the designer? It is extremely 
questionable to use raw survey data as design data for a new building, 
but assumptions about eA-pected activities are fundamental to any design. 
In school design, for example, conventional procedures (DES, 1973) assume 
a curriculum and establish a schedule of spaces to accommodate it. 
However, acknowledging 1imi tat ions of the levels of utilisation that 
can be achieved, some extra space capcity 1s added in an arbitrary ratio. 
We can make the following observations: 1) Some knowledge about expected 

-activities is necessary for any design, and can only come from experience 
in existing institutions. 2) This knowledge can only be general - the 
precise pattern of use in any building is unpredictable and changeable . 
3) The design should not aim solely for high efficiency with respect to 
the expected activities but should equally attempt to offer potential 
for managerial choice and activity change. 
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8 PROBABILISTIC MODELS 

A more soundly-based approach to the problem of deriving design information 
from activity data is presented by Bullock (1974). Like the urban scale 
models (s.2) it is probabilistic. It focuses on educational buildings ; 
it considers how activities can be organised in a timetable, and indicates 
the number of spaces consequently required. The optimum timetable, and 
minimal number of spaces, is not sought. Rather, the unique most probable 
distribution of activities is generated, as in the other probabilistic 
models, whilst relying on fairly generalised, aggregated data. The 
results have a greater degree of generality, and are therefore likely to 
be more realistic, than methods (for example Th'ng & Davies, 1975; Brookes 
& Groom, 1972) which process masses of specific (though inaccurate) data 
to find optimal solutions. The probabilistic method obviates the need 
to assume utilisation factors, by considering the most probable rather 
than the optimal use. The structure of the model intrinsically offers 
some explanation of state of the system that is generated. 

Strictly speaking, Bullock's 1s a probabilistic model of the relationship 
between activities and times - the periods in a timetable - but analogous 
models could be developed to study the relationship of activities and 
spaces . Now, all probabilistic models make assumptions about the structure 
of the relationship which are ultimately be)lavioural assumptions, and 
they also lack objective functions or any indications of the utility 
of the most probable solutions . But if the model assumptions are 
acceptable , the predicted state of the system can itself be evaluated; 
just as the surveys desc r ibed above (s , 7) evaluate the real organisat i ons 
being studied . Since probabilistic models can be run with hypothetical 
data about pr?posed designs , such evaluative information can be used 
iter atively to improve designs . 

In some ways , then , at the architectural scale the probabili stic model 
bridges the gap between the layout probl em and empir i cal st udies . It 1s 
reali stic i n a way that t he l ayout problem is not, yet it offers more 
than j ust descript ive informat ion . Methodologically such model s do 
perhap s t end too muc h i n the direct ion of Weaver 's di sor gani sed compl ex 
sy stems ( s. 4), but t hey do begin to tackl e t he architect's probl ems of 
uncertainty about the relationships between activit ies and spaces . 
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9 ADAPTABILITY 

It is perhaps time to specify the ground rules for a study of the relation
ship between activities and spaces at the architectural scale, bearing in 
mind that we are aiming for knowledge that will help the architect design ~ 

convenient buildings. We have discussed three distinct approaches: 
optimising, descriptive, and probabilistic. 

We criticise optimising techniques because they place ~omplete reliance 
on numerical data that is generally rather vague, and because they perform 
the part of the design process that the architect is usually well able to 
do himself. The architect relies on generalised information of the kind 
extracted from descri~ti ve utilisation surveys, but these surveys do not 
in themselves lead directly to design data. Probabilistic techniques 
go a long way to overcoming these ob,jections by considering all possible 
states of the system and producing data that can be used in evaluation. 

We wish to emphasise the problem of predicting future activities, as 
presented to the designer of a new building. The probabilistic methods 
we have studied produce the average of all possible activity states, 
and I suggest that a more valuable indicator would be the range of 
possible states. Even if accurate data were available for the activities 
at the time of design, this data becomes obsolete during the li fe of a 
building . Most buildings will, if well maintained, last for ever and 
when a building is erected a commitment is made which stretches far 
into the future, where human activities cannot be reliably foreseen . 
Buildings come to be used for purposes which could not have been taken 
account of by their designers, and at any time only a small proportion 
of our building stock remains in its exact original use . These processes 
of change apply to all buildings, but a prudent architect may wish to 
anticipate some of the consequences and design adaptable buildings. 

Now, adaptability is a rather poor operational criterion in design, for 
it is extremely difficult to know how adaptable a building is, or to 
compare the adaptabilities of different designs. If we do not kno~ what 
will make a design perform well, it is merel y playing with words to say 
that an adaptable design is one that will perform well despite this state 
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of ignorance. Adaptability is a strategy for uncertainty, but we must 
be . clear about where the uncertainty arises, and cause it to influence 
a design in some definite way. As Jaynes says, to use any inference 
except that based on maximum uncertainty "would amount to an arbitrary 
assumption of information which, by hypothesis, we do not have" (1957, 
p. 623), If adaptability can be assessed at the time of design, then 
it must be with data available at the time of design. Unless this is 
so it is completely fruitless to attempt to maximise aJ.aptability in 
design. 

10 ARCHITECTURAL RESEARCH 

Our classification of architectural research, by the traditional departments 
of architecture, then by scale, and finally by methodology, is not of 
course the only classification possible. The RIBA Research Steering 
Group (1976) proposed three generic types of research, strategic, problem
oriented, and theoretical, and nine particular topics. Their full list 
is as follows: 

A, Strategic research 

1 Historical and comparative studies of space arrangement and social 
organiss.tion 

2 Building regulations and building quality 
3 The effects of technological changes on building design 
4 Functional obsolescence and design for change. 

B. Problem-oriented research 

5 Building as an environmental system 
6 Micro-climate and the form of urban lo,calities 
7 Design strategies and activity-space problems 
8 Social , economic and space patterns in neighbourhoods and sma.11 

localities 

C. Theoretical research 

9 Morphological studies. 
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It is clear that our concern with the relationship of activities and spaces 
at the architectural scale limits our field of interest to topics (1), 
(4), (7) and (9). Topics (1) and (9) a.re methodologically divergent from 
our general approach, but the question of adaptability is central to 
topics (4) and (7;. The notes which the Steering Group make on these 
two relevant topics are as follows: 

4. Functional obsolescence and desi gn for change: Research is required on the long-term economics of design decisions to establish design strategies in which costs are minimised and adaptability (or the capability to absorb changing activities without physical adaptation) is maximised. Some useful work has been carried out in recent years on the problems of functional obsolescence and design for chang~, but considerably more resources need to be made available to study these problems across a broad range of building types. 

7, Design strategies and activity space problems: in the past decade a series of broad design strategies for matching space patterns with activity patterns have been suggested - indeterminate buildings, tight fit and loose fit, pattern languages, and several others. At the same time much more detailed work on the relationship between activity patterns and the form of buildings has been attempted which draws on detailed study of building use and patterns of behaviour. The task is now to bring these concepts and modelling techniques together into a programme of eXPerimental buildings in order to develop a more effective theoretical basis for space planning for 'long-life' buildings. This kind of work would need to be linked to topic (1). 

These .are extremely diffuse progra~es of research, which could embrace 
many different projects. Our own project will of necessity be narrow 
and precise, and before introducing it in Chapter 4 we will review 
previous research specifically addressed to the question of adaptability 
in buildings. It does seem, however, that our chosen area of research 
is of no small interest to the thinking organs of the architectural 
profession. 
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CHAPTER 2 REVI EW OF RESEARCH INTO ADAPTABILITY 

1 INTRODUCTION 

For this review, we have not tried to find amusing or telling anticipations 

of research into adaptability in the voluminous architectural writings of 
• the past ; not that we doubt they exist, but because they would not contri-

bute to the precise analysis which we seek to bring to adaptability . 

If adaptability i s to be made a workable tool for use by the architect , 

there is less need for a mass of di dactic anecdotes - useful though these 

are - than for a sound and tractable theory of adaptability. Our review, 

therefore , stretches back no more than twenty years . 

The connection between theories or models and reality can be expre s sed 

as a four-level progr ess i on , with approximations being introduced at each 

step : 

Reality 

Ill- de fined mode l 

l 
Well-defi ned model 

l 
Solvabl e model 

This hierarchy is presented, for example, by Hopkins (1977) i n the context 

of urban modelling. The distinction between reality and an ill-defined 

model may be academic, for as Echenique (1972) po i nts out, real ity in 

itsel f is inaccessible and can only be seen by a -theory-laden observer . 
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Any-way, the intuitive idea of adaptability as we have introduced it so 
far is clearly an ill-defined model, which we believe corresponds in 
some way to some real properties that buildings really do possess. But 
the idea seems too indistinct to be generally useful . 

The task of developing well-defined models is a theoretical task, so we 
turn to the theoretical field of architectural research to see what 
progress has so far been made.. Anticipating somewhat, we may remark 
that up to now the attempt at formulating a solvable model has barely 
been begun. Architecture is a particularly pragmatic discipline, and 
most of the ideas of the profession are expressed in designs rather than 
research papers; but this language is not amenable to scientific discussion • 
and the formulation of general principles. We, therefore, rather arbitrarily, 
restrict ourselves in this chapter to a review of theoretical writings, 
whilst using arc hi tectur.al designs in Chapter 3 as a guide to the objectives 
which underlie the desire for adaptability. 

A brief classification of research into adaptability may be useful, which 
we present in the diagram below. The distinctions upon which we base 
the classification should become clear in our reviews of the research . 
Our own aim is to further develop the designer's view, at the same time 
introducing methodological rigour . 

Originated 

Developed 

Designer's 
view 

Lynch (1958) (s .2) 

Aylward (1970)(s.3) 
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Historical 
view 

Methodological 
view 

Cowan (1963) (s.4) Baird (1972) (s.7) 
{ 

Nutt et al (1975)(5) Roserthead et al 
( 1972) ( s. 8) 



2 LYNCH (1958) 

Lynch's paper "Environmental adaptabilityir (1958) is wholly conceptual, as 
it attempts neither to quantify nor to implement its definitions, but it 
does cover a great deal .of ground, Lynch first distinguishes between 
preparation for known change, and providing for unspecified future change. 
The former is a well-defined problem that can be approached and solved 
in a straightforward manner; the latter calls for generalised flexibility . 
A flexible environment, Lynch continues, could mean three different things: 
1) present-day choice in the environment, 2) freedom for the user to 
develop the environment to his own requirements, 3) ability to cope with 
unspecified future change. The third alone is defined as environmental 
adaptability, and Lynch specifically states that present-day choice is 
quite independent of f'.lture change. I find this particular distinction 
over-cautious: an environment that offers choice does so both now and 
in the future, unless elaborate definitions are used. Lynch offers an 
analogy to illustrate his three types of flexibility: "If your objective 
were wide choice, you would present your subject with a roomful of 
pottery, of all shapes and styles. If plasticity is the aim, give him 
the wet clay to make his own. For adaptability gi,e him a simple, average-. , 

. sized pot, suitable for many uses" (p.16). This seems to imply that 
choice, in the first type, is exercised by making a single selection, 
a~er which choice disappears; but since an environment is lasting it 
might be more consistent to allow the stock of pots to remain constantly 
available for future choices. 

The paper then contains a discussion of a number of environmental character
istics that might be expected to enhance adaptability. Biological analogies 
are often referred to, with an inversion that Lynch acknowledges, for in 
the biological context adaptability generally refers to the ability of 
organisms to adapt to changes in their·environment, whereas the question 
here is the ability of an environment to accommodate changes in the 
organisms asing it. I am not clear how far biological analogies may be 
vitiated by this inversion. Anyway, the characteristics considered are 
the following: 
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Unspecified forms 

Zoning and concentration of· structure 
Additive structure 

Variety 

Over-capacity 

Growth .forms 

Temporary structures 

Communication substitutes 

The discuss~ons are balanced, and do not lead to a single design type . 
Considerable emphasis is placed on problems of growth. We can quote 
Lynch' s tentative con~lus ions : " .•. It appears that adaptability to 
future change unspecified is a significant goal ..• and that there are 
some physical means of obtaining it. There are primarily those of zoning 
and concentration of structure; avoidance of narrow adaptation, low 
intensity and over-capacity; use of growth forms; and a good, neutral, 

· well-distributed communication system. In addition, it may sometimes be 
useful to employ a lattice structure, or facilities of short life" (p . 24) . 

Two fi nal points : 1) Lynch implies that problems of communication are 
not strictly included in the concept of environmental adaptability: 
" ••. interaction changes may be accommodated without the agony of environ-. 
mental ones" (p.22) . 2) He further suggests that there is a conflict 
between environmental efficiency and adaptability in terms of design 
options and resource allocation, and implies that the balance must be 
struck in each case on its merits. 

Lynch ' s paper is sufficiently clear-sighted that it has not been super
seded in the ·twenty years since it was published. Most subsequent workers 
have either gone over the same ground, or amplified sections of the 
problem whilst retaining Lynch ' s conceptual ~pproach. It is our feeling 
that a more fruitful extension of Lynch's work would lie in trans forming 
it from a conceptual into a mathematical theory . 

. . 
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3 AYLWARD (1970) 

In 1970 Aylward published a paper which adds a few ideas to Lynch's , and 
begins to formalise the relationship between activities and spaces , 
present ing the following diagram: 

SHAPE OF THE ENVIRONMENT 
. 

I 
I SHAPE OF SPACE 
I SH..i\PE OF ACTIVITY 

I 

INDEPENDENT I NTERDEPENDENT I INTERDEPENDENT INDEPENDENT FUNCTIONS OF FL~CTIONS OF I FUNCTIONS OF FUNCTIONS OF SPACE SPACE I ACTIVITY ACTIVITY 
I 
I 

physical and I 
activity behavioural space I form properties I types operational constraints I constraint s 

I 

I 

a nd 

I 

"Environment" is evidently held to incorporate both activities and spaces, 
although this usage seems to differ from Lynch's more intuitively reasonable 
separation between the physical environment and active organisms. Since 
we are concerned with the relationship between activities and spaces, only 
the " i nterdependent functions" are of interest. Aylward further analyses 
these . in a matrix representing ''not ional order of need and interdependence 
between activity type and space properties" . 
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Aylward disting:.iishes " fit ", the matching of a compatible activity and 
space, and "inte:rfit", the range of activities that fit one space property . 
I incline to think that "interfit" would be more usefully applied to 
definite spaces, rather than space properti"es .- The data in the matrix 
allows, for a giv!n set of spaces defined by their space properties, fit 
and interfit to be established, although Aylward does not actuall y discuss 
how this might be done. It is a preliminary step in our "loose-fit" 
measure of adaptability, described in Chs.9, 10. 

The .bulk of Aylward's paper restates Lynch's concepts, with the addition 
of "Mobile units" as a potentially useful characteristic for enhancing 
adaptability. He adds a discussion of organisational characteristics • 
that make them adaptable but I regard this as being at a remove from the 
relationship between activities and spaces. There is also a typol ogy 
of consequences on environments under change (environment here incorporating 
both activity and space), with subheadings of expansion, contraction, and 
internal change. This discussion deals with the life- history of bu1ldings 
and is not in itself central to providing for unspecified future change. 

·. 

4 COWAN (1963) ET SEQ 

Second only to Lynch in clarity , and perhaps exceeding him in influence , 
is the work pioneered by Cowan. "Studies in the growth, change , and ageing 
of buildings" (Cowan, 1 963 ) is a panorama of ideas and instances whose 
cumulative effect is , perhaps, dazzling. While Lynch arrived at the 
problem of adaptabil ity from planning where the effect of time. and change 
on the implementation of plans is fu..Ddamental, Cowan's paper reveals 
similar issue s at the scale of the individuar building, which are not 
self-evident in the everyday practice of architecture. He provokes a 
design response from architects, or the attempt at such a thing , and 
permits the need fo r adaptability in buildings to be considered axiomatic, 
as we consider it in this thesis. 
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The essence of Cowan's analysis can be illustrated by his two 
diagrams of t he structural and functional pe_rformance of buildings 
over time: 
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These are notional diagrams, and I do not know of any attempt to 
calibrate them in the above form. The preoccupation , though , with the 
full life-cycle of buildings was pursued in a nurrilier of empirical studies 
studies, particularly in hospitals (Cowan& Nicholson, 1965), where an 
attempt was made to find stable patterns of development that could be 
used predictively in new design. 
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This work was ca.rried forward by Weeks & Best (1970) and England (1971) 
who identified a regularity in the proportional distribution of hospital 
space between different departments, and it has been the theoretical 
basis of an applied design strategy for adaptability that we will discuss 
in the next chapter. The objective of the work, however, lies in making 
future change predictable, and does not directly tackle the problem of 
designing for unspecified future change. This problem is acknowledged, 
rather in passing, at the end of a survey paper (Cowan, 1965), where 
Cowan asks, "What can be achieved by 'adaptability' in buildings, and 
what does the word really mean?" (p.1401). 

5 OBSOLESCENCE 

Cowan's later studies tend to concentrate on larger scale or longer term 
issues than those we have identified for our study, but relevant work 
continued to come from his associates , ~ho focused on the topic of building 
obsolescence. This was one stage in Cowan's ,hypothesised life-cycle of 
buildings. The work is described in a paper, ''Functional obsolescence 
in the planned environment" ( Nutt & Sears, 1972) , and more fully in a 
book, "Obsolescence in housing: theory and practice" (Nutt et al, 1975); 

· in our observations we shall refer to the latter. 

A building is obsolete when it can no longer be used for its intended 
purpose, and obsolescence is the process by which buildings reach this 
condition. Consider Lynch's unspecified future change: an adaptable 
environment c_an cope with change and does not become obsolete, whereas 
an unadaptable environment is more likely to become obsolete . Thus , 
insofar as Nutt et al study the features of buildings that resist obsol
escence, their work is relevant to our own . \.Je have, however, excluded 
physical degeneration from our field of interest, while Nutt et al note 
that functional obsolescence may be of three types: 1) physical decay, 
2) economic obsolescence, 3) behavioural obsolescence . It is therefore 
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onl y the thi rd that intere st s us, and it is on this that Nutt et al also 
concent r ate . 

Nutt et al state that · "the central task in the analysis of obsolescence 
is to distingui sh bet ween the conditions that are 'j ust satisfactory' and 
t hos e that are 'just unsati s f actory ' • •. " (1975, p.67); that is , to 
i dentify some thresholds in the relationship between activities (termed 
t he behavioural syst em) and spaces (terme~ the physical system). Their 
work is directed to this objective, and they develop a way of describing 
and relatine; a specific household, or activity system, and a specific 
dwell~ng, or physical system; survey data from a large population of 
households and dwellings was used to calibrate the model. Simplifying 
greatly, i t appears that the essence of the model is to compare an array 
of pos s ible actions with an array of constraining factors, for a given 
household and dwelling . The actions - moving house , improving the house, 
remaining in status quo, etc - can be interpreted as defining whether or 
not the dwelling is obsolete for its use. The constraining factors of the 
dwelling are those physical characteristics , which might , if inadequat e, 
cause the dwelli ng t o be unsuitable for the activities. !my one household 
can be described in an array shown below: 

ACTIONS 

CONSTRAI NTS 

For one household the ent ries are bi nary (one .col umn will have non-zero 
entries, in those rows corresponding to characteristics of the dwel ling). · 
Over a population of households the entries can be aggregated, thus showing 
how many households with each constraint are satisfied and how many are 
trying to make a change. From this it is int ended that an indication can 
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be gained of the point at which 'just acceptable' becomes 'just unacceptable', 
the threshold of obsolescence. This of course refers to the time at which 
the survey is taken, and it is proposed that these techniques should be 
used to monitor, and possibly predict, the incidence of obsolescence in 
a housing stock, 

Following Lynch, we suggest that an adaptable environment is one that 
offers choice, in the present and in the future, and to make any estimate 
of the extent of choice offered by an environment it is necessary to be 
able to identify thresholds of satisfactory performance, or obsolescence. 
But we do not see this as the central task in the study of adaptability -
which

0

should build on such knowledge, and erect a superstructure that deals 
directly with the breadth and type of choice that is offered. The essence 
is· the choice. available' not the thresholds themselves~ 

6 MARKOV SIMULATION 

A current SRC-funded research project at Bristol (Phillips & Vickery, 1978) 
has set out to create automated measures of flexibility. The approach 
seems rather literal-minded, and it is not clear what their theoretical 
starting point was. 

The quadratic assignment function (Ch,l, s,5) is taken as the sole measure 
of performance of a building and its activities. It is assumed that a 
given building is at first occupied by given activities. As the communication 
pattern of the activities changes over time the quadratic assignment cost 
penalty is expected to rise: if it ris.es too high the system is obsolete . 
The researches propose that a stochastic Markov model can simulate the 
communication pattern in the building and its change over time. A flexible 
design is one in which the average communication cost penalty over a period 
of simulation is low. 
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We have already criticised the emphasis on communications as the sole 
basis of analysis or design. It seems to require data of excessive and 
ephemeral detail, and produces excessively detailed and ephemeral results. 
Circulation is a rather intimately related to particular activities in 
particular buildi~gs: it is not clear whether the same activity data 
could be used to analyse a number .of different building designs with 
the Bristol model. 

Nor can it be easy to predict activity change, even to the extent of 
calibrating a Markov model. It assumes a knowledge of the future that 
is excluded from Lynch's idea of' generalised environmental adaptability. 
A nuJnber of runs of the simulation would presumably produce different • sequences of events; and the results achieved may be sensitive to the 
time for which the simulation is left running. 

Bullock (1970) proposed what sounds like a very similar Markov 3imulation 
for modelling university activities, but with the intention of simulating 
a stable, highly-constrained, day-to-day pattern of activities, without 
invoking a cost penalty. This simulation was abandoned in favour of an 
entropy-maximising model (To~iinson et al, 1973), which was more economical, 
stable, and comprehensible for the problem in hand. Of course the 
Bristol group is not attempting to model a stable system, but a wild 
simulation does not seem likely to produce results that are easy to 
interpret. 

7 BAIRD (1972) 

In searching for the ideas upon which a theory of adaptability could be 
constructed, it is perhaps obvious to turn to the fields of game theory , 
system theory, and information theory, since we are dealing with complex 
systems and conce:rT1ed with questions of choice and uncertainty. A 
theoretical paper by Baird (1972), a psychologist, explored exactly this 
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territory in 1·el ating ideas of flexibility in planning to information 
theory. Despite the urban or regional scale which Baird discusses, the 
ideas seem equally suggestive of architectural applications. 

Baird states his problem in the following terms . A planner has to allocate 
a number of facilities to a number of sites, and, since some of the sites 
may be suitable for more than one type of facility, he has some degree of 
choice as to how he performs this allocation. The degree of choice is, 
in effect, the flexibility of the system. As soon as the planner decides 
that one facility should definitely go on a particular site, some choice 
is lost. Long-term plans are always affected by unexpected new circum
stances that arise, so it is implied that planners should be aware of the 
effect on flexibility of their decisions, and should try to retain flex
ibility. Baird remarks that the measure he proposed has nothing to do 
with the utility. or quality of allocations, only with their flexibility. 

By analogy it is suggested that in relating facilities to locations the 
planner is sending a message, and that the information content of' this 
message, which can be quantified with Shannon & Weaver's ''Mathematical 
theory of communication" ( 1949), 'measures the planner's choice. Most of 
Baird's paper discusses how the problem can be given the mathematical 
structure of. information theory, which relies on measuring the entropy 
of probability distributions. In fact the probability distributions 
proposed represent: 1) the variety of the sites, considered without 
reference to the facilities, and 2) the variety of the sites, considering 
their usefulness for the facilities. The second usually has lower 
variety and produces a probability distribution with lower entropy . The 
difference between the entropies of the two distributions is the planner ' s 
information, and the difference is zero if the variety of sites is not 
r educed when fac i lities are considered . This would appl y i f every facility 
could use every site : in this case there would be zero information and 
maximum fle xibility. On the other hand, if there were no variety at all 
left when fac ilit i es are consider ed , which would occur if t her e were only 
one location per facility, t hen the entropy of the second distribution 
would be zero, and t he di ffer enc e oetween t he fi rst a nd second ent ropies 
would be at a maxi mum: her e ther e would be maxi m,rn1 i nformation and no 
flexibility . The question of actually establ ishing probabi l i t y distributions 
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to encapsulate the relationship between facilities and sites is vital , 
but. is, Baird suggests, a. methodological problem independent of the 
theory. We have tried to follow up Baird's ideas, replacing the planning 
context of facilities and sites by the architectural one of activities 
and spaces, and this is discussed in Ch,9, s.8 below. 

Baird's paper is stimulating, for it seems, unlike studies of obsolescence, 
to attack the heart of adaptability, with appropriate ~nd powerful 
theoretical techniques. Its measure of flexibility is basically what 
we term loose-fit adaptability in this thesis. Detailed criticisms of 
parts of Baird's paper are not relevant at this stage: our major 
reservation is the us ~ of a single, all-encompassing entropy measure 
as the index of' adaptability, since e. single value itself contains rather 
little information and is hard to interpret. But, whilst modifying this 
and other aspects, we have continued to look at the problem of adaptability 
in Baird's light. 

8 ROBUSTNESS 

A further set of theoretical paper~ may be mentioned at this point. Gupta 
& Rosenhead ( 1968) proposed that a criterion called robustnes.s might 
replace optimality in evaluating solutio!1s to certain investment problems. 
"The maintenance of flexibility, as embodied in the concepts of robustness 
and stability, should have precedence over the pursuit of possibly illusory 
future advantages" (p ,329 ), Later Rosenhead, Elton & Gupta (1972) applied 
the criterion ·to the plant location problem . This is a variant of the 
layout problem (Ch.l, s.5,6) with the same mathematical structure , - the 
quadratic assignment formulation - applied at .an urban or regional scale. 
It deals with the optimum location of industrial plant and warehousing 
facilities so as to minimise the cost of transporting goods and raw 
materials. Normally there are several facilities and different amounts 
of movement between pairs. This is just as in the layout problem. 
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Rosenhead et al observe that there are often many good solutions to a 
plant location problem in addition to the optimum, with variations in 
performance that ar~ rendered nugatory by approximations or uncertainty 
in the problem data. Thus, unless the problem is unusually well-defined, 
the criterion of optimality 1s a poor basis for decision. They then note 
that a major plant location plan involving several facilities is normally 
built in stages, and new circumstances affecting the planned performance 
may well arise before the plan is completed. They propose that a criterion 
of robustness should be adopted, so that the effect of unforeseen future 
change will have the smallest likelihood of radically reducing efficiency. 
They state this principle algebraically: 

D = 

s = 

s. = 
l. 

§ -
~. = 

l. 

(d1 , d2 , .•• di •.. ) is a set of possible decisions to 
allocate a particular plant at a particular site 

the set of possible plans, allocating all plants to sites 
the set of possible plans incorporating decision d. 

l. 
the sul:lset of S of plans with satisfactory performance 
" " " s. " " II " l. 

,.. 
The robustness of decision d. 1.s n(S.)/n(S. ), where n(S.) is the number l. l. l. l. 
of elements in set . Si' etc.; that is, robustness of decision di is the 
proportion of plans containing d. that are acceptable. The most robust l. 
decision should be made first, and then at .the time in the future when 
a second decision has to be made, the problem information should be updated 
and the robustness of all possible second decisions evaluated; and the 
most robust carried out. In this way it 1.s intended that the plant 
location plan can be continually updated 1n the light of new information 
that was not available in the first instance. 

Now, the architectural layout problem is not sequential 1.n this way, for 
all activities have to be allocated simultaneously in a design. It might 
indeed be possible to make more sense out of the layout problem itself 
if one did consider the robustness of individual allocational decisions, 
thereby possibly overcoming critic{sms of the instability of solutions 
to the layout problem. This, however, 1.s not the lesson we wish to draw 
from the work of Rosenhead et al . In addition to their general exposition 
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of the difficulties of decision-making under uncertainty, they introduce 
the principle of exhaustive analysis of the set of alternative decisions 
subject to the extent of available knowledge. 

In a more recent paper Pye (1978) formalises the principle of robustness, 
and applies to it the information-theoretic measure of entropy, taking ' 
this as the measure of a decision-maker's uncertainty. This is just as 
in Bair.d's paper (s.7), and Pye refers to Baird's work, However, Pye's 
problem definition is strictly related to the sequential structure of 
a series of decisions, and is not therefore of direct value for us. 

9 CONCLUSION 

There are a number of lessons that we draw from the work reviewed in this 
chapter. How far do they move us· from the ill-defined model of adapt
ability that we introduced at the end of Chapter l? What we have called 
the designer's view, exemplified by the work of Lynch and Aylward, helps 
clarify the problem, although we wish to take an analytic view of the 
topic in this thesis, so the strategies proposed are not of immediate 
interest. The historical view, of Cowan and Nutt and others, introduces 
more substantial analytical tools, and introduces an altogether more 
theoretical approach. We wish to emulate their theoretical emphasis, 
whilst focusing less on the description of long-term pYocesses and more 
on the immediate uncertainty facing the designer. Baird, Rosenhead 
and others provide valuable indicators of the type of methodologies that 
might be appropriate to this problem. 

At this point we shall more particularly specify the problem we will 
go on to study. We are interested in adaptability that allows buildings 
to cope with activity change. We are not directly concerned with activity 
growth - although this could of course. be interpreted as a kind of change. 
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And we will concentrate on the adaptability of buildings that are static, 
and in one state. Thus we are not directly concerned with the physical 
alteration of buildings, and the great possibilities that offers for 
accommodating very diverse activities: we concentrate on the narrower 
r ange of possibilities inherent in a given building. Within these more 
precise definitions we now considerwhat practical desires for adaptability 
have been found in various building types. 

As yet we hardly have a well-defined model, let alone a solvable model, 
but we do have elements for such models. 
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CHAPTER 3 ADAPTABILITY AS AN EMPIRICAL OBJECTIVE 

1 INTRODUCTION 

. It is fair to say that the theory of adaptability has not broken the 
barrier of practicality. Concepts are often carefully, indeed subtly, 
discussed, but no solid principles have emerged that can stand alongside 
other ·criteria in the design process. This does not mean that adaptability • has not been influential in design: it has been , and was before any of 
the theoretical studies we reviewed in Ch.2, Intuitive strate~ies to 
maximise adaptability abound, and an ambition of this work is to make 
it possible to distinguish between myths and strategies of adaptability. 
Needless to say, the designer's task is not solely to generate maximum 
adaptability in his designs, but rather the degree of adaptability which 
is appropriate to the problem in hand. 

This chapter does not try to give an extended review of designs which 
have consciously or unconsciously been concerned with the question of 
adaptability, but will discuss designs sufficiently to indicate what 
objectives designers have been trying to achieve. Adaptable designs . 
are strategies with which to face uncertainty - uncertainty about the 
relationship between activities and spaces, either now or especially 
in the future. The actual types of activity change that designers guard 
against tell us implicitly what they believe to be variable aspects of 
the relationship, and will guide our search for a relevant and useful 
theory of adaptability. 
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2 ATTRIBUTES OF BUILDINGS 

Any characteristic of buildings that affects the ability to accommodate 
activities will affect adaptability. We have proposed (Fawcett , 19T6a) 
that in a general way the characteristics of spaces that determine the 
abi lity to accommodate activities can be ordered, beginning with coarse 
and permanent ones and moving on to detailed and changeable ones , in 
the followin_g sequence : 

structure spaces services fittings 

To be'able to function effectively, an activity requires accommodation 
with appropriate fittings, services, and spaces; and, implicitly , 
structure, Adaptability is affected, and if so desired it may be 
enhanced , by design decisions at each of the levels of. characteristics . 
They are not independent, for the succeeding characteristics tend to 
be constrained by those before. The sizes artd arrangement of spaces 
in a building are affected by the building structure; the distribution 
of services and semi-permanent installations is contrasted by the form 
of structure and spaces; and - to a lesser extent - the distribution 
of movable resources, fittings , and furniture are constrained by 
structure, spaces , and services. 

The level that is most import ant , that exer ts most leverage over the 
conveni ence of buildings, i s the one concerning spaces. Whilst the 
subdivision and arrangement of a building into spac es is constrained 
by structur e and overall envelope , it is also true that a building' s 
structure and envel ope cannot be des i gned without some conception of 
the appropriate spatial arrangement : will load- bearing walls be usable , 
or is a frame _neces sary; are short spans pos s ible , or ar e long spans 
needed ; will the building be highly subdivided , requiring a large 
per i meter for natural light . The effect of spatial de c isions on the 
level of services, and so on fittings, is clear. It is at the spatial 
l eve l that we shall most l y concent rate, as we believe it t o be the 
primary characteristic of building which determines wh~t activities can 
be accommodated, and which there f ore determines adaptability. 
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The same emphasis is corrnnon t o a discussion of programming buildings -
establ ishir.g the ac cormnociat ion needs of organisations. Duffy & 

Worthington (1977) describe a number of factors which relate organisations 
and designs: 

l. Patterns of growth 

2. Group size and spatial units 

3. The relationship between the parts 

4. The interface with the outside world 

5, The individual an.d the corporate whole. 

We have excluded .prob\ems of growth from our study; the topics of the 
interface and the individual relate to areas of detail design and p sychology 
which also lie outside our study; and therefore the questions of space 
sizing and arrangement are left as the controlling variables determining 
the compatibility of organisations and space, and therefore determining 
adaptability. In fact, as we have also restricted our analysis of spatial 
arrangement , our own analys is will focus on the question of group size 
and spatial units. 

3 THE MULTI-USE BOX 

Perhaps the purest strategy of adaptable architecture is the now familiar 
long-span, deep-plan , fully-serviced, single-storey box . This paradi gm 
can readily be interpreted in terms of our four-level hierarchy. Arguabl y, 
at each level · we mi ght see a single, increas ing variable gi ving greater 
freedom for activitie s and therefore to increasing adaptability. Thus, 
at the structural level, it could be suggeste?- that as we move from 
load-bearing walls to short- span frames to long-span frames we are 
increasing adapt ability. As we replace highl y articulated pl ans by 
simple rectangular ones, and repl ace permanent walls by movable ones, 
or by no walls at all, we do the same. Instituting all-over servicing 
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from a continuous ceiling void also contributes to adaptability, as does 
making all furniture and fittings mobile. The multi-purpose box thus 
appears to define itself, 

The underlying concept of the multi-purpose box is redundancy of 
provision. Such a strategy of redundancy normally has a cost penalty, 
and it would be useful to evaluate· the cost of the redundancy against 
the gain in adaptability - a test we cannot claim to be able to make . 

However, whilst it may with reservations be accepted that a building 
cannot be too highly serviced or too well equipped, it is not so obvious 
that ever larger structural bays and ever deeper plans are always 
desirable. That was the argument for burolandschaft office planning, at 
one time put forward as someth_ing of a panacea: "The building must allow 
for the close positioning on one w1di vided area of those groups connected 
by strong lines of communication" (H . J. Lorenzen, quoted by Duffy et 
al, 1976, p.63). But is the communications-intensive organisation the 
only possible type? "Are there not many cases of small groups of people 
working within close confines ... with little need for intensive 
communication? If there are, in fact , great variations in the type 
of work performed in office organisations, then there should be more 
interest in finding out about these kinds of work, and a priori assumptions 
should be avoided" ( Duffy et al, 1976, p . 63). 

If the larger range of activities implied here is taken into account, 
we find that no one pattern of subdivision and arrangement of spaces 
can cater for all needs . Duffy (1974, p.218) draws four plans which 
are appropriate to four different types of organisation : 
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• 'des ign' 

·rcse:uch · 

'clerical' 
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·corporate ht!adqu artcrs ' 

The multi-purpose shed, it might be argued, has movable walls and should 
therefore cope with all demands for spatial subdivision. Indeed, the 
diagrams illustrate different schedules within a given envelope; but 
let us take the analysis to a coarser scale and consider the ability 
of office envelopes to offer a variety of spatial schedules, that is, 
schedules of space sizes. Even the multi-purpose shed has an envelope . 
Duffy et al (1976, p .4S ) illustrate a number of shells, and, rather 
crude+y, attempt to assess the range of spatial schedules they can 
acconunodate . None can accommodate all possible schedules, and the 
deep, square plans are particularly weak in allowing for small cells. 
It is nevertheless true that there are organisations requiring such 
schedules: they are simply ignored in the burolandscha~ hypothesis. 

The issue here is to elucidate the objectives underlying adaptabl e 
designs, not to evaluate designs. In the design of offices it seems 
that designers have tried to allow for diverse · states of grouping of 
the workers, the objective of adaptability being to encompass as many 
states as possible, ranging from an organisation with many small working 
groups in individual rooms, to organisations with very large groups 
requiring unobstructed open space. No one design can cover the whole 
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range, and in particular cases the "target" of a design is a segment of 
the range, defined by the states of grouping that are expected to occur. 
The conventional wisdom is succinctly put by Poyner (1974, p.11): 
"Change is inevitable. Work groups grow and divide, new groups are 
created, some decrease and are dissolved or absorbed into other working 
groups. From time to time major changes take place in the organisational 
structure". 

We have only discussed the application of the multi-use box to office 
organisations, but similar considerations apply to other human organis-
ations for which it is proposed, like schools. In industrial applications 
different criteria may apply, but it is certain that the requirements 
of diverse users would in fact be diverse and conflicting. 
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4 DIVERSE ADAPTABILITIES 

The fact that adaptability is not a simple property that is maximised 
in the multi-purpose box is easily demonstrated. The building type, 
though , redundant, is not universally applicable, and we compare two 
office designs by the same architects that are very different but 
adaptable in different ways. 

The first is a multi-use box, the Willis Faber Dumas building by Foster 
Associates, housing the clerical activities of a single firm of insurance 
brokers. The office space is planned on two very large open floors, 
following the burolandschaft paradigm (for references to building see 
end of this chapter): 

0 25m 

. [iJ. 
~~ == I -~· 
·~r 

Building 1 

The second building is a multi-tenancy speculative office building at 
Hammersmith by Foster Associates. The objective here is to make it 
possible for space to be let to tenants in a great variety of sizes and 
configurations, and the continuous shallow band of space with four access 
points clearly offers great potential for this. There is cont inuity for 
large tenancies, but frequent points ~f access for small tenancies: 
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Building 2 

We do not accuse the architects of inconsistency: both designs are 
adaptable for their purposes, but the purposes are different and the 
designs differ . They are both , however, seeking a kind of adaptability, 
at different scales, that makes a building capable of accommodating a 
variety of states of activity grouping or subdivision: adaptability 
that offers many different ways of subdivi(ling the total floorspace . 

5 ADAPTABLE HOSPITALS 

A good deal of attention has been gi ven to the design of adaptable 
hospitals by Cowan, Weeks, and the f irm of Lleyellyn-Davies Forestier
Walker & Bor. Cowan's pioneering study of growth and change has been 
discussed above (ch.2, s. 4); in it Cowan discussed the general incidence 
of change as follows (1963, pp,59-60): 
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Alterations to the insides of buildings are very expensive, and it is necessary to discover the frequency of change within a building before we are sure it is worth making special provision. It is surprising how little internal rearrangement has occurred in buildings, even those built some time ago,,,, If human activities occurred in a completely free medium, spatial arrangement would be constantly shifting and" changing In our own more formal situations, the immediate environment is less dynamic. 

His emphasis, however, is on growth, which we have excluded from our 
analysis . A survey specifically devoted to the growth·or hospitals was 
later published (Cowan & Nicholson, 1965). This sought stable patterns 
of growth, and insofar as change was considered it was in the change of 
use of units of floorspace. These .kinds of change are relatively 
irreversible changes,9and once a space has been converted to its new 
use, that use can be expected to remain until another radical reorganis
ation occurs. The potential for such changes is determined to the 
characteristics of spaces, and the hierarchy structure-space-service
fittings. 

Weeks proposal (1964) for an indeterminate architecture attempts to 
offer a solution for the problems of growth and'change that Cowan 
identified: · the ·parts of indeterminate buildings have potential for 
growth, especially independent growth for different parts, and the 
parts are to some extent non-specific to particular functions. A 
feature of Weeks' model is the importance which is given to the circul
ation · system, connecting the parts'of the hospital. This aspect is 
developed in a later paper (Weeks, 1969), where multi-strategy buildings 
are advocated, being structured around well-defined linear or lattice 
circulation systems. This allows for growth by extending the lines of 
communication, but the implications on internal change are of more 
direct interest for us. The high and uniform level of accessibility 
between parts is coupled with a recommendation for uniform and highly 
serviced spaces, combine to maximise the potential .for rearranging uses 
within the building envelope, exchanging floorspace between existing or 
new users. "The building must provide space which is as non-specific 
as possible to allow re-siting for users and to constrain __ the choice 
of sites as l ittle as possible . The high accessibility characteristics 
of the communication lattice network minimises the difference between 
different parts of the complex" (1969, p. 537). 
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The potential for rearrangement of activities can be identified as 
Weeks' fundamental objective. The overall building form, as we have 
seen, contributes to it. Services and fittings are designed to be 
non-specific: " ••• All services are exposed; ... Everything is designed 
to be removable except the structure" (p . S~j) . What about the subdivision 
of space? This is our chief interest in this paper. 

Again we can return to Cowan, who made two observations (1963): considering 
the whole spectr1L~ of human activities, the number that can be accomplished 
in a room increases rapidly as room-size increases to about 200 ft 2 , 
but thereafter rises only slowly; and the distribution of room-sizes 
in hospitals shows a strong peak at around 200 ft 2 . 

~--,----;-

APPROX.NO.OF ACTIVITIES 
POSSIBLE IN ROOMS OF 
VARIOUS SIZE. 

I 
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Added to this is the observable fact that most activities have a wide 
margin of tolerance for the physical environment in which they take place. 
From these points it is concluded (Llewellyn-Davies et al, 1973, p.19) 
that "if the number of room-sizes in a building could be reduced, by 
compromising the functions slightly - some would take place in a space 
slightly too small , while others would have a little too much space -
then the interchangeability of functions would be increased". It is not 
clear that the strategy would materially contribute to its stated 
objective - if activities are not sensitive to room-s izes then the 
distribution of room-sizes is not important - but the objective is 
cl ear enough. Adaptabil ity derives f rom bei ng able to r earrange 
activi t ie s in many ways wi t h mi ni mal environmental change. 
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6 ADAPTABLE HOUSES 

Rabeneck, Sheppard & Town (1973, 1974) analysed adaptability in houses, 
describing many projects designed to enhance adaptability. They broadly 
classified the proposals under the headings of: mechanical flexibility -
everything can be changed; through provision for growth, vertically 
or horizontally; to spatial over-provision with greater resulting 
functional possibilities. The growth strategies are not strictly relevant 
to our study. Concerning the other two: _ "the choice between space and 
gadgetry ... cannot be avoided. At Parker Morris+ 10% (about 7% up on 
cost), considerable choice can be achieved using only conventional 
gadge~ry ... At Parker Morris + 20% ( about 14% up on cost) maximum 
choice can be achieved without resorting to purpose-made components" 
(1974, p.90). They recommended spatial over-provision, referring to 
"occupant choice through ambiguity" (1974, p.86), that is, allowing the 
occupant to use the dwelling on a variety of ways without resorting to 
spatial rearrangements. 

They refer to "maximum choice". What are the activity states from which 
the occupant of a house might wish to choose, and which Rabeneck et als' 
plans allow them to choose? By analogy ·with the case of offices we might 
expect them to consist of different states of grouping that occur within 
domestic life, and ·indeed there are variations here that a house must 
accommodate. When sleeping, for example, t.he family is split into many 
small groups, whereas at mealtimes everyone is together. When the family 
is entertaining larger groups than the family itself must be accommodated. 

Now, one of Le Corbusier' s Stuttgart houses aims to cope with these 
variations with moving walls, or "gadgetry" . Essentially the house 
offers two physical states, for day and for night, and it is clear that 
a larger house , with no gadgetry, could contain all the spatial elements 
of both states without having movable walls at all. In this sense the 
trade-off between gadgetry and space is clear . Some proposed gadget 
houses have more than two distinct states making the trade-off against 
space less tidy, but it seems fair to suggest that such a trade-off 
always exists . 
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Building 3 

It is not towards the question of states of grouping that Rabeneck et 
al direct their attention. The conventional house, against which they 
compare adaptable alternatives, is itself quite capable of accommodating 
all but the most extreme domestic states of grouping ( ver large groups, 
for example, cannot be accommodated, but neither can they be in the 
designs that Rabeneck et al go on to propose) . The type of adaptability 
that Weeks and others argue for in hospitals is much more relevant: 
the ability to rearrange activit:i,.es in many ways. The plans they illus
trate, and which they believe to be adaptable, tend to consist of a nwnber 
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Building 3 

It is not towards the question of states of grouping that Rabeneck et 
al direct their attention. The conventional house, against which they 
compare adapt able alternatives , is itself quite capable of accommodating 
all but ihe. most extreme domestic states of grouping ( ver large groups, 
for example, cannot be accommodated, but neither can they be in the 
designs that Rabeneck et al go on to propose) . The type of adaptability 
that Weeks and others argue for in hospitals is much more relevant : 
the ability to rearrange activit~es in many ways . The plans they illus
trat~, and which they believe to be adaptable, tend to consist of a number 
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of identical spaces, any of which can be used for any domestic activity. 
The spaces are highly interchangeable, and the furniture shown on the 
plans suggests that choice is exploited by reallocating substantially 
invariant activities (1974, p. 89 ). 

However , we can legitimately ask whether there is really more than one 
distinct way of using a house which has, say, four identical rooms: only 
if the relation between activities is important. But when these are 
taken into account Rabeneck et als' rooms are seen not to be altogether 
interchangeable; the location of the kitchen and bathroom tend to deter
mine the location of the dining room and a bedroom, at least. Neverthe
less, the plans do allow for a degree of zoning of activities in accordance 
with individual taste, and it is implied that adaptability is being 
measured by possible ways of allocating activities to spaces. 

7 ADAPTABLE SCHOOLS 

A typical exhortation about school building states that "the spaces must 
be adaptable not only to a present variety of uses, but also to the 

. changes that the future is bound to bring, sometimes suddenly, sometimes 
imperceptibly" (Ministry of Education, 1957), What might this mean? 

During the life of a school there will be educational change in the 
subjects taught and the manner of their teaching. In this study we are 
not. directly concerned with problems of growth and contraction, but with 
change. In practice, change in schools since t he war (up to now) has 
often been absorbed by sustained growth: new buildings supply the 
deficiencies in the existing. The changes that do concern us are those 
affecting the patterns of grouping and the system of timetabling. Time
tabling, as the name implies, organises teaching events in time, but in 
addition it usually allocates events to spaces as well. The two types 
of change - in grouping and allocation - are the same as we have encountered 
before . 



------ - ---------------, 

Schools have not been exempt from proposals for the multi-use box with 
all-over servicing, movable partitions, and long-span structure. The 
idea has been associated with school buildings since the Schools 
Construction Systems Development project of the mid-60's, and 1s illustrated 
by the following competition project : 
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Building 4 
The school is intended to cope with all demands for adaptability. The 
two plan states are arranged for different states of grouping; to 
change state requires physical alteration, so both states are not 
available simultaneously . It can be seen that many internal spaces 
occur when provision is made for small groups. The highly serviced 
nature of the space should allow choice in .the allocation of floorspace 
to different functions, but this again requires some physical alteration. 

There are,naturally, quite different views on the type of built-form 
that offers potential for adaptability. Stillman & Castle Cleary wrote 
in 1949: "Up to the outbreak of war in 1939 we were still trying , with 
but few exceptions, to compress these different activities into one 
building, one -mould . In the overwhelming majority of our existing schools 
quiet academic activities are carried on 1n rooms adjacent to t he noise 
of metalwork and carpentry, the smell of cook~ng, or the strains of musical 
practice. The individuality of such diverse activities ... has been 
denied expression and they have .been battened down willy-nilly into the 
same ill-adapted box". They believed the pressure for . compact and uniform 
built-forms derived from the architectural desire for monumentality and 
symmetry. 
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A symmetrical building, owing to the restrictive nature of 
symmetry, is normally too tightly planned to ad.,"llit of alteration 
and addition. On the other hand, in the separation of the 
component parts of the plan each unit can be allowed room for 
reasonable expansion. And if this dispersal of the units is 
coupled with an equally flexible form of construction a building 
can be obtained which can be readily adapted to future needs. 

The typical loose built-form that this implies can be illustrated by 
the (then) Ministry of Education Architects and Building Branch's 
Secondary School at Wokingham of 1952 (Building 5). Here the class
rooms are in a tower over the main entrance. 

Building 5 

Here the authors seem to advocate a degree of tight-fit of activities 
to spaces; they regard adaptability very much in terms of future change 
to the buildings, and this conflicts with our approach to adaptability . 
Their emphasis on the allocation of activities is with utility not 
adaptability . · 

The same component spaces as the Wokingham school's do not have to be 
planned with Wokingham's rambling layout - although more compact layout s 
may preclude some options for future grcwth, as pointed out by Weeks 
( s. 5). The spatial schedule of large schools, regardless of layout , 
has traditionally consisted of many similar classrooms with a few specialist 
rooms. In traditionally managed schools the activity pattern also 
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includes mc\.ny similar teaching events , with fairly uniform group s izes 
(the 30-pupil c l ass, f or example) and fairly uniform demands in terms of 
services and fittings. The instrument of management in these schools 
is the timetable, sometimes a fearsomely complicated affair . The 
timetabling problem is to divide the week's aggregate of activities into 
a chronological set of slices, and to allocate all the activities in 
each slice to suitable spaces. The difficulty of finding workable 
timetables with respect to time only has been discussed by Bullock (1974) , 
and the time dimension is the crucial one for the school manager to 
make work. The allocation to spaces has to play a supporting role -
the timetabler does not find that some of his time slices of events 
cannot be accommodated simultaneously , and since there are very many 
possible sets of simultaneous events it is necessary that the spaces 
must be adaptable to many such sets (Fawcett, 1976b), This adaptability 
is enhanced by a high degree of interchangeability between spaces, and 
must operate on a very short-term basis, with the use of each space 
varying several times a day: only the simplest "gadgetry" is therefore 
appropriate, and a completely static building (in the short term) is 
appropriate. Traditional school activities, therefore, require a large 
degree of interchangeability of spaces • . 

Innovation which began in primary schools and is diffusing into secondary 
schools has relaxed the rigidity of equal-~ized groups, which performed 
activities as a unit and which in general did not share pupils. Each 
pupil may now well conform to a similar overall allocation of his time
budget ·between different activities but within this overall expectation , 
group- size distribution is highly uncertain at any one time. In addition 
there has been a trend in timetabling practice, again most prominently 
in primary schools, towards relaxing the boundaries between teaching 
periods: whoie days or weeks may be treated as blocks of time with 
individual activities beginning and ending informally . These innovat i ons 
underlie a hypothesis, put forward by DES architects (Medd, 1968 ) , 
which proposes that schools should be composed of the widest possible 
variety of different spaces. He deplores the spatial monotony t hat 
results from the multi-purpose shed paradigm, and considers that the 
choice between identical spaces for activity location is nugatory. 
He proposes "built-in flexibility", which gives a wider range of potential 
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activities the chance of finding satisfactory accommodation. It seems 
that the hypothesis is rather tightly bound up with newer teaching 
methods, for it ignores the potential for rearrangement that is useful 
when formal timetabling is used. A school which tries to maximise the 
opportunities for'a variety of group-sizing and activity patterns by 
means of spatial variety is Eveline. Low Primary School by DES .Architects 
and Building Branch. 

Building 6 

Nooks and crannies, and alcoves opening off larger spaces are employed 
to generate ambiguity and multiusability of space, whilst minimising 
rigid spatial division. The form approximates to a long, attenuated 
space, which is substantially continuous and undivided. The plan 
approximates to a long-attenuated space, which is substantially 
continuous and_ undivided. The same characteristic can be achieved 
within quite different overall forms and with much less architectural 
articulation . The objective is to be adaptable to activity states 
that consist of different patterns of grouping wit hin a fairly static 
building . 

The management problem is radicall y different in primary and secondary 
schools . Of course, some primary schools retain the formal, timetabled 



structure , and some secondary schools are mov.1ng towards a more informal 
style . In higher education activities tend to be informally organised, 
but to consist of fairly stable patterns of grouping. Spaces for small 
teaching groups and offices predominate, together with some lecture 
theatres and larger spaces. Adaptability is not req_uired for short-term 
changes, but for longer term institutional development of the kind that 
Weeks' proposes (s ,5 ) for teaching hospitals, involving rearrangement 
of the use of space. This potential is lucidly expressed in the Pathf'oot 
building at Stirling University by Robert Matthew Johnson-Marshall 
(Building 7), which performed the complex function of accommodating 
new departments of the university as they were founded and before their 
permanent buildings were ready. It consists of many highly interchangeable 
spaces on a regular, highly connected grid. 
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Building 7 

It will be seen that this brief discussion of schools falls into three 
parts, the first illustrating secondary schools, the second primary 
schools, and the third higher education buildings. The adaptability 
req_uirements for primary schools and higher education seem relatively 
well defined, but secondary schools are more complex, and demand the 
balancing of different factors . 
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8 CONCLUSION 

We have studied adaptable design strategies for a number of building types, 
and argued that there is a useful degree of consistency in the way it is 
possible to describe the activity changes that they anticipate. We have 
certainly limited our analysis, but · have concentrated on what we believe 
to be the most fundamental issue - the spatial elements of a design. With 
respect to this factor, desires for adaptability can be interpreted as 
one or other , or a mixture, of two types: the desire for variety of 
grouping, or the desire for variety of allocation. Even if we can legit
imately reduce to these two broad types the objectives of designers, there 
will of course still be an unlimited number of applications to particular 
problems. We find it hard to envisage completely new bases for considering 
possible changes in the relationship between activities and spaces, other 
than those we have described, But any taxonomy is arbitrary, and there 
are normally finer, coarser, or different taxonomies. 

Whatever the circumstances of a particular problem it does seem that 
adaptability in the relationship between activities o.nd spaces can be 
exploited either by activity change, or by changing the matching of 
activities to spaces: either by organisational or allocational change. 
These do not of necessity rely on any physical alterations to spaces. 
However, any building can be modified, and ~uildings vary in the ease 
with which, and the range of states into which, they can be changed . 
Ultimately, by demolition and rebuilding, almost any transformation is 
possible. We prefer to discount the pandora's box opeped by physical 
change, and to consider the possibilities for organisational and allocational 
change offered by static buildings, or buildings in a given state . It 
is this problem, which we have now defined and given an intuitive substance, 
for which we wish to formulate a theoretical basis and mathematical 
analysis . 
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CHAPTER l.r A NEW THEORY CF ADAPTABILITY IN BUILDINGS 

1 INTRODUCTION 

We have shown that adaptability has been used in diffuse ways, but we 
have tried to analyse it with some degree of generality, and abstracted 
the essence from the circumstances of each instance. We find we are 
dealing with some of the fundamental properties of buildings which 
det ermine the relationship between activities and spaces. What, then, 
is the specific property adaptability? 

It is not based on new attributes, over and above those that determine 
the ability of spaces to accommodate activities, but is a reflection 
on those attributes themselves.• In the circumstances described by all 
these attributes, a statement about adaptability is a statement about 
a probability, namely, the probability that the proposition "this 
building will not become obsolete in the future" is true. 

The main postulate of this chapter is the probabilistic basis of adapt
ability. From this postulate we can judge what things reasonably can 
and cannot be said about adaptability, how it can be interpreted, and 
how it can be given a formal language and quantified. The last objectives 
are pursued in the remainder of the thesis. 
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2 PROBABILISTIC BASIS 

A statement about adaptability is a statement about a probability: namely, the probability that the proposition "this building will not become obsolete in the future" is true. Keynes (1921, p. 3) discusses this . . issue in general, and his comments can be directly related to the particular propositions and probabilities that concern us, about adaptability and buildings: All propositions a.re true or false; but the knowle'dge we have of them depends on circumstances; and while it is often convenient to speak of propositions as certain or probable, this expresses strictly a relationship in which they stand to a corpus of knowledge, 
ac:tual or hypothetical, and not a characteristic of the propositions 
in themselves •... To this extent, therefore, probability may be called subjective~ But in a sense important to logic, probability is not subject ive .•.. . When once the facts are given which determine 
our knowledge, what is probable or improbable in these circumstances 
has been fixed obj ectively, and is independent of our opinion. The theory of probability is logical, therefore, because it is concerned with the degree of belief which it is rational to entertain in given 
circumstances. 

The desi gner of a new building who is concerned with events in the future is obliged to take a subjective view of adaptability in Keynes' terms; and an individual who makes a statement about the adaptability of any building, new or existing, must refer to his state of belief. But how can a rational degree of belief be established or measured? What are the relevant facts which determine our knowledge, and how can we then fix objectively the probability they imply? It is difficult to borrow from the frequentist theory of probability, which says that the probability of an event occurring in a trial is gi ven by the frequency with which the event 02curs in a long series of trials, as when studying what may happen to a particular building we are concerned with a single event in the future. The frequentist theory is more ame.nable to those who take a historical view of building obsol escence, and Nutt et al. use exactly this principle when they survey many households and measure how many with a given attribut e are di ssat i sfied (Ch.2, s.5), Such information could be used to estimate the likely present response by the occupants of an unsurveyed house with the same att r i bute, but it says little about the future, unless we assume the future .will repeat the past. 

But a fundamental assumpt ion which motivates the search for adaptability is that things will cha::ige in the future, and in particular activities 
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will be different in the future from what they are now. Obsolescence in 
buildings occurs principally because of changes in activities, and it is 
indeed only this type of obsole scence that we have chosen to consider. 
As Lynch points out (Ch.2, s.2), if we could foresee activity change, or 
even that there would be no activity change, the need for generalised 
adaptability would not arise. Thus, if our state of knowledge were complete 
with respect to activities in the future then we would also be certain 
whether the proposition "this building will not become obsolete in the 
future" were true or false. When our state of knowledge of future activities 
is incomplete we must attempt to establish the corresponding probability 
of the statement's truth, and this will be a measure of adaptability. 

3 POSSIBLE ACTIVITIES 

Adaptability, then, is a subjective measure dependent on our knowledge 
or ignorance of future activities. The extent of our ignorance is reflected 
in the range of possibilities that we believe might come about . At one 
extreme, if we know nothing whatever about the demands that mi ght be made 
on a building in the future, then we imply t~at any demand of any kind could 
occur, and that no one of these demands is any more or any less expected 
than any other. In other cases a building may have an existing use, or 
for a new design the client may provide an exact description of its intended 
use, and in such cases there may be a sound basis for believing that these 
known activitie s will be sub ject only to minor change. Here our uncertainty 
is smaller, and the range of possible ·demands that we believe might be 
made on the buiiding is narrower . Ultimately, of course, when no activity 
change is thought possible, our uncertainty disappears and the range of 

_possible activities shrinks to the single known activity state. 

I t would seem perverse to call a building which a ccommodate s a s et of 
act i vi ties adaptable, on the grounds that we cannot conceive o f those 
act i vit ies ever changing. A mausol eum would, by thi s argument, qual i fy 
a s a highly adaptable bui l di ng. Although per verse, the reasoning is not 
incons i st ent, and it is certainly true that the mausol eum is sufficiently 
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adaptable, not being liable to obsolescence caused by activity change. 
There is, I think, no need to amend what we have said to eliminate this 
case. Whilst we have in effect enlarged the idea of adaptabil ity so that 
it can apply even to buildings which are not subject to activity change, 
it will nevertheless onl y be in cases where uncertainty is high that there 
will be any need to apply a model of adaptability; this corresponds to 
common usage which links adaptability with the incidence of change. The 
idea that some one-off, highly specialised, inflexible buildings are 
nevertheless sufficiently adaptable may sometimes relieve designers of 
unnecessary anxieties and clients of redundant expenditure. 

If the paradox is too disturbing, however, we can introduce another term -
well-adapted - and use this to describe buildings that we believe not to 
be subject to obsolescence due to activity change, when our uncertainty 
about activities is low. We can then reserve term adaptability for occasions 
when there is high uncertainty about activities. We do not believe that 
the extra term is necessary, and will not use it. 

An estimate of adaptability is dependent on a state of knowledge, but that 
state of knowledge may itself be speculative. We can propose future. 
scenarios describing different degrees and directions of activity change, 
and the estimates of a building's adaptability will vary for each one. 
What we say in the remainder of this chapter _with reference to cur state 
of knowledge of future activities could apply equally well to a scenario 
or hypothesis about future activities. To be able to draw any conclusions 
of value, · however, we have to have some · idea of whether, in the given state 
of knowledge, the scenarios are themselves probable or 1mprobable . 

4 QUANTIFIED ME_i\SUREMENT 

We define adaptability as the probability that a building will not become 
obsolete in the future, subject in our state of knowledge of future activities .. 
Keynes suggested (s.2) that, in a given state of knowledge, a probability 
should be objectively fixed. Ilut how, when our knowledge of future activities 



is uncertain, can our subjectively held estimate of a building's adaptability 
be established? We cannot test whether a building will become obsolete 
by reference to what actually happens to it in the future since we do not 
know: a workable measure must rely wholly on information available in the 
present . To paraphrase Shannon & Weaver (1949, p. 31): "The significant 
fact is that the actual activity state is one selected from a set of possible 
activity states. The system must be designed to operate for each possible 
selection, not just the one that will actually be chosen since this is 
lmknown at the time of design." (I substitute "activity state" for Shannon's 
"message"). If the number of activity states is finite, then the number 
that a building can accommodate is also finite, and this number or any . 
monotonic function of this number can be regarded as a measure of adaptability ii 

assuming that all choices are eq_ually likely. Where all activity states 
are not equally likely, the weights associated with states must be used 
instead of their number. 

The paraphrase is taken from Shannon's work on information theory, itself 
only one application of what Wiener (1954) called the "Gibbsian revolution" -
the view that systems have a finite munber of possible states, of which 
only one is at any one time the actual state. "If all ob.jects are given, 
then at the same time all 12ossible states of affairs are also given" 
(Wittgenstein, 1 921). This is: precisely the way in which we wish to analyse 
the adapability of buildings; despite its simplicity it has not, so far as 
I am aware, been developed before in this context. It offers a way of . . 
looking at activities and spaces that is inherently probabilistic, and is 
explicitly based on a state of knowledge represented by the set of possible 
activity states. 

It enables us to give a precise numerical value to the subjective probability 
that a building will not become obsolete, that is , the building's adaptability, so long as we can answer two q_uestions that immediately arise: 1) what is 
the set, or ensemble, of possible activity state~ that corresponds to our 
state of knowledge , and 2 ) how is it possible to determine which activity 
states can be accommodated by the building. These two q_uestions are discussed 
in the remainder of this chapt er. 

We can state the formulation algebraically. Suppose we wish to measure 
the adaptability of a building H, and our state of knowledge of possible 
activities is X. Then 
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and 

n(E/X) is the number of elements in the finite set E of all possible 
activity states which are compatible with our state 
of knowledge X 

n(E/HX) is the number of elements in the finite set of all possible 
activity states E which are compati~le with our 

state of knowledge X and which can be accommodated 
by the building H 

ad(H/X) is the adaptability of building H subject to our state of 

knowledge X, 

ad(H/X) . == 
n(E/HX) 
n(E/X) 

Where the elements of (E/X) are not all equally probable, but have weights 
associated, then we can write instead 

ad(H/X) ::: 
w(E/HX) 
w(E/X-) 

. 
Thus, in our model, adaptability is a ratio of two numbers, representing a 
probability. This ratio, based as it is on subjective estimates about 
possible activities; stands, we propose, as a meaningful measure .of a 
building's adaptability. 

5 ADAPTABILITY AND RELIABILITY 

We are attempting to measure something about a building which we call its 
adaptability, but it is not a fundamental property like its size, or location. 
It is the concept of reliability in engineering that is most clesely analogous 
to our concept of adaptability in architecture. 

It may be convenient to think of the reliability of a device as an intrinsic 
property of the device, but as Tribus (1 969, ch . 10) says, "at the present 
time it is not generally recognised that reliaoility is a property of our 
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state of knowledge about a device or a system, and not a property of the 

thing itself. It is truE; that a device does or does not function properly . 

However, when we inquire whether or not a device is reliable, we are asking 

for a statement of the knowledge about the device" (p.421). This seems to 

be the same as saying that an estimate of reliability is a statement about 

a device subject to our state of knowledge, for, in Keynes' terms (s.1), 

when we speak of .the probability of a proposition being true we are talking 

about the proposition even though what we say is dependent on our state of 

knowledge. Tribus thus follows Keynes' model of probability, and he quotes 

the NASA definition of reliability which identifies reliability with a 

probabil~ty (though NASA omits to refer to the subjective status of the 

probability). NASA define reliability as "the probability of a device 

performing adequately for the period of time intended under the operation 

conditions encountered" (Tribus, 1969, p.421). 

Let us .pursue a little further the analogy between engineering reliability 

and architectural adaptability. We can distinguish an engineering device 

from the environment in which it works (Simon , 1969, p.6). Thus, trivially, 

a steel beam is an engineering device, and the imposed load is its environ-. 
ment. Will the beam support its load? To answer this Question we must know : 

1) environment: the load that will be imposed, and 2) device : the strength 

of the beam. The first question relates to the environment , the second to 

intrinsic properties of the thing under consrderation . A measure of reli

ability for the beam depends on our state of knowledge of both aspects. 

Only if we have certain knowledge of both subjects can we know that the beam 

will or will not work: in other cases we can only give . an estimate - a 

probability - and this is the beam's reliability. In practice the engineer 

can usually answer the second question easily; he looks up the strength 

of the beam in .steel tables. Uncertainty is .much more likely to impinge 

on knowledge of the environment. An engineer, therefore, must take great 

care to estimate loadings, summing dead loads, live loads, wind loads , 

·etc. , before referring to the steel tables. 

Of the two questions that we raised at the end of the last section the 

first is about the environment of a problem, the second about the device : 

1) what are the possible activity states that might occur, and 2) which 

activity states can the building accommodate? We argue that the architect 
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who is concerned with adaptability, just like the engineer, must look most 

carefully at the environment of his problem - the possible activity states; 

and that he can expect to rely on well-established information about the 

intrinsic properties of the device - the building. A substantial part of 

this thesis consists of setting up precise combinatorial arrays of possible 

activity states. It is perhaps odd that so large a part of a work devoted 

to the measurement of a putative property of built form should be concerned 

with behavioural data . It is clear, however, that the problem of functional 

obsolescence arises from activity change, ahd any strategy to combat 

functional obsolescence cannot but rely on an analysis of activity change. 

The disfinction between the device and its environment is rather an 

arbitrary one - is the beam's bearing part of the environment or the beam 

itself'? - just as it is difficult to draw boundaries around any system. 

The load that the engineer's beam is designed to withstand would not actually 

exist unless there were a beam to withstand it, and nor can activity states 

exist without physical accommodation. The range of demands that people 

actually make on a building is affected in reality by the building upon 

which they are made. We hope that it is nevertheless reasonable to enumerate 

all possible activity states that might exist if there were no particular 

building in existence to impose limitations one way or another, and to 

treat this as an environment that is independent of the particular design 

being analysed . 

6 ADAPTABILITY AND RELIABILITY CONTINUED 

The general components of the analogy between reliability and adaptability 

can be illustrated for a beam and a building as follows: 
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Device 

Beam 

Building 

Environmental 
demand 

load 

expected 
activities 

Property of 
.device 

strength 

number, type and 
.size of spaces 

Probability of satis
factory operation 

reliability 

adaptability 

There is a significant difference between these two examples. In the case of the beam reliability derives from comparing the expected loads with beam strength, and strength is a simple attribute of beams which rises steadily with the. size of beams. For the case of the building there is no single, increasing property of buildings corresponding to beam strength, which could be compared to the environment in order to determine the probability of the building's success. Perhaps "adaptability" should stand 1n this position? (We place the word in inverted commas, as we now discuss an alternative definition to our own.) This has been assumed by most people who have used the term: they conceive of "adaptability" as being a property of particular types of spaces and buildings, and imply that buildings can be ranked with respect to this property "adaptability", .just as beams can be ranked by their strength. 

It is an untenable theory - the comparison of activity demands and buildings cannot be made with reference to a single, increasing attribute, say 
attribute X, Compare the matrices below, where ensembles of environmental demands are related to a variety of devices: a 1 indicates tha~ the device will perform satisfactorily for the demand, a O that it will not: 

Beams/loads 

devices 
environmental demands ~ 

Cl) 
~ p:; ~ '-:) 
Cl) Cl) 

~ p:; = p:; 
rlN 
(Y) 

(Y) ..:t ' ..:t >< X ~x X 
IJ'\ \0 t'- co 

10' span with 3 ton UDL 1 1 1 1 

5 ton 0 1 1 1 

'i' ton 0 0 1 1 

9 ton 0 0 0 1 
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Spaces/Activit ies 
devices 

s 
0 
0 
1-< s p.. 0 

0 Cl) 0 
0 ~ 8 1-< 

•r-i Cll Cll 
"O ~ +> Cll ::s 1-< CJ al 

environmental demands +> @ QJ rl 
::JJ rl CJ 

design work 1 0 0 0 

model making 1 1 0 0 

listening to lecture 0 0 1 1 

present.ing work 1 0 0 1 

In the case of beams both the devices and demands can be ranked, as in the 
matrix, with respect to their severity, and successful operation depends 
solely on the device being stronger than the load. But in the case of spaces 
we cannot rank devices and demands with respect to an attribute X such that 
successful operation falls into a simple pattern. In the example, the studio 
can accommodate more of the demands than any other space, but it does not 
possess more of some attribute X t~an, say, the workshop. The studio has 
many attributes and so does the workshop, but the studio is more adaptable 
in this example because of the range of environmental demands. Had we 
compared the spaces· with the range of expected demands of, for example, a 
metal fabrication firm rather than a school of architecture, we would no 
doubt have found the workshop more adaptable than the studio. 

It is futile to suggest that there are many different versions of . thi s 
attribute X, corresponding to different types of adaptability, for we find 
there are as many vers ions as there are enviro~~ents. When a particular 
range of activity states of'ten recurs, perhaps for a given organisational 
type, it may be conveni ent, al though dangerous, to say that buildings which 
are especially likel y to perform .well for those demands :possess adaptability 
of the particular type. Thus one might be led to talk about domestic 
adaptability, or hospital adaptability. This s:t1orthand is unconvincing, 
because the environment in any gi ven design problem usually cont a ins some 
unique features to reduce comparability : it is best to state the environ
ment in question; that is, to explic itly state what range of activity 
states is being used as the basis for a statement about adaptability . A 
limited typology of adaptability might also be introduced with respect to 
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different ways of descr i bi ng the ensembl e of poss i bl e act i viti es, and this 
i s what we attempt later. But at all times it should be remembered that 
adaptability is a contingent measure, and in cur analogy should be identified 
with reliability , not strength . 

7 FEASIBLE ACTIVITIES 

We now return to our own subject - adaptability in buildings - and to the 
two questions that must be answered in order to implement our proposal. 
These are: 1) what is the ensemble of activity states compatible with 
our state of knowledge - this is the environment of the problem; and 
2) which of these activity states can be accommodated by the building under 
examination - this relates to intrinsic properties of the building , For 
convenience we will consider the second of these questions now, and move 
on to the first question afterwards . 

A requirement of our approach is that we should be able to distinguish an 
element of the exhaustive ensemble of activity states which can be accommo
dated by the building under examination , from one which renders the building 
obsolete . It is , of course , difficult enough to say whether a given activity 
can take place in a given space in the pre sent , when a lot is known about 
a particular ca se . Furthermor e , in order to simply count the successful 
and unsucc e ssful cases , as descr i bed by Shannon ( s . 3 above) , we pr efer 
to have a binar y yes/no answer , and cannot so ea sily us e a f r action 
representing the likelihood that an activity can be ac commodated , or the 
degree of satisf action that could result . How do we proc eed? 

When we are consideri ng activity change i n t he futur e , we need not expect 
that ba s ic at omi c pr operties of t he relat ionship between act i vit ies and 
space s ( Ch . l , s . 3) will change . The space required fo r speci f i c act ivities, 
for exampl e, can reasonabl y be r egarded a s constant ; and to answer the 
question of whether the rooms in a ter rac ed house coul d in the futur e be 
used as offi ces, we can l egitimately use our exi st ing exper i ence of offic e 
activities' demands . I ndeed, the fact that we are prepared to project 
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atomic informa.tion in the future is a part of our present state of knowledge, 
which defines the ensemble of possible future activity states. And thus, 
if we think we know that some atomic parts of activities' requirements will 
qhange in the future, then we define a new ensemble of possible future 
activities ; or if we think they will change but do not know what they 
may become, then we must enlarge the relevant ensemble. 

The survey work on current building obsolescence by Nutt et al. (Ch , 2, 
s . 5) is therefore of great value for our proposed approach to adaptability, 
since it quantifies thresholds of obsolescence in the relationship between 
activities and spaces. These thresholds can be used to partition the 
ensemble of possible future activity states into successful and unsuccessful 
parts. The survey resul.ts from Nutt et al. emphasise the variability of 
human responses to physical accommodation; some people are apparently 
happy to carry on an activity in conditions that others would consider 
quite unsatisfactory. 0:ften,of course, people are unable to achieve a 
change in their circumstances even though they desire it, but here their 
desires can provide relevant information to supplement their observed 
behaviour. We do not wish to enter a discussion of the behavioural research 
necessary to establish the basic thresholds, but only to indicate their 
role in our own approach, 

We have, as we said, to be able to give a yes/no answer to the question "can 
these activities take place in these spaces?", for all elements of the 
ensemble of activity states and the building under consideration. The 
question must be answered consistently with reference to a set of precise 
rules, that is by an algorithm, and for problems of a realistic scale it 
must be done mechanically. A degree of imprecision in particular answers · 
need not be a major stumbling block, if the overall result gives a reliable 
indication of the proportion of the ensemble of possible activity states 
that the building will accommodate: for this is, essentially, our proposed 
measure of adaptability. Usually, indeed, we expect to use a measure of 
adaptability to compare the performance of altel'native designs, and for 
this purpose a reliable ranking of designs is all that is needed. 

Is it legitimate to ignore the utility associated with activity/space 
matches? We are proposing that all activity states in the relevant 
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ensemble are equally probable, or weighted for their probability of 
occurrence . It would be a further confusion subsequently to weight 
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activity states again by their utility . A consistent system of utility 
weights would also be far harder to establish, and, we feel, less likely 
to be reliable than simple yes/no thresholds of feasibility. Some sensi
tivity to considerations of utility can be achieved by testing adaptability 
with respect to different hypotheses .about the level at which the yes/no 
threshold should be set .. This will provide an array of measures of 
adaptability that reflect the different degrees of adaptability that could 
be expected with different levels of utilit¥, and this would also be applic
able to examining the effect of changing standards. Naturally, if utility 
or standards are lowered, adaptability will rise and if utility is increased , 
then adaptability will diminish. This approach is discussed in more detail 
in Ch,10, s, 8, 

The discussion of this section is already lengthy and could be greatly 
extended, Whereas in the previous section we argued that the ensemble 
of possible activitie s is a legitimate problem for the architectural 
researcher into adaptability, we feel that the problem of assessing the 
compatibility of given activities and spaces is peripheral to the question 
of adaptability , and we leave it for the attention of others. If, however , 
it were found that we are asking a question that cannot be answered, even 
approximately, then our approach would be in ruins, But if such basic 
information cannot be gathered, there can be little to be said about the 
convenience of buildings in any context. In·our own application of O'.ll' 

method we answer the question either trivially or arbitrarily . 

8 DEFINING POSSIBLE ACTIVITIES 

We now turn to the outstanding question that must be answered in order to 
apply our proposed measure of adaptability . What is the ensemble of 
possible activity states that is compatible with our state of knowledge ? 

Our present state of knowledge defines the range of possible activities 
against which we te st a desi gn 's adaptability. To formalise this principle 
in a workabl e model it is a primary r equi rement that our knowledge of fut ure 



events can be expressed as a finite number of distinct activity states. 
This set , or ensemble, of distinct activity states · must be exhaustive, 
subject to our state of knowledge. In order to create this manageable 
ensemble a great de ~l of radical simplification is necessary, for our 
knowledge of possible future activities, which might intuitively take the 
form of a continuous spectrum from one possible extreme to another, must 
be formulated as a precise combinatorial structure. This transformation, 
and simplification, corresponds to the development of an.ill-defined model 
into a well-de fined model ( Ch. 2, s .1) . 

The process of simplification can be achieved by putting activity states 
into equivalence classe~, defined with respect to a small number of relevant 
attributes which themselves have discrete values. It is .then possible to 
catalogue all possible combinations of attribute values, and establish the 
exhaustive ensemble of all possible activity states defined with respect 
to the chosen attributes, All real activities have numerous characteristics, 
and every activity is individually distinct from all others; in putting 
activities into equivalence classes information about many characteristics 
is thrown away and individuality is lost. Consider, for example, the 
occurrence of queues at a. supermarket checkout. There are many customers 
who use the supermarket, and the number of possible distinct queues 1s 
extremely large if the individuals in a queue are specified, If, however, 
we only consider the single attribute of queue length (measured. by the 
number of people), then all possible'queues fall into a small number of 
equivalence classes, of one-person queues, two-person queues, three-person 
queues , etc. This reduced, but more general, information would be relevant, 
for example, to the supermarket planner. Consider again the collection 
of goods each customer buys - it is unlikely that any two customers ever 
get exactly the same things. All collections can readily, · however, be put 
into two equivalence classes - up to £5 and over £5; or three equivalence 
classes - up to £5, £5-£10, and over £10; or any number of classes defined 
at will with respect to the single attribute of cost. Here we find t he 
exhaustive ensemble is more arbitrary than queue-length, as the attribute 
of cost, unlike queue length, does not inherently take on discrete values. 
Other ensembles may, in particular cases, be exhaustively enumerated without 
equivalence classes. For example, a holiday cottage may be shared between 
three families, and the exhaustive ensemble of possible occupants· cor.sists 
simply of those three families. 
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The activity ensembles that we elaborate later in the thesis are ones 
which ~ we hope, possess a high degree of generality , and therefore refer 
to rather general properties of built form. They are ensembles of activities 
defined with respect to the simplest of equivalence classes - namely group # 

size. Our general approach does not, of' course, preclude the existence of 
highly specific ensembles that apply ·to particular cases, defined by 
arbitrary equivalence classes or a priori explicit enumeration. In many 
cases it might be beyond the competence of the architect.to carry out the 
behavioural research involved in generating the rel evant ensemble. The 
substance of our approach to adaptability, though it relies on the ensemble 
of possible activity states, does not consist in any particular form of 
the ensemble. 

9 THE GIBBSIAN REVOLUTION 

Our approach to adaptability is a product ~f what Wiener (1954, :i:reface) called 
the Gibbsian revolution, a process of coming to terms, both conceptually 
and mathematically, with uncertainty and a contingent universe. At a 
conceptual level this shift of emphasis may be reflected in an attitude 
to architectural design that not only considers the supply of physical 
objects, that are so perfect that nothing can be added or taken away without 
harm in Alberti's Pareto-like criterion, but also takes account of activities 
that will occupy a building; and that then goes on to consider the possible 
futures of buildings and aciivities . Examples of projects that have adopted 
these ideas are discussed in Chapter 3, where we illustrate proposal s that 
have been consciously directed towards achieving adaptability. Adaptability 
is clearly an issue that can be placed in Gibbs' camp, indeed it is an 
almost childishly direct application: Wiener says that "Gibbs' innovation 
was to consider not one world, but all the worlds which are possible answers 
to a limited set of questions concerning our environment". 

The point of view has profound philosophical implications, and underlies 
the mathematical triumphs of statistical mechanics and information theory. 
Our own application, inspired initially by analogies from information theory, 
is more modest. We postulated the set of all possible activity states that 



are cons i st ent wit h our stat e of knowledge and , to use Wiener's phrase, 
these are determined by the questions that can be asked and answered about 
the activities . Thus an architect faced with the task of designing a new 
building attempt s t o gather as much information as he can about what exactly , 
i t will be used for, and he does this by a sking que stions . Some may be 
answered directly in his brief, some he can put to the client, and some 
he may be able to answer through his own research; the answers to other 
questions may be uncertain . If the enquiry is conducted .rigorously , 
every useful question must have a well-defined set of possible answers, 
and determining the answer to a question reduces the set of activities 
for which he must attempt to allow in his desi gn. Where a question cannot 
be answered, all the po.s ible answers to the question remain as possibilities 
to be taken into account , At the end of his enquiries the architect may 
be left with a mass of unanswered questions, and a state of knowledge that 
is uncertain and has associated with it a large and diverse set of possible 
activity states; or if his questions are mostly answered he will end up 
with a small ensemble of possible activity states .corresponding to a more 
certain state of knowledge . 

It is the conception that an ensemble of possible activity states corresponds 
to every state of knowledge that links · our own work with Gibbs. We do not 
attempt to apply the more specialised mathematics of statistical mechanics 
or information theory, with their own particular ensembles and measure s of 
entropy and so on . In this thesis we simply concentrate on defining 
ensembles , and establishing the number or weight of their elements . 

10 SYSTEMS THEORY 

The Gibbs i an propensity t o consider all possibilities can be contrasted 
with diff erent approaches. Von Bertal anffy (1968, Ch , 4 ) discus s es t wo 
styles of research in general systems theory; for use, by impl ication, 
in the study of natura l phenomena . The first, called empirico- deductive 
and used by von Bertal anffy hims elf, studies many examples of a phenomenon 
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and attempts to draw out general properties. The second, called deductive 
and adopted by Ashby, defines the constraints operating on the system of 
interest, and then considers in the abstract all possible phenomena that 
could conform to the constraints; the deductive researcher then studies 
his exhaustive population. 

We can suggest that the empirico-deductive line is taken, for example, by 
Nutt et al. (Ch . 2, s. 5) in their survey and analysis of obsolescence in 
housing stock. On the other hand, our approach described in this chapter 
follows the deductive line, in considering all possible activity states 
subject .to our state of knowledge. However, von Bertalanffy implied that 
the two approaches were alternatives for looking at the same phenomena, 
whereas we have already suggested (Ch.4, s.7) that Nutt et al. address 
rather a different problem from our own. We argued that the empirical 
work of Nutt et al. provides fairly certain pieces of atomic information, 
whereas we are considering the possibility of buildings being rendered 
obsolete by activity change about which we generally have uncertain 
knowledge. Work like that of Nutt et al. is important for relating the 
elements of the ensemble of possible activity states to the building . . under consideration, but is not in itself a viable way of studying 
functional obsolescence that occurs due to activity change. 

Unlike von Bertalanffy we are not, . of course, studying natural phenomena, 
but artificial ones (Simon, 1969): human activities and man-made buildings. 
They ar~se as a result of actual decisions, not natural laws (though 
subject to the constraints of natural laws) and they could always have 
been different. Simon remarks that (p.xi) "engineering, medicine, business, 
architecture and painting are concerned not with the necessary but with 
the contingent - not with how things are but with how they might be - in 
short , with design". Simon's attention, _though, is not directed so much 
at contingent possibilities in the envirorunent of a design problem, which 
are central to our study of designing for adaptability. He is observing 
that the design which is actually made is only one of many possible designs 
that might have been made, through the designer selecting between options 
open to him. What are the options open to the designer? All possible 
designs. 
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11 POSSIBLE DESIGNS 

Our model of adaptability applies to the examination of a single design 
in a given state of knowledge about activities. It is a straightforward 
extension to compare the adaptability of alternative designs with respect 
to the · same state of knowledge , by comparing them agains t the same ensemble 
of nossible activity states. For each design the result of applying the 
proposed method is a measure representing a probability. There· is no natural 
comparability between adaptabilities measured against different states of 
knowledge, nor need we expect that the ranking of designs with respect to 
one stat~ of knowledge would be preserved for another. 

For a given state of knowledge about activities we may wish to find the 
design that has the highest adaptability. It is the act of choosing between 
possible designs that Simon (s.9) identifies as the essence of architecture 
as a science of the artificial. Like the ensemble of possible activity 
states (s.8) the set of possible designs may be specified in various ways 
by equivalence classes, or by explicit enumeration. Examples readily 
present themselves : we consider them in the reverse order - beginning with . . the explicit enumeration of a set of alternative designs, say designs A, B 
and C for which comparison is required. Using arbitrary equivalence classes, 
the housing stock, for example, can be divided into pre-first war, interwar 
and post-second war types, using the single attribute of age. They could 
be classified into different arbitrary equivalence classes by cost, or by 
both at once : 

pre-first war 

inter wat 

post-second war 

0 
0 
0 

Lr\ 
c., 
V 

I 0 
00 0 
00 0 
00 .. 

0 
Lr\O rl 
c., rl c., 
~ /'v 

Other equivalence classes have a naturally combinatorial structure, for 
example the number of bedrooms in a house. More elaborate ways of defining 
all possible designs have concentrated on tpological attributes of building 
form and layout , in effect establ i shing equi valence classes with respect to 
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topological attributes . Steadman (1973) began the enumeration of all 
possible plans made up of rectangular spaces packed within a bounding 
rectangle; March and Matela (1974) enumerated all possible forms generated 
by arrangements of adjacent square cells - these are called polyominoes; 
V,arch and Earl (1977) enumerated all possible adjacency graphs of all 
possible plans. 

In this thesis, however, we concentrate on tbe principles for measuring the 
adaptability of a given plan, and the set of possible plans does not figure 
highly. Where it does arise we consider possible plans defined with respect 
to exactly the same attributes as the ensemble of possible activity states. 
The comparability of activity and space descriptions is essential: it is 
worthless to compare the adaptability of designs which differ in respect of 
some attribute, say elevational style, if it has no effect on the ability to 
accommodate activity states - which is perhaps determined by properties of 
plan. Whilst it is wasteful to consider redundant attributes of buildings 
when analysing their adaptability, it is altogether impossible to arrive 
at a measure of adaptability unless we are able to describe buildings with 
respect to the attributes that do determine which activity states can be 
accommodated. The selection of attributes used to describe activities and 
spaces is therefore of very great importance, and must be made jointly, for 
the sake of economy and efficiency. This applies both to the description of 
a given design and to the set of possible desi..gns. 

12 SI.MPLIFICATIONS 

We have so far set up, in rather general terms, a model of adaptability 
in buildings. It could be applied in diverse ways, but for this thesis 
we have developed rather par ticular and restrict ed forms . We will now 
explain some of the chief characteristics of our own applications of the 
pr inciples to the analysis of adaptability in buildings . 

A major simpl ification in our descr i ptions of act i vit y st at es and bui l ding 
designs, affecting the ensembles of possibl e activi ty states and nossible 
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plans, is that we have not considered interconnections between activities , 
nor connectivity between spaces. Thus we describe an activity state as a 
set of distinct activities, each one by implication requiring a separate 
space, without specifying which activities interact either positively or 
negatively . Thus, in a household we would list cooking and eating as 
activities, out without specifying the link between these activities. 
Similarly , we describe plans by the set of component spaces, without 
regard for adjacency, proximity or separation, and we would not take note 
of the fact that a kitchen and dining room are adjacent in one plan, but 
distant in another, This does not, of course, limit the amount of detail, 
of number of attributes, that can be taken into account in describing 
activities or spaces . 

This is a radical simplification, but we think that it is · reasonable to 
consider that the component spaces of a building are the primary determinant 
of the activities that can use it, and that the form of the building, whilst 
very important, is generally a subsidiary factor. A great difficulty is 
the actual description of activity and space connectivity . Spaces can , 
fairly well, be described by an adjacency graph, as in March and Earl's 
work (s.10), but this is hardly ade~uate for the activities in a large 
organisation, where a highly connected non-planar graph is quite likely 
to occur. However, the description of activity interaction by attaching 
a numerical value to every pair of activities, as is necessary for the 
quadratic assignment formulation (Ch .l, s. 5) is, we believe, very suspect. 
However, our basic approach, outlined in s .3, is unaffected by the addition 
of extra information about connectivities , but the particular techniques 
that we develop later in this thesis would require fairly drastic modification 
to cope with the extension. Their potential was explored by Ronalds (1975) 
in a diploma thesis, and also by Marsh (1976) in another diploma thesis. 

A second important restriction is that we have decided to apply to the 
description of buildings an assumption that spaces are static. We do not, 
therefore, take account of physical atlerations to buildings. Some workers 
have treated physical alteration as the heart of adaptability, but physical 
alteration is only required to accommodate activity change~, and it is 
therefore more satisfactory to measure adaptability against activity change. 
Physical alteration will of ~curse enlarge the adaptability of ahy building, 
by increasing the range of activity states that can be accommodated. 
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13 TIME AND SCALE 

How have we decided what to include in the ensemble of possible activity 
states? We said above (s .2 ) that the range of possible activity states 
is determined by our ignorance, but we never attempt to test a design against 
all conceivable activity patterns defined in precise detail. It would be 
worthless, for example, to consider whether a small house could accommodate 
the activities of a large hotel. That there is no universal platonic 
ensemble of all possible activities is fundamental: if there were, then 
we would be able to use it as the single common yardstick of adaptability. 
In fact, any ensemble that we can construct is limited in scope, and subject 
to constraint s. Within constraints the ensembles we construct can be 
exhaustive - in Wiener's words (s.8), ail possible answers to a limited 
set of questions. Constraints on the ensemble can be thought of as arising 
in two ways, from our knowledge or ignorance, or from the kind of information 
that we want the measure of adaptability to produce. This parallels the 
questions we can answer with more or less accuracy, and on the other hand 
the questions we choose to ask. 

Let us concentrate on the second factor - the questions we choose to ask 
and the kind of measure of adaptability we want. Consider the effect of 
time. The NASA definition of reliability (s.4) refers to a device functioning 
effectively "for the period of time intended". Our definition of adaptability 
(s.2) is based on the probability that a building will not become obsolete 
"in the future". Common sense demands that the probability of obsolescence 
will not be the same for next week as for next year, or for fifty years in 
the future. We must decide what we mean by the future and then cause this , 
together with our state of knowledge, to determine the ensemble of possible 
activity states against which we test adaptability. 

If we try to maintain the same degree of detail in describing activities, 
the ensemble of possible activities should grow ~s we project farther into 
the future, for our knowledge must get weaker. It is often reasonable, 
however, to describe distant act ivities in less detail, and this affects 
the ensemble and the measure of adaptability. For short-term adaptability 
we can describe activities and spaces in considerable detail, whereas for 
long-term analysis it may be appropriate to consider onl y a few gross 
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attributes of activities and spaces, for instance their size, number, and 
general type . Whilst the short-term approach produces a finegrained ensemble , 
it will probably be defined rather arbitrarily, for if many attributes of. 
activities are taken into account it is intractable to consider exhaustive 
ensembles; no:c will it be sensible to use a lot of detail unless the state 
of knowledge defines the actual activities in the ensemble pretty closely. 
The long-term approach, on the other hand, produces coarse-grained ensembles, 
which can more easily constitute exhaustive combinatorial structures, because 
we do not normally possess lmowledge to impose particular restrictions on 
which distant events are possible. The decision between short-term and 
long-term adaptability therefore parallels the decision between finely or 
coarseiy described activity ensembles . 

• 

We envisage that there would be limits to the degree of possible change 
for which our approach would be useful, and that it would be applicable 
to the analysis of an activity system that is expected to retain some 
fundamental continuity - the future, say, of school activities on a given 
site. If we allow for the kind of radical change that could occur if the · 
school were to close at some time in the distant future, then it is hard 
to set about constructing any sensible ensemble of possible future users . 
We would allow such distant events to remain beyond the horizon of our 
analysis, except at the coarsest level, and also accept that they carry 
little or no weight with the designer of today's stock. In effect, therefore, 
we do not expect to be able to say much about arbitrary and unforeseen 
changes in the use of buildings, concentrating on the adaptability of 
buildings for their given use types. 

Once the ensemble of possible activity states has been established it 
actually makes no difference whatever to the measure of adaptability 
when they are ~xpected to occur: perhaps the present or initial activity 
state is known and the ensemble consists of possible divergences from 
the known state , or they may all constitute possible demands on day one 
of a building's life . Thus our definition of adaptability does not have 
to be tied to chronology. It is more fundamentally a reflection of a state 
of uncertainty at a particular point in time, and the main component of 
this uncertainty normally arises from the unpredictability of future change . 
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Choices regarding the use of our approach have to be made with regard to 
the question of scale as well as time. Do we consider adaptability for 
possible future growth or shrinkage? We o~en find the two topics of 
growth and change coupled together, but in our own work we have limited 
our concern to change, and ignored growth. This is partly a consequence 
of our decision to ignore physical change.in buildings - for any significant 
growth results in the expansion of physical facilities. And on the other 
hand the omission acts as a further simplification, enabling us to arrive 
at well-defined and solvable models of adaptability, limited though their 
resulting range of application is. This is a trade-off which we are 
prepared to make. Thus, in this thesis, our activity ensembles are limited 
to those rearrangements that are compatible with our state of knowledge 
of an organisation of given size. 

We believe we now have a well-defined model of adaptability, or Bt least 
the specification for constructing well-defined models. It puts the 
problem in a particular way, but we may reasonably ask whether we have 
not specified what any rational man faced with a problem calling for 
adaptability would do anyway: consider all he knows about what might 
happen, and design for as broad 8:. range of possible demands as he can. 

Our model of adaptability allows every application to be freshly defined, 
in accordance with the prevailing ensemble of activities, We suggested 
(s.8), though, that there might be certain ensembles of possible activity 
states that do possess a degree of generality, and represent fairly 
typical applications of adaptability, which may correspond to general 
properties of buildings often sought by designers in a variety of circum
stances. The identification of such types of ensembles might move us 
onto firmer ground, by leading to general principles of adaptable designs . 
The firmness of this ground may easily prove deceptive; however, in the 
last chapter we tried to demonstrate that it is possible, with due circum
spection, to see that the projects and rationalisations of designers divide 
into reasonably consistent types, It is the analysis of these types from 
first principles that will form the substance of our thesis . 
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CHAPTER 5 ALL POSSIBLE ORGANISATIONS 

• 

1 INTRODUCTION 
• 

We have defined adaptability as a probability, measured by comparing 
a building with an ensemble of activity states. We now begin to explore . 
the mathematical elaboration of this postulate. We first establish 
the most elementary ensemble of activity states. 

Activities can be described in many ways, but one of the simplest is 
by number - the number of people involved. In addition to the total 
population involved, any organisation can be specified by the distinct 
sub-groups making it up, and the number of people in each group. We 
saw in Chapter 3 that this basic information is vital for architectural 
design. Furthermore it is precise and non-trivial and defines a finite 
number of possible organisations . It puts all possible organisations 
into a set of equivalence classes. 

It is a simplified representation, which can be defined in the following 
' ' .assumptions: 

1) An organisation has a fixed finite population. The population is 
divided into groups, described by a set-membership relation 
(Atkin , 1974 , 9h, 1) . No individual can be a member of more than 
one group ~ Empty group s are discounted . 

2) Ther e are no assoc i at ions or rel at i ons between groups - the sub
divi sion into groups is the only struct ure in t he population . 
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3) All attributes of' individuals and groups are i gnored: the onl y 
property of a group is the number of individuals in it , and all 
individuals are indistinguishable. 

4) There is no prior information about group formation . Behaviour 
is random and no states of grouping are excluded. Any individual 
is equally likely to be in a group with any other individual. 

As our analysis develops the restrictions imposed by some of these 
assumptions will be relaxed. 

2 SCHEDULES OF A POPULATION 

We suggest that the organisation of a population can be described by 
its component groups, which we call its schedule of groups. A given pop
ulation can adopt a finite number of different schedules, the following 
table, for example, lists the five possible schedules of a population of 
4: 

i) one group of 4 

ii) one group of 3, one of l 

iii) t wo groups of 2 

iv) one group of 2, two of l 

v) four groups of 1 

.Here the schedules are just listed in lexicographic order . This is an 
easy order in which to generate the schedules for a population of any 
size. The schedules for a population of 6 are similar l y listed in the 
following table; this is an exhaustive list - there are no other ways 
the population can be organised into groups: 
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i) 6 

ii) 5, 1 

iii) 4, 2 

iv) 4, 1, 1 

v) 
. 

3, 3 

vi) 3, 2, 1 

vii) 3, 1, 1 1 ..... , 
viii) 2, 2, 2 

ix) 2, 2, 1, 1 

x) 2, 1, 1, 1, 1 

xi) 1, 1, 1, 1, l 
' 

1 

• 
The number of schedules rises rapidly as the population increases. The 
schedules associated with populations from 1 to 10 and for 15 are listed 
in Appendix Bl. For 10 there are 42 schedules, for 45 there are 176 
schedules, for 20 there are 627 schedules. Tomescu (1975, p.65) quotes 
an asymptotic evaluation of the number, P(N), of schedules associated 
with a population N, or partitions of the integer N: 

In P(N) z /
2: - ln (4N/3) • 

For N = 100, P(N) "' 199,280,893,3 

N - 1000, P(N) "' 2.440 E 31 

Although it is an easy order in which to generate the schedule, lexico
graphic order does little to clarify the properties of the schedules. 
Consider their intrinsic properties - the number of groups - or the 
dispersion of group sites: for no purpose does the lexicographic order 
arrange the schedules usefully. Nor, indeed, would any other arrangement 
of the schedules in a row . 
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3 ADJACENT SCHEDULES 

We now introduce a new way of representing the schedules of a population, 
which clarifies the properties we are interested in. 

When a population of six is partitioned into the following schedule 

3, 2,l 

it only requires one individual to move from the group of 3 to the group 
of 1 to form a new schedule 

2,2,2. 

We can say that the schedules are adjacent, and this clearly reflects the 
fact that the two schedules have some similarity of structure. By this 
definition a schedule can be adjacent to several other schedules. Thus 
the schedule 

is adjacent to 

3,2 ,1 

4,2 

4,1,1 

3, 3 

3,1 ,1,1 

2,2,2 

2 , 2 ,1 ,1 

A schedule is transformed into an adjacent schedule by one individual 
changing groups, and this includes the possibility that the individual 
forms a new s ingleton group; or that an individual formerly in a 
singleton group Joins another group , In the former case the number of 
groups in the schedule is increased, and in the latter decreased . 

We can draw a diagram of the set .of schedules, in which adjacent schedules 
are joined; the schedule which has the whole population in one group 
is at the top, and the schedule which has as many singleton groups as 
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there are members of the population 1s at the bottom. For a population 
of six the diagram is: 

6 • 

5, 1 

~4,2 

/~ 3,1,1,1 ~/,2,2,2 

. /. 2,2, 1, 1 

2 , 1 , 1 , 1 , 1 ./ · 

1,1,1,1,1,1 • 

Using the relation "adjacency" defined above , we can establish a partial 
ordering on the lattice and determine that the diagram is a lattice. 
See Appendix Al , 

4 CONJUGATE SCHEDULES 

There is a symmetry 1n the lattice , as can readily be seen from the 
Ferrers diagrams of the schedules (Tomescu , 1975 , p.65). The Ferrer:£ 
diagram contains rows of cells , the number of cells in a row corresponding 
to the size of the group . The groups are ordered, as has been done above, 
1n descending order of size. Thus the partition 
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4,1,1 

has the Ferrers diagram 

4 

1 

1 

Now, we can read the columns of the Ferrers graph as the sizes of groups 
in a different schedule, and from the diagram above we get 

3 1 1 1 

This gives a conjugate schedule 

3,1 ,1,l. 

Every Ferrers diagram represents a conjugate pair of schedules, except 
for those that are self-conjugate, for example 

3 

2 

1 

3 2 l 

If two schedules are adjacent , then so, clearly, are their conjugates 
and the lattice of schedules falls into two conjugate parts with identical 
structure, sep~rated by the self-conjugate schedules. For the lattice 
of a population of six the conjugate parts can be joined and a dashed 
line drawn where the two parts of the lattice are separated. This line 
can be interpreted as an axis of rotation, around which the conjugate 
parts of the graph map into each other. The plain lattice is drawn 
beside the diagram of conjugate parts to aid comparison. 
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6 • 

5, 1 

· ~ .. 4,2 

4, 1 , 1 

>~ .~/.2,2,2 

/. 2 ,_2, 1 , 1 . 

• 

3,1,1,1 

2,1,1,1,1 

1,1,1,1,1,i • 

This rotational symmetry exists in the lattice of schedules of population 
of any size. 

5 THE NUMBER AND DISPERSION OF GROUPS IN A SCHEDULE 

The lattice of schedules, unlike the lexicographic order, is well-behaved 
in that similar schedules are close to each other. Some intrinsic prop
erties of the schedules are reflected in the lattice , for example, all 
schedules with equal numbers of groups fall into bands: 

Bi 

1 
I 



We can note that the sum of squares of group sizes is lower for schedules 
lower in the lattice. Compare two schedules: 

A) 

B) 

3,2,1 

4,1,1 

The sum of squares of group sizes are 

A) 9 + 4 + 1 14 

B) 16 + 1 + 1 = 18 

Schedule (A) has a lower sum. of squares of group sizes and is placed 
lower in the lattice than (B) . 
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6 A LARGER EXAMPLE 

There is a lattice of possible organisations for any population, however 
large. The lattice for a population of 10 is shown below, and the lattices 
for all populations from 1 to 10 are shown in Appendix Bl. The lattice 
of 10, unlike that for a population of 6, is no longer two-dimensional . 
The number of dimensions required to realise a lattice seems to be 
determined by the munber of neighbours adjacent to ·the most highly 
connected schedule. This schedule always occurs on the axis of rotation . 
For a population of 6 it is the schedule 3,2,1 with six nei ghbours, which 
can be drawn in two dimensions. For a population greater than 6 three 
dimensions are required, up to a population of 10 , whose most highly 
connected schedule 4,3,2,1 has twelve nei ghbours . Above a population 
of 10 four dimensions are required, up to population 15 with schedule 
5 , 4 ,.3 ,2 ,1 and so on. Thus the number of dimensions of the lattice 
increases as the population increases (see overleaf, p.84) . 

7 AC'I'IVITY MICROSTATES 

We have seen that a given population can adopt a number of different 
schedules. Furthermore, a population of distinct individuals can adopt 
the same schedule in many different ways. For example·, a population 
of four individuals (a,b,c,d) can be partitioned into five distinct 
schedules. These are shown below, together with the exhaustive list of 
the ways that the individuals can form the schedules; these may be called 
the microstates of the population: (see ·p 85) 
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tl.1.1.1,1,1,1,1,1. 
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i one group of 4 a,b,c,d 

ii one group of 3, one of 1 a,b,c d 
a,b,d C 

a,c,d b 
b,c,d a 

iii two groups of 2 a,b c,d 
a,c b,d 
a,d b,c 

i V one group of 2, two of 1 a,b C d 
a,c b d 
a,o b C 
b,c a d 
b,d a C 

c,d a b 

V four groups of 1 a b C d 

Looking back at our assumptions given in s. l , we see that our analysis 
of activities concentrates on the organisation of individuals into 
groups. It is therefore the micrcstates of the population that are of 
fundamental importance, and constitute the elements of the ensemble of 
possible activity states that are defined by the assumptions. The 
schedules are simply convenient ways of grouping activity states with 
the same structure of group sizes. For the population of 4, then, we 
have an exhaustive ensemble of a possible states of grouping with 15 
elements . 

8 MICROSTATES ASSOCIATED WITH SCHEDULES 

A general expression can be derived which establishes the number of 
microstat es associated with any schedule of groups. Consider a popula.t ion 
N partitioned i nto a schedule with Q groups, where the size of t he j th 
group i s n. ( j = 1, 2, •.. , Q) ; I. 

J J 
schedule of s ize r is q (r = 1 , 2, r 

n . = N. 
J ... , N) . 

The number of groups in the 

The number of microstates 



W associated with the schedule is given by 

w N! 1 = 
Q N 

TI n. ! TI q ! j=l J r=l r 
., 

This can be rewritten 

w = N! 

The derivation is given in Appendix A2. 

• 
We can illustrate this with a simple example. Consider the population 
of 4 divided into one group of 2, and two groups of 1. Then 

N = 4 

Q = 3 

ql = 2 

q2 = l 

q3 = 0 

q4 = 0 

and 

4! 24 
6 w = = - = (1! )2 ( 2! )1 ( 3 ! ) 0 ( 4 ! ) 0 .. (2! )(1! )(O! )(O!) 4 

as shown in the table above. 

86 



9 PROBABILISTIC ANALYSIS 

The above analysis can cope with any particular schedule of any population, 
and say how many associated microstates exist. If we know nothing of 
the likel y behaviour of a population, then we must regard any microstates 
as equally likely to occur , and the . number of microstates associated 
with the different schedules of the population can be interpreted as a 
measure of the likelihood of the schedules occurring . When we wish to 
predict rather than analyse the partitioning of a population, we can 
compare the possible schedules and their associated microstates. 

How are the associated microstates distributed across the possible 
schedules of a populaticn? Consider the schedules and associated micro
states of a population of 6 individuals: 

Schedule Number of associated microstates 

l. 6 1 
ii 5 ,1 6 

iii 4,2 15 
l. V 4,1,1 15 

V 3,3 10 
Vl. 3 , 2 , 1 60 

vii 3 ,1 ,1 ,1 20 
Vl. l. l. 2 , 2,2 15 

l.X 2,2,1,1 45 
X 2 ,1,1,1,1 15 

xi 1,1,1,1,1,1 1 

Total 11 203 

The distribution is obviously uneven , but the pattern of di stribution 
is not very cl ear. In general it is intuitively reasonable, in that 
t he more probable schedule s contain a mixture of medium-sized groups, 
whereas the schedules with very l arge or very small groups are less 
probable. 

The schedules are listed in lexicographic order, but when the number of 
associated microstates are marked on the lattice of schedules they form 
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a coherent pattern . If the numbers of associated microstates are regarded 
as contours, or spot heights, then the lattice is like a hill with a single 
peak that can be approached from any direction: 

1 • 

6 • 

~- 15 
15./j~-10 

j~~ 20/~.15 
·~-~ 
15./ . 

1 • 

The same can be .done with larger populations. The number of microstates 
associated with the schedules of a popuiation of 10 are shown below. 
In this case there are four adjacent schedules which share the highest 

value . The peak of the hill is located , as is typical, slightly below 
the axis of rotation. 
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,. 
The numbers of microstates associated with all schedules of populations 
from l to 10 and 15 are shown in Appendix Bl, together with the lattices 
of schedules for these populations. 

The lattice it self cannot be drawn for large populations, but we belie're 
the characteristic single peak still applies . In some examples there 
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are in fact two discrete schedules that share the highest nwnber of 
associated microstates, for example the population 15 has the schedules 
4,3,3,2,2,1 and 4,3,2,2,2,1,1. These schedules, like the four highest 
schedules of a population of' 10, are adjacent. For a population of 20 
we find two highest schedules, 5,4,3,3,2,2,1 and 5,4,3,2,2,2,1,1, again 
adjacent. 

10 HILL CLIMBING 

We suggest that, for a known population and in the absence of any other 
knowledge, the probability of a schedule. occurring is proportional to 
its number of associated microstates. To predict the most probable 
schedule we have to find the schedule with the highest number of 
associated microstates, and this will be the schedule (or schedules) 
at the "swnmit" of the lattice. The schedules in the region around this 
summit will constitute the most probable region, which is of interest 
for more generalised predictions. 

Since the peak of the hill can be reached from any direction, it is 
straightforward to write a hill-climbing algorithm which will move up 
the lattice link by link; it is only necessary to specify an arbitrary 
starting schedule for the population under consideration. The algorithm 
we have used proceeds as follows: it is at a schedule, either the 
starting schedule or one that has been reached from a previous step; 
it considers each adjacent schedule in turn in a regular manner until 
it finds one with more associated microstates, when it changes to tnat 
schedule, and begins again until no adjacent schedules have more micro
states, when it has reached a l ocal optimwn; then it searches to see 
if any adjacent schedules have an equal nu.11ber of microstates, in which 
case it tests the schedules adjacent to these schedules; if no schedule 
with more microstates is then found the search terminates. It is not known 
whether the local optimum is necessarily the global optimum; there does 
not seem to be any reason to believe that there is more than one peak 
on the lattice, but it may be possible for plateaus of equal schedule 
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to cause the algorithm to stop the search too soon; The plateau search 
around local optima could be e:,,.-tended to try and cover this possibility . 

We can apply the algorithm with the population of six beginning, say, 
with the following schedule 

2,1,1,1,1. 

In the algorithm, however, it is more convenient to use notation similar 
to that used in s.8, where a schedule of population N is described as 
{qr}, r = 1,2,3, ,,, , N, where qr is the number of groups of size r in 
the sc~edule. Thus in thi~ compact format the schedule 2,1,l,l, l is 

·written 

SIZE 

SCHEDULE 

1 

4 

2 3 

1 0 

4 

0 

5 

0 

6 

0 

The output from the algorithm is as follows: it is a sequence of 
schedules where each succeeding one is adjacent to the one before, and 
has more associated microstates than the one before. The more intuitive 
notation is added in brackets . 

SIZE 1 2 3 4 5 6 
SCHEDULE 4 1 0 0 0 0 (2,1,1,1,1) 

2 2 0 0 0 0 (2,2,1.1 
1 1 1 0 0 0 (3,2,1 

LOCAL OPTIMUM 

NO HIGHER SCHEDULE FOUND. 

The route can be illustrated on the lattice itself, where the nodes 
are labelled in the intuitive format : 
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6 l 
5, 1 

·K4.2 
4,1,1 /~.3,3 
~L 

3,1,1,1 ~t~,2,2,2 

~-~,1 

2,1,1,1,1 -~ 

1,1,1,1,1,1 • 

It is straightforward to constrain the program to search through only 
those schedules with a given number of groups, if this information is 
known . 

11 COMPARING ADJACENT SCHEDULES 

At each stage in the lattice-searching algorith..~ the number of micro 
states associated with a schedule is being compared to those of an 
adjacent schedule, and it is only of interest to know whether the 
difference is positive or negative. It is not necessary to know the 
actual number of microstates associated with each schedule, nor, in 
general, the size of the difference . This allows great savings in 
computation and enables the algorithm to be applied to far larger popul
ations than would otherwise be possible. 
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Suppose we have a schedul e (1) and wi sh to compare it with an adjacent 
schedule (2). Since they are adjacent, they only differ in that one 
individual has changed groups. Using the compact format we can w~ite 
out the pair of adjacent schedules: 

SIZE 1 2 (i-1) · i ... J (j +l) 
SCHEDULE ( 1) ql q2 qi-1 q. q. qj+l l J 

(2) ql q2 (q. 1 . i-
+ 1) -(q . -1) 

l 
(q.-1) 

J 
(q. 1+1) J+ 

The individual has moved from a group of size i to one of size j; we 
assume.that qi> 0 and qj > O; i j j+l; Er rqr = N, 

Let w1 and w
2 

be the numbers of associated microstates . From s.8 

w 

Thus 

Hence 

= 

= 

= 

N! 

q ! r 

N! 

ql q2 ("-l')qi~l(.')qi (" ' )qj(. l')qj+l {(1!) (2!) .•• l, i. .. , J, J+, 

... q.! q . l! 
J J+ ' .. } 

N! 
ql q9 q · -1+1 q.-1 {(l!) (2 ! ) ~ ... (i-1 ! ) l (i ! ) l 

q . -1 
(j ! ) J 

}x 

( qi -1 + l ) ! · ( qi - l ) ! ' ' . 

. (q .-1)! (q . l+l )! ... } . J J + . 

l = 
j+l (q . l+l)(i:1. l+l) i- "'J+ 
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The ratio represents the gradient of the link; if it lS positive the 
algorithm moves to schedule 2. This comparison lS easy, whatever the 
size of the populations. With large populations, nevertheless, the 
number of schedules adjacent to a schedule increases rapidly and the 
difference in associated microstates decreases, so the amount of searching 
at each step increases tremendously .. There are also many more paths, 
some rather indirect, between an arbitrary starting schedule and the 
peak of the lattice . It is clearly impor\ant to choose an efficient 
starting point for the lattice search, Two different hill-climbing 
routes are illustrated for a population of 80: 

SIZE 1 2 3 4 5 6 7 8 9 10 
SCHEDULE 30 10 3 2 0 1 1 0 0 0 

I 
I 

29 1 3 2 0 2 0 0 0 0 I 
28 12 3 2 1 1 0 0 0 0 
27 13 3 2 2 0 0 0 0 0 

50 intermediate schedules 

3 8 7 6 2 1 0 0 0 0 
4 6 8 6 2 1 0 0 0 0 
4 7 7 5 3 1 0 0 0 0 

3 6 8 5 3 1 0 0 0 0 
LOCAL OPTIMUM 

4 5 7 6 3 1 0 0 0 0 
4 6 6 5 4 1 0 0 0 0 

3 5 7 5 4 1 0 0 0. 0 

3 6 6 5 3 2 0 0 0 0 
LOCAL OPTIMUM 

NO HIGHER SCHEDULE FOUND 

SIZE 1 2 3 4 5 6 7 8 9 10 
SCHEDULE 4 7 5 5 3 2 0 0 0 0 

'I 
4 6 6 5 4 1 0 0 0 0 
3 5 7 5 4 1 0 0 0 0 

3 6 6 5 3 2 0 0 0 ·o 
LOCAL OPTIMUM 

NO HIGHER SCHEDULE FOUND 



For a population of, say, J.600, it is necessary to begin the lattice 

search very close to the most probable schedule. This problem is 

di scussed in the next chapter • 

• 

95 



For a population of , say, 1600, it is necessary to begin the lattice 

search very close to the most probable schedule . This problem is 

discussed in the naxt chapter . 

• 
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CH.APTER 6 CONTINUOUS .ANALYSIS OF GROUP SIZING 

1 INTRODUCTION 

In the previous chapter our analysis of possible organisations as defined 
by thei~ pattern of grouping was wholly treated as a problem of discrete 
mathematics. All microstates and schedules contain integer numbers of 
groups, and all groups contain integer numbers of individuals. The lattice 
is an inherently discrete structure . In order to find approximations to 
the results of the discrete lattice-searching program, which becomes 
excessively cu.'T!bersome in large problems, we consider in this chapter 
relaxing the requirement that the numbers of groups of different sizes 
must take on integer values. We still require that the sizesof groups 
take integer values, but their numbers are treated as a continuous variable . 

2 THE EXPECTED GROUP SIZE DISTRIBUTION 

The discrete schedules and associated microstates of population of 4 
individuals are (as in Ch,5, s , 7) : 
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~i One group of 4 a,b,c , d 

11 One group of 3 , one of 1 a,b , c d 
a,b,d C 

a,c,d b 
b,a,d a 

# 

i i i Two groups of 2 a ,b c,d 
a ,c · b,d 
a , d b,c 

1V One group of 2, two of 1 a,b C • d 
a,c b d 
a , d b C 

b,c a d 
b,d a C 

c,d a b 

V Four groups of 1 a b C d 

In total there are 15 microstates . These can be considered as the 
ensemble of all possible states of the system (cf, Gibbs' statistical 
mechanics, discussed in Appendix 2 of Wilson 1970). The expected state 
of grouping of the system can be thought of as the average over all the 
15 states of the ensemble . The following table shows the groups in the 
ensemble of microstates , the average of these which is the expected 
state : 

Ensemble of Expected 
15 micr ostat es state 

Q = Number of groups 37 2 . 4667 

ql = No of groups of size l 20 l. 3333 

q2 = No of groups of si ze 2 12 o.8 
q3 = No of groups of size 3 4 0 . 26667 

q4 = No of group s of s ize 4 l 0 . 06667 

As can be seen, i n the expected state the n1Lmbers of groups of different 
sizes take non-integer val ues . The expected state is not quite the same 
as any of the possibl e discrete schedules of the system, but it does -
rather crudely in this smal l example - approximate to the group size 
distribution of the most probabl e discrete schedul e, The fol l owing tabl e 
gi ves a slightly larger example, for the 203 microst at es of a population 
of 6. 
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Ensemble of Expected 
203 microstates state 

Q = Number of groups 674 3,320 
ql 312 1. 537 
q2 225 1.108 
q3 100 o . 493 
q4 30 0.148 
q5 6 0,030 
q6 1 0 .005 

3 DIFFERENTIATION AND MAXIMISATION 

The number of microstates associated with a schedule ~qr} of a population 
N is given by (Ch,5, s.8): 

w = N! 
(1) 

/ (r!) ~ 
r=l 

Since we allow the qr to vary continuously we can differentiate this 
expression to find the schedule {q} which maximises w, · the number of r 
associated microstates. This schedule is the expected state of the system, 
that is, the average over the ensemble of all possible states, 

Let a population N be divided into a schedule {qr}, r = 1 , 2, ••• , N, 
where rare the integers and the q vary continuously. The number of . r 
groups, Q, is unknown. The number of associated microstates is gi ven 
by the above equation. We know that the sum of group-sizes must equal 
the population, that is 

N = N 
I: r. qr 

r=l 
{2) 
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We find (for derivation see Appendix A3) that W is maximised when 

= ( 3) 

This is a Poisson distribution , but one in which we do not have values 
for q

0
, that is we do not consider or count empty groups. These would be 

meaningless in our model of the grouping of a population of individuals. 
The Poisson, therefore, is truncated, and ·is referred to as the positive 
Poisson ( Johnson & Kotz, 1969), 

The distribution depends upon the single variable A, and in the case we 
are considering where the number of groups in the schedule is unknown, 
we can derive the value of A from the following approximation for large 
values of N 

The number of groups in the schedule generated for a given A can be 

derived from the following approxi~ation, ·again for large N, 

Q ,:,: eA - 1 . 

Thus the average group size , q, is given by : 

N Ae A 
q = ,:,: 

Q ' eA - 1 

( 5) 

( 6) 

These approximations apply with any value of A, so long as N > 10 or so. 
We would only expect to depart from the discrete analysis of the last 

chapter for much larger values of N than this . 

For l arge A, e 

q = 
N 
Q 

A. 
l -+ 

A e , and the average group · size is given by: 

= A ( 7) 

This applies so l ong as A> 4 or so, that is when N > 220 approximately 
when the expression N ,:,: Ae A is used . 
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The general shape of the positive Poi sson is illust rated bel ow fo r di fferent 
value s o f the pa r ameter ;\. Its shape varies as ;\ increases. For low ), 
the distribution is hi ghly skewed to the origin, but as;\ increases it tends 
towards a more symmetrical , bell-shaped di stribution . Note that the shape 
of the dist r ibution" is independent of the s ize of the population . We 
therefore replace qr by pr' where pr = qr/Q for any Q. 

o.a 

o.6 

o.4 

0.2 

>. = LO 

I I 
0.0-----1--1---1--1----+-~~ I 

1 2 3 4 5 6 7 8 

Pr 
0 . 5 A = 2 . 5 

o.4 

0,3 

0. 2 

o. 1 

o.o 
I 

1 2 3 4 5 6 7 8 

• · Pr 
0.25 -

0.20 -

0.15 -

0.10 -

0 . 05 -

I 0. 00 

9 r 

Pr 
0.25 

0 , 20 

o. 15 

0.10 

0. 0.5 

0.00 

9 r 

A= 5.0 

I 1 
I 

' I I I l I I I I I I 

1 2 3 4 5 6 7 8 910 12 14 16 18 20 r 

A= 10.0 

+1 -r--n 
1 2 3 4 5 6 7 8 9 l() 12 14 16 18 20 r 

As;\ i ncreases the effect of truncation due to ignoring zero values q
0 be comes insigni ficant, as the distribution is displaced away from the 

origin, 
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4 EXAMPLE 

We are now able to establish the expected schedule of grouping of a 
population of any size. This expected state treats the numbers of groups 
of different s izes as continuous variables, but approximates to the unique 
discrete group size schedule that has the highest number of associated 
microstates. 

We can illustrate this for a population of 20, and compare the expected 
schedule {q} derived from the positive Poisson with the actual average r 
over the ensemble of discrete microstates and also with the unique most 
probable schedule of groups. The results will not be identical because 
of the approximations in our derivation. 

Let N = 20, and apply equation (4) 

Then 

A = 2.205003 

With the derived value of A we can establish the expected schedule from 
equation ( 3) 

qr = Ar 
r! 

From equations (5") and (6) 

Q = e 

N q = Q 

A 
.. 

= 

l = 8.070281 

2.418228 

Considering the discrete schedules and microstates, the population of 20 
has 627 distinct schedules and 5,17242 ... El3 discrete microstates, from 
which the average schedule can be derived as in s .2 above . 

The results are shown in the following table: 
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Q = total number of groups 

q_ fo r r r = l 
2 
·3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 

_19 
20 

Average over 
discret e 
micro states 

8.098104 

2.253201 
2.509947 
1 . 826339 
0 . 894316 
o.414533 

0 . 143047 
o.o41l.~31 
0.012602 
0.002202 
0.000406 

0.000070 
0.000010 
0.000001 
0.000000 

Expected by 
positive Poi s son 
formulation 

8.070277 

2.205003 
2,43102 
1.786801 
0.984976 
o. 43437 5 

0 . 159632 
0.05028 
0.013860 
0.003396 
0.000749 

0,000150 
0.000028 
0.000005 
0.000001 
0.000000 

The average and positive Poisson distributions are very similar , with a 
tendency for the Poisson to have a slightly lower peak and gentler decay . 
This is a general property of the continuous approximation in all its 
present applications . 

5 KNOWN NUMBER OF GROUPS 

We have been consideri ng the sit uation where we search out the whol e 
latt i ce of a gi ven populat i on, and t he expected schedul e is averaged over 
all microstates, including schedules made up of varying numbers of groups, 
We now go on to a more constrained s ituat ion, when the number of groups 
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1s known: 1n discrete terms we search tbat slice of the lattice of schedules 
with the given number of groups; for the cont inuous approximation we wish 
to average over all the rnicrostates with the given number of groups. 

In addition to the counting expression (equation (1)) we now have two 
constraints : 

N = IN r.qr as before 
r=l 

(2) 

and also 

Q· = IN qr 
r=l 

(8) 

We find (for derivation see Appendix A4) that the numbers of associated 
microstates , W; is now maximised when 

= 
r 

Q " ( ) .-, e:\ 1 r. ( 9) 

Again we have a positive Poisson dependent on a single parameter:\, and 
for large values of N (i . e. N > 10 or so) we can derive the value of 
from the following approximation: 

(10) 

or 

N :\e A 
q = :::: 

Q A e - 1 
(11) 

For large A (i . e . A 4 so) :\ 
- 1 

A 
and we find > or e -+ e 

' 

= A (12) 

and we can simply use the average group size, which is known, as the 
parameter;\, This is when the resulting positive Poisson is displaced 
well away from the or1g1n, avoiding the problem of empty groups, 

For small;\ it 1s necessary to derive the value of A from equations (10) 
or (11). A tabulation of equation (11) appears 1n David & Jordan (1952) 
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for values of q from 1.1 to 3, 5, and is reproduced as Appendix AS, Whilst 
the approximations that rel y on large N (i .e. N > 10 or so) can generally 
be assumed to hold, as we would only use the continuous approximation for 
large populations , the approximations that rely on large A (i . e. A> 4 or 
so) are quite likely not to hold, since the average group size of even an 
extremely l arge population could easily be quite small. Thus when we 
consider situations in which the average group size is known and is small, 
we shall need to refer to the tables to perform the truncation involved 
in establishing the positive Poisson. 

6 EXAMPLE 

Again, we can compare the expected positive Poisson schedule {qr} for 
given N and Q with the average of discrete microstates for these values. 

Let N = 20 

First, consider a value of Q that gives a large L Let Q = 4, then 
q = N/Q = 5, Apply equation (12) 

q = A = 5 

Then the expected distribution is established from equation (9) 

= 
Q Ar 

( A ) • I r. e - 1 

This is shown in the following table, together with the average of all 
discrete micro states of 20 that have 4 groups: 
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Average over discrete Expected positive 
micro states Pois son schedule 

qr for r = 1 0.08553 0.13567 2 0 .27068 o. 33918 
3 o. 50809 0.56530 4 0.76495 0.70663 
5 0.81410 0 .70663 

6 0.67608 0.58886 
7 o.44838 o .42061 
8 0 .24097 0.26288 
9 0.10583 0.14605 

10 0,038llO 0,073023 

11 0.011233 0,033192 
12 0.002805 0.013830 
13 0.000516 0.005319 
14 0.000077 0.001900 
15 0.000009 0 . 000633 

16 0.000001 0.000198 
17 0 . 000000 0.000058 
18 0.000016 
19 0.000004 
20 0.000000 

Secondly, consider a value of Q that gives a small A, Let Q = 10, then 
q = N/Q = 2. We cannot apply equation (12), but must use the value of 
A given in the tabulation of equation (11) 

q = 

in Appendix A5, This gives 

A = 1. 594 

and we then establish the expected distribution f rom equation (9), 

This is shown ih the following table, together with the average of all 
discrete microstates of 20 that have 10 groups: 

106 



~ for r = 1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

. 11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

Average over discrete 
micro states 

3,8685 
3, 4090 
1. 8357 
0.6720 
0,1759 

0 , 0336 
0.0047 
0.0005 
0.0000 

Expe~ted positive 
Poisson schedule 

4.0628 
3.2381 
1. 7205 
0.6856 
0.2186 

0.0581 
0.0132 
0.0026 
0.0005 
0.0001 

0.0000 

We see that the approximations are weaker here than when the number of 
groups was unconstrained, which is not surprising as we are dealing with 
much smaller ensembles . The positive Poisson again gives a gentler decay 
than the average, although in the second example it does give a higher 
peak. 

7 DISCRETE INTERPOLATION OF CONTINUOUS RESULT 

We have now developed a method of establishing a close approximation 
to the expected group size schedule associated with any population , 
however large, when the number of groups into the population divides 
is either unconstrained or constrained. 
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Now, the method of lattice searching arrived at a unique disc:r.·ete schedule 
with the highest number of associated microstates fo r a given population, 
and this search can be performed when the number of groups is either 
unconstrained or constrained. 

What is the relationship between these two results? Let us consider a 
rather larger population of, say, 80 individuals and let the number of 
groups into which it is divided be unknown. Using the approximation from 
S, 3 : 

N = 

we find 

" = 3,2144 

We can establish the expected schedule using this parameter for a positiv e 
Poisson. This is shown below , together with the unique schedule ( with the 
highest number of microstates) established by the lattice-searching algorithm , 

Expected Poisson Most probable 
schedule discrete schedule 

Q = total number of groups 23.888 25 

qr for r = 1 3,2144 3 
2 5.1662 6 
3 5,5353 6 
4 4.4482 5 
5 2 , 8596 3 

6 1. 5320 2 
7 0 . 7035 0 
8 0 .2827 0 
9 0 . 1010 0 

10 0 . 0325 0 

11 0.0095 0 
12 0.0025 0 
13 0 .0006 0 
14 0.0001 0 
15 0.0000 0 
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The approximation is close . If we tried to interpolate a discrete schedule 
from the expected continuous schedule we might first guess: 

However, this gives N = 81, so this guess must be modified. If the group 
of 7 is omitted, and one member rejected to make N = 80, the remaining 
six members can be partitioned into a grouP:._ of 4 . and a group of 2, we 
arrive at the discrete schedule 

which is the most probable schedule. The final juggling with integer 
values to achieve the exact population is not always easy, but clearly 
a discrete schedule can in general be interpolated from the expected 
continuous schedule and it will be very close to the most probably discrete 
schedule. 

8 INTERPOLATED DISCRETE SCHEDULE AND LAT~ICE SEARCH 

Here we have the solution to the shortcoming of the lattice~searching 
procedure d1scussed in Chapter 5, s.11, where it was noted that for large 
populations the search becomes excessively slow, unless it begins at a 
schedule close to the peak of the lattice, By beginning the lattice 
search at the interpolated schedule derived from the positive Poisson 
approximation, even very large populations can be analysed . 

Let N = 1600. Then A= 5, 646690; and the positive Poisson approximation 
and a discrete interpolation are shown below, together with the result of 
the lattice-scanning algorithm. 
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Positive Poisson Interpolation Lattic e schedule scan 

Q = total nu.'Jloer of groups 282 .35 284 284 • 
qr ' r = 1 5. 65 7 5 2 15. 94 16 16 3 30;01 30 31 4 42.36 42 43 5 47 . 84 48 48 

6 45 . 02 45 46 7 36.32 37 37 8 25.63 26 26 . 9 16.09 16 16 lO 9.08 9 9 • 
11 4.66 5 4 12 2 .19 2 2 13 0.95 1 1 14 0.38 0 0 15 0.14 0 0 

The interpolation is slightly unsatisfactory , but is a viable starting point 
for the lattice search, which produced the following output : 

SIZE 

SCHEDULE 

1 2 3 

30 

4 

42 

5 6 

48 45 7 16 

6 17 

6 16 

6 16 

5 17 

45 

42 48 45 

43 48 45 

43 48 45 

30 42 48 

31 

30 

30 

5 16 -31 43 

LOCAL -OPTIMUM 

48 46 

7 

37 

37 

37 

37 

38 

37 

NO HIGHER SCHEDULE FOUND 

8 9 
26 16 

26 16 

26 17 

27 16 

26 16 

26 16 

10 

9 

10 

9 

9 

9 

9 

11 

5 

4 

4 

4 

4 

4 

12 13 14 

2 1 0 

2 1 0 

2 1 0 

2 1 0 

2 1 0 

2 1 0 

15 

0 

0 

0 

0 

0 

0 

The search is very quick, despite the size of the population . The tendency 
of the most-probable solution is to have a slightly higher :Peak and more 
sudden decay in the distribution of s izes, which is similar to the pattern 
noted in s.4 above. This might be used as a guiding principle when 
interpolating a discrete schedule from .the Poisson approximation. 
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9 EXAMPLE 

Another example shows the Poisson approximation when the number of groups 
into which the population will divide is known. 

Let N = 2000 and Q = 200. Then A z 10 and the Poisson expected schedule, 
a discrete interpolation, and the output of the lattice scan are: 

Positive Poisson Discrete Lattice 
schedule interpolation search 

1 • 0.09 0 0 ~' r = 
2 o.45 0 0 
3 1. 51 1 1 
4 3,78 4 3 
5 7,57 7 8 

6 12.61 13 13 
7 18.02 18 18 
8 22.52 23 23 
9 25.02 25 25 

10 25.02 26 26 

11 22.75 23 23 
12 18.96 19 19 
13 14. 58 15 15 
14 10 . 42 10 10 
15 6.94 7 7 

16 4 . 34 4 5 
17 2.55 3 2 
18 1.42 1 1 
19 0 . 75 1 1 
20 o . 37 0 0 

Here the i nterpolation is even more successful , and the lattice-sear ching 
program onl y moved one step and found that an adj a c ent schedul e was t he 
mo st probabl e . 
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10 CONCLUSION 

In this chapter we have presented a statistical approximation to chief 
results of the exact model of group-sizing described in Chapte 5 , Its 
value is t hat it gives a direct overview of the way that group-s izes are 
distr i buted within the . most probable schedules, and of the way that most 
probable schedule varies according to the population in question. It 
also , of cour se , functions a s an approximatjon which enlarges the usefulness 
of the discrete model. It is based on the same ideal assumptions as the 
discrete model - described in Chapter 5, s.l - and the next chapter considers 
how morE; realistic knowledge of actual behaviour can be introduced, 
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CHAPTER 7 PRIOR INFORM.I\.TION 

1 INTRODUCTION 

In the absence of any other knowledge we have seen that it is possible 

to predict the most probable schedule of groups into which a population 

will divide. The schedule will typically have a Poisson-shaped 

distribution of group sizes depending on a single parameter (see 
Ch. 6, s. 3): 

Pr Pr 
1.0 >. = 1.0 0.25 >. = 5,0 
0.8 0.20 

0.6 
0 .15 

o.4 0.10 

0.2 0. 05 

o.o o.oo 
l 2 3 4 5 6 7 8 9 r 1 2 3 4 5 6 7 8 910 12 14 16 18 20 r 

Pr Pr 
0.5 >. = 2.5 0.25 >. = 10.0 
0.4 0,20 

0. 3 o. 15 

0.2 
0.10 

+UJ 
o. 1 

0. 05 

,-W+rh, 0. 0 o.co I 

1 2 3 4 5 6 7 8 9 r 1 2 3 4 C 6 7 8 9 10 12 14 16 18 20 r / 
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These distributions are very neat - neater than we would expect to 

observe in any real population. Even if a system were composed of 

independent individuals behaving randomly there wo1:1ld be small random 
variations from a smooth distribution, but far more serious difficulties 
arise if individuals are not independent and do not behave randomly -
conditions which must arise in almost any real organisation , Consider 
the size of teaching groups in a comprehensive school (derived from the 
surveys . r ·eported in Fawcett, 1976b): we illustrate an observed distri
bution of group-sizes and overlay the expected Poisson distribution for 
the same average group size. 

events 

100 

80 

60 

40 

20 

5 15 

single Poisson J-rt1 r 1 
.r 

25 

l, 
i 
l 

observed 

~ 
I 
Ll 

L, 

30 35 40 

It is self-evident that in a school the individuals making up the 

population are constrained by rules, conventions, preferences and also 
constraints of accommodation, so as to fall into the grouping patterns 
in which they are observed. The constraints do not precisely determine 
what groups occur and how large they are; in general they act as an 
environment within which a residue of random behaviour can still be 
expected insofar as individuals retain some degree of independence . 
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In a particular institution or type of institution many of the constraints 

are fairly enduring, for example the stock of accommodation or conventions 

about how to conduct activities. If these can be added as fixed a priori 

knowledge into the probabilistic models described in the two previous 

chapters, then it may be possible to model realistic systems. This is 

unlikely to be wholly satisfactory for . it still makes the ideal assumption 

of independence and random behaviour within a set of precise, fixed 

constraints. 

We present two approaches to the incorporation of prior information, 

one that is relevant for the discrete analysis of group sizes and the 

other that is relevant for continuous analysis. 

2 THE DISCRETE CASE - WEIGHTING GROUP-SIZES 

Looking at the histogram in s.l, and comparing the expected Poisson 

distribution of group sizes with those that were observed, it can be 

seen that groups of about 18 and 30 individJials are much more common 

than expected, whilst groups of about 23 are much less frequent. 

Somehow the multifarious constraints affecting the school's activities 

combine to produce the net result that some group sizes are particularly 

probable, others particularly improbable. This information can be 

expressed as a system of weightings on the group sizes . 

Consider a particular microstate Z of a population N, say 

{zr' r = 1 , 2 , •. ·• N}, and suppose that there is a system of weights 

on group-sizes {w, r = 1,2, •.. N}. Without a priori information we r . 
have said that every microstate of the population is equally likely to 

occur, so that in effect all microstates have equal weighting, but now 

we can say that microstate Z has a weighting 

N , zr 
II ( w J 

r=l r 
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Similarly, we said that the probability of a schedule was p:roportional 
to its number of associated microstates (calculated by the expression 
derived in Ch. 5, s. 8), but now we must say that the probability of a 
schedule is proportional to the weight of its microstates. All micro
states associated with a given schedule have the same weighting, so 
that the number of microstates must be multiplied by the weighting. 
For schedule {q, r = 1,2, N} · . r 

N! = q 
TI (r!) rTI (q )! 

r · r r 

TI ( w ) qr . 
r r 

when such a system of weighting is introduced the schedules of the 
population remain on the lattice described above (Ch,5), but their 
probabilities - the hill on the lattice - is affected. 

The hill-climbing algorithm which searches the lattice for the most 
probable schedule cai1 still be applied, and since it works by comparing 
adjacent schedules there is never any need to calculate the exact weight 
of schedules. The argument is similar to that in the unweighted case 
(Ch,5, s.11); we can compare two schedules when there is a system of 
weights {w, r = 1,2,3, ... N}, where an individual has moved from a r 
group of size i to a group of size J 

SIZE 

WEIGHTS 

SCHEDULE (1) 

SCHEDULE (2) 

1 2 i-1 i 

qi-1 qi 

(q. l+l) (q. -1) i- i 

j .i+l 

qJ qj +l 

(q.-l)(q. l+l) 
J J+ 

It can easily be s een that the ratio of weighted probabilities is 
given by 

= 
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which makes the lattice search just as simple on a weighted as on an 
unweighted lattice. It is also possible to search with a constraint on 
the number of groups in a schedule, again like the unwei ghted search. 
For. the search to be effective, however, the . lattice must have a single 
peak value and not a multitude of local optima; and to cope with large 
populations it must be possible to find good starting schedules from 
which to begin the search, 

3 DISTRIBUTION OF WEIGHTED PROBABILITIES 

Does the weighted lattice produce a well-behaved distribution of prob
abilities and a single-peaked hill? This must of course depend on the 
magnitude of the weights and the way they are distributed across the 
group sizes . It should always be possible to apply a system weighting 
to make any arbitrary schedule the most probable - even the upper or 
lower bound schedules - with sufficiently powerful weights. 

rhe general distribution of group sizes in the most probable unweighted 
schedules are of Poisson form, that is single-peaked and, except for 
very small populations or average group sizes, fairly symmetrical. 

number 

size 
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To model a realistic system where the distribution is radically 
different, with double peaks, or very skew distributions , it is likely 
that a system of strong and carefully-placed weights will be required . 

number 

size 

The process can be illustrated with a population of 8. This is rather 
a small population to show a great rang~ of group size distributions, 
but it is as large as can conveniently be drawn in two dimensions. 
There are three examples, and the unweighted lattice for comparison; 
the weightings are noted in square brackets. Example 3 shows a local 
optimum in addition to the global optimum, ·whereas the other examples 
have a single optimum. Clearly , as the weightings become stronger or 
more varied in their distribution, multiple optima are inevitable. 
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4 WEIGHTINGS - DISCUSSION 

Adding information .about group-sizing by weighting individual group sizes 
is a flexible system, but hard to apply. It can be used as an application 
of the system of residues (Coleman 1964 , Ch.15; Batty & March, 1976) to 
model an observed system, and to distinguish the purely probabilistic 
component from the environmental component in the observations. This 
would be the application if the observed school group sizes in s . l were 
modelled. In practice it has been hard to find the set of weights that 
will achieve this, as no procedure has been found except trial and error. 
However, an effective method of approximating to the system of weighting 
for a desired result might be derivable , which would overcome this 
problem. A second difficulty 1s that the weighting on individual group 
sites can only be applied to the lattice search, and for a given system 
of weightings there 1s no clear approximate schedule from which to begin 
the lattice search; in the absence of this, especially for large popula
tions, the algorithm can search around the lattice for a long time 
without even reaching a local optimum. For mod~lling observed systems 
this difficulty can trivially be neglected since, when the weightings 
ar~ correct, there is no searching to be done. A third problem is, of 
course , the likely presence of local optima in addition to the global 
optimum. 

The justification for a system of weightings is that it represents a 
stable environment and that the sa~e system of weightings can be applied 
to represent prior information about the same institution at, perhaps, 
a different time, or another similar institution. Serious attempts to 
test the viability of these applications have not been made, but clearly 
there is a danger that a system of weighting may be highly ephemeral 
and not transferable to other situations. At best it would be the general 
pattern of weights as they are broadly distributed over the size range, 
that one could hope to find remaining stable. The principle of weighting 
discrete group sizes, then , is attractive and powerful in that it permits 
the theory of lattice searching and analysis to be carried forward, 
although less tractably, but untried and apparent l y rather weak in its 
ability to encapsulate general information in a convenient and rel iable 
form , 
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5 THE CONTINUOUS CASE - MIXTURE OF POISSONS 

Looking again at the diagram in s.l which shows ~he observed group size 
distribution in a school, it is possible to interpret the distribution 
as the sum of three smaller distributions 

events 
100 

80 

6o 

i.o 

20 

~ 10 

ob1ened 

oegmon,t 2 

r1 

15 20 25 30 

1egment 3 

~ 
~.r. .. r--·-, '"""-·-· ·· 1ize 

35 40 45 50 

The population is divided into three segments, and each segment has its 
own mean group-size. This contrasts with the simple Poisson model which 
treats the population as a single entity, with & single mean group-size. 
Arguably , in this school all the.constraints on activities, which have 
been referred to above, accumulate to divide the whole system into three 
subsystems. This division expresses the a priori constraints on the 
system. If the segments are themselves assumed to be systems of independent 
individuals behaving randomly, then they are themselves expected to behave 
as Poisson distributions and can be modelled as described in Ch.6. A 
distribution that is the sum of Poisson distributions is a mixture of 
Poissons (Durand 1971, Ch. 11) and is similar to a Lexis mixture of 
binomials. 

The general property of mixtures of Poissons is that they have greater 
variance than a single Poisson, and this is a property that we expect to 
find in most observed distributions. 

In general a Poisson mixture is comprised as follows. The known population 
N is divided into segments N1 , N,..,, •••• , r. N. = N, The .known number C l l 
of groups Q is similarly divided into segments Q1 , Q2 , ... , Ei Qi= Q. 
The average group-size is thus established for each segment and the 
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expected schedule for each segment can be found , {q . , r = 1,2 , •.. N} ir for N.,Q .• The overall expected schedule is the sum of the expected .l l 

schedules in the segments, {qr' r = 1,2, •• ,}, where qr= L· q .• 
1 ir 

There is no limit to the number of segments and in the example above 
it would be natural to expect three. In general it is impossible, 
except by trial and error, to disaggregate an observed mixture of 
Poissons into its component parts. There is, however, a procedure 
presented by Durand (1971) for the case .where the mixture is simply 
of two Poissons, which provides estimators for the parameters of the 
component Poissons. Another special case occurs if the mixture is 
derived from the average of an infinite number of' component Poissons, 
whose parameters are themselves distributed as a gam~a distribution, 
in which case the mixture follows a negative binomial wllose parameters 
can be estimated from the observed data. 

6 COMPARISON WITH REAL DATA 

Does the mixture of Poissons provide sufficient flexibility to model 
the variety of constraints which affect realistic systems of group 
sizing? In this section we present three examples in which mixtures 
of Poissons are applied in different ways. 

First, let us try to model the observed data from the school, already 
discussed. The Dbserved distribution seems to fall naturally into three 
segments corresponding to, say, small, ·medium-sized and large teaching 
groups. The proport ions of the totai population in each and their 
average group sizes, were estimated from the observed distribution. 
This was drawn from the data collected in a survey reported elsewhere 
(Fawcett, 1976b). The histogram shows the observed data, a single 
Poisson and the mixture of three Poissons . 
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As can be seen, the Poisson mixture puts the three modes of the distri
bution in approximately the correct places, but the peak values and 

50 

the gradients of the decays are poorly modelled. The Poisson distribution 
has only one parameter, which determines both the shape and location 
of the distribution and it is impossible, for example, to make the 
right-hand segment of the Poisson mixture more peaked with the same 
mode. Peakiness diminishes as the mode increases. 

The second example applies the procedure for estimating the para...~eter 
of a mixture of two Poissons from t he moments of an observed distribution. 
It is applied to data about the sizes of working groups in Japanese 
civil service agency, given in Manning (1965). The observed distribution 
is shown below, together with a single -Poisson and the mixture of two 
Poissons. 
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In this case the observed data is itself quite well-behaved and the 
mixture of Poissons is really required to increase variance compared 
to the single Poisson. This is done in a way which does not provide 
a very convincing visual fit to the observations; it looks worse, in 
fact, than the results of a two-Poisson mixture with parameter derived 
by visual inspection. 

The third example compares observed data from sixth form teaching groups 
in a comprehensive school with a negative binomial using parameters 
derived from the observed data. The derivation of the negative binomial 

124 



makes it relevant to the sum of many Poissons with gamma-shaped distri
butions of parameters. Arguably, this is not wholly inappropriate to 
these sixth form groups: the data refers to events in forty time periods 
of a timetabled week, and the population is likely to adopt widely varying 
grouping patterns within the forty periods. The observed data and the 
negative binomial are shown on the diagram below. 
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40 

36 ,----
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32 ' ' ---J 

--·1._f egati ve binomial 
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In this case the expected distribution is surprisingly effective . This 
may simply be by chance - or it may be that the behavioural assumptions 
underlying the statistical distributions are more realistic in this 
third example than in the first two. 
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7 RELA'l'IN'G THE DISCRETE A.."f';rD CONTINUOUS CASES 

Compared to the weighting of individual group sizes the mixture of 
Poissons encapsulates prior information about group-sizing in an 
attractively comp~ct form. It does seem reasonable that generalised 
information about the component parts of an institution might be stable 
and transferrable to other institutions of the same type. However , 
inspection of a few real ex~~ples shows that this information will only . be fairly vague. The obverse of the compactness in the mixture of 
Poissons is its rigidity, for it is far less flexible than systems of 
weighting, 

• We have used the lattice of Chapter 5 and the Poisson approximation of 
Chapter 6, and extensions to them in this chapter, because they seem to 
offer some explanation of group-sizing. If the object is solely to 
find a good fit to some arbitrary observed data then, say, Pearson or 
Johnson families of curves would be more flexible though wholly devoid 
of explanatory power. 

When, though, will group-sizing information be used? Will great .detail 
be relevant? The analysis of probable group sizes , which has occupied 
the last three chapters, is all preparatory to a measure of adaptability 
described in the next chapter; the group-size data is to act as an 
ensemble of activity states. For this purpose it is not adequate to 
model a single existing state of grouping in exact detail - adaptability 
1.s concerned with allowing changes in activities, and the important thing 
is to have an ensemble of possible states. We have suggested that the 
lattice of activity schedules provides this. Now, the mixture of Poissons, 
or any other prediction of an expected schedule, locates the peak on this 
lattice, but says nothing about the probability of other points on the 
lattice. This is a great drawback compared to the system of weightings 
which retains the lattice structure. In Chapter 6 we proposed the 
Poisson as an approximation to the exact lattice of Chapter 5; some 
link bet ween the more general and compact mixture of Poissons and the 
more exact system of weightings would be useful here toq, if a biased 
ensemble is indeed what we want . 

,. 
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8 PRIOR KNOWLEDGE AND THE ENSEMBLE OF ACTIVITY STATES 

The ensemble that we constructed in Ch,5 describes the grouping of 
activities in the absence of any spatial context, although no real 
groupings can ever form without a physical environment. The fact that 
observed groupings do not conform to the non-spatial ensemble is perhaps 
not surprising. We will find that g'iven buildings can only accommodate 
certain parts of the complete ensemble, and these parts will of necessity 
be what is observed in buildings. Perhaps a more significant test than 
what we have been attempting in this chapter would be to model directly 
the constraints applied by particular spatial systems , rather than 
attempting to apply transformations solely to activity data. This would 
seem to be more consistent with the principles of the method of residues. 

The list of possible schedules of groups and the ensemble of microstates 
of grouping were derived in Ch,5 from first principles. In particular 
we assume the microstates are all equally probable, because we know 
they constitute an exhaustive ensemble. We did not generate the non
spatial schedules or the microstates by a quasi-realistic model of one 
large group containing a whole population splitting up randomly, or a 
mass of singleton groups coalescing randomly, although the simpler problem 
number of microstates associated with a schedule is firmly established 
by a quasi-realistic combinatorial argument. We have not found a . 
wholly non-spatial model of a quasi-realistic kind that actually generates 
either our ensemble of microstates with equal probability of each one 
occurring, or the schedules occuring with probabilities proportional 
to their known number of microstates . We have proposed such a quasi
realistic argument before (Fawcett , 1977 , sect.land 2) for a more 
specific case where the number of . (sizeless) spaces is specified, but 
even here the ~rgument is tenuous. In fact the difficulty of simulation 
seems to lie as much with time as space: in a quasi-realistic generator 
one activity must be allocated first, then a second, and so on through 
intermediate states in a sequence before arriving at a final state . 
The sequence is wholly artificial, for we can only attach any meaning 
to completed schedules. The fact that we have not found a way to 
generate our non-spatial ensemble of activity microstates by simulation 
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means that it is not clear q_uite how to simulate group formation in 
a given spatial context, or how to interpret such results if they were 
achieved. 

The fundamental question seems to be the following: does a realistic 
system require a specific ensemble of activity states? or does the 
usual ensemble apply with the realistic system simply determining which 
parts of it are achieved? Ideally, perhaps, we would make the following 
distinction, preserving in a way the independence of activities and 
spaces whose relationship we are studying. Our definition of adaptability 

(. 

( Ch, 4) requires an ensemble of activity states against which alternative 
build:i:ng designs can be compared, The ensemble, therefore, should be 
independent of the physical characteristics of any particular design, 
and should not be biased by spatial information. Management or other 
factors that are intrinsic to activities, on the other hand, bias the 
ensemble and bias it uniformly when compared with all designs. These 
factors ought to constitute the state of knowledge about activities, 
and the ensemble of activity states should reflect them. The questions 
of how to establish the purely managerial constraints on activities 
when all empirical data is obser~ed in a spatial context, and of how 
to model such activity constraints whilst retaining a well-behaved and 
tractable ensemble, remain open. 
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CHAPTER 8 ACCOMMODATING ORGANISATION MICROSTATES 

1 INTRODUCTION 

Our definition of adaptability is applied by 1) establishing the exhaustive . 
set of possible activity states that are compatible with our state of 

knowledge, and there should be a finite number of ffiltes_, and 2) for a given 

building ascertaining which activity states can and which cannot be accom

modated, The number that can be accommodated represents the subjective 

probability relative to the state of knowledge that the building will not 

be obsolete. 

In the last three chapters we have been considering~ subject to the 

constraints described in Ch,5, s.l, certain basic exhaustive sets of 

possible activities. We shall now consider the question of accommodating 

these activity states in buildings . . The activity states are described in 

a simple but specific way, and buildings must be described by the same 

principles, in order to make comparison possible. 

Accordingly, our simplified representation of buildings can be defined in 

the following assumptions: 

1) A building has a fixed total size . The total size is divided into · 

distinct rooms, each room of a definite size. 

2) No account is taken of links or connections between rooms - the 

layout and form of the building is ignored . 

3) All attributes of buildings and of rooms are ignored: the onl y 

property of a room is its size . 

We thus divide all possible buildings into equivalence classes, just as 

we divided all possible organisations into equivalence classes . 
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2 POSSIBLE DESIGNS 

Suppose that there is a unit of floor area that accommodates one person. 
The size of this unit is not important at this point, but the existence 
of such a unit permits space sizes to be described in similar terms to 
activity group sizes. A given finite bud.get of space-units can be 
partitioned in various ways to form different spatial schedules. Thus 
there are five spatial schedules that are made up of 4 spatial units 
(compare with Chapter 4, s . 2) 

i one room of 4 

].]. one room of • one of 1 
..) ' 

]. ]. ]. two rooms of 2 

l.V one room of 2, two of 1 

V four rooms of 1 

The budget of space- units and spatial schedules are exactly analogous 
to the population of individuals and activity schedules ; there is, however , 
little meaning that can be attached to "spatial microstates" analogous 
to activity microstates. The set of spatial schedules for a gi ven budget 
form a lattice which can be presented graphically, just as in Chapter 4, 
s,3, 

Since the space- unit is held to be just sufficient for one individual , it 
is possible to te st whether any activity micr ostate defined by groups of 
individuals can be accommodated by any building defined by rooms of space
units . We make two assumptions : 

1) 

2) 

A group of i ndi v iduals can be accommodated 1.n any r oom with an eQual 
number of or more space-units . 

Each gr oup of i ndiv i dual s must be 1.n a different r oom : a group may 
not be spl it between rooms nor may one r oom be shared by more than 
one group . 

Empty or underfull r ooms are accept ed. 

/ 
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The comparison between a given schedule of group sizes and room sizes can 
thus simply be made by listing the elements of each schedule in order, 
starting with the largest. The largest room must be at least as large as 
the largest group, and the second largest room must be at least as large 
as the second large;t group, and so on. There must always be at least as 
many rooms as groups, and at least as many space-units as individuals. 
The comparison is made between a room size schedule and a schedule of group 
sizes - when a schedule of group sizes can be accommodated, then all the 
activity microstates that share that schedule of group sizes can be 

accommodated. 

When considering the a d~ptability of a building design in a particular state 
of knowledge about possible activities, we must consider whether or not the 

building can accommodate each of the activity microstates. In fact we 
consider each of the possible schedules of activity group sizes and keep 
account of the number of microstates associated with schedules that can 
and cannot be accommodated. For the given design we arrive at the number 
of activity microstates out of the ensemble of possible activity microstates 
that can be accommodated; and, in the state of knowledge and subject to 

the assumptions made in the calculation, this represents the adaptability 

of the design. 

3 ACTIVITIES AND DESIGNS 

Where the number of space-units is exactly equal to the number of individuals 
in the population under consideration, a given room size schedule can only 
accommodate those activity microstates that have an identical group size 

schedule . Consider accommodating a population of 5 individuals in 5 space 
units . All the possible designs are listed in the following table, and 
corresponding to each design we show the group-si ze schedule that is 

a ccommodated and the number of associated microstat e s: 
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Design, Group size Activity 
i . e . room schedules microstates 
size schedule accommodated accommodated 

,, 
5 5 1 
4,1 4,1 5 
3,2 3,2 10 

3,1,1 3,1,1 10 
2,2,1 2,2,1 15 
2,1,1,1 2,1,1,1 10 

1,1,1,1,1 1,1,1,1,1 1 

• 
We see the most adaptable of the designs is that which accommodates the 
group size schedule with the highest number of associated activity micro
states. The distribution of room sizes exactly mirrors the distribution 
of group sizes in the most probable activity schedule, and could oe 
arrived at by the lattice-searching algorithm and its approximations that 
we have described . 

If there are more space units than there are individuals in the population 
to be accommodated , then some designs will be able to accommodate more 
than one schedule of group sizes, and hence all the activity microstates 
associated with all the activity group size schedules accommodated. We 
illustrate this fully for the case of 6 space units and 5 individuals: 

, · 
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Design, Group size Associated Total activity 

i. e. room schedules activity micro states 

size schedule accommodated microstates accommodated 

6 5 1 1 

5 ,1 5 1 6 
4,1 5 

4,2 4,1 5 15 
3,2 10 

4,1,1 4,1 5 15 
3,1,1 10 

3,3 3,2 10 10 

3,2,1 3,2 10 
3,1,1 10 35 
2,2,1 15 

3,1,1,1 3,1,1 10 20 
2,1,1,1 10 

2,2,2 2,2,1 15 15 

2,2,1,1 2,2,1 15 25 
2,1,1,1 10 

2,1,1,1,1 2,1,1,1 10 11 
1,1,1,1,1 1 

1 ,1,1 ,1,1 ,1 1,1,1 ,1,1 1 1 

The total numbers of activity microstates of.a population of 5 accommodated 

by each design for 6 space units constitute the adaptabilities of the 

designs, in the given state of knowledge. When the possible designs are 

represented in the lattice format it can be seen that the adaptabilities 

fall into a coherent pattern - we illustrate the adaptabilities on the 

left and the plain lattice on the right for reference: 
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I • 
I 

1 • 

6 • 

~.15 

15 ./~.lO 
~/ 
/~ · 20 ~/·15 
/. 25 

1I ./ · 

1 • 

4 THE SURPLUS OF SPACE UNITS 

6 • 

5, 1 

~.4,2 

4,1 ·,1 ./~. 3,3 

~4 
3,1,1,1 /~.2,2,2 

~-~1 
. / ' , , 

2 , 1 , 1 , 1 , 1 ./ 

.1,1,1,1,1,1 • 

The surplus of even one space unit over the population dramatically 
increases the adaptability of the most adaptable designs, in this example . 
As the surplus of space units over population increases, the more adaptable 
designs get increasingly adaptable . We show the number of activity micro
states of a population of 5 accommodated by the most adaptable design for 
different budgets of space units in the following table . Remember that 
there are in total 52 activity microstates associated with the population 

of 5: 
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Number of 
space units 

5 

6 

7 

8 

9 

10 

" 

Most adaptable 
design 

2,2,1 

3,2,1 

3,2,1,1 

4,2,1,1 

5,2,1,1 
4,2,1,1,1 

5,2,1,l,l 

Number of activity 
microstates 
accommodated 

15 

35 

45 

50 

51 

52 

•. 

Note that as the space-... Dit budget is increased by one unit at each step, 
the most adaptable design is related to the previous one in a well-behaved 
way. 

With a budget of 10 space units all microstates can be accommodated, in 
one particular room size design. Other designs with 10 or indeed more 
than 10 space units fail to accommodate all microstates of a population 

of 5, 

We can establish the minimum spatial schedule that is sufficient to 
accommodate all schedules for a given population. It must have as many 
spaces as there are individuals in the population, in case all individuals 
form singleton groups. The largest space must be equal to the population, 
in case the population all fall into one group. The second largest space 
must be equal to half the population, if it is an even number, or the 
integer part of the real number equal to the population divided by two 
if it is odd. The third largest group must be equal to the integer part 
of the population divided by three, and so on for the fourth and fifth 

spaces, etc. 

The minimally sufficient adaptable design for a population of 20 is shown 
as a Ferrers diagram below. The heavy outline of cells show the integer 
envelope of space-sizes; the reals corresponding to these are shown, where 
they differ, in a broken line. Minimally sufficient space size schedules 
are always self-conjugate. 
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20 t--t--+-+-+-+--+--+---+--+--+--'-__.__,___,___,___,___.___,___..___. 
10 6 r-1--i"--t--t--t--l~,..__...__..._. 

5 1--1-f---t----+--

4 1--1--41--4 ....... 

3 1--1-+""""' 
2 t--+---t"1i" 

2 ----<» 
2 
2 
1 
1 
1 
1 
1 

The total number of space-units is 66 ~ nearly three and a half times the 
population, a considerable surplus . If even one space-unit were taken 
away, then at least one schedule and its associated microstates could no 
longer be accommodated and adaptability would be sacrificed. On the other 
hand , if any of the spaces were made larger absolutely nothing would be 
gained in microstate adaptability with respect to a popl:l.lation of 20. 

An approximation in the size of the minimal sufficient budget of spaces 
can be established for any population size. For a population N the set 
of spaces i .s given by the integer parts of 

N + l!_ + l!_ · + N 
2 3 · · · N' 

Now, if we su.m the r eals represented by these fractions we will obtain 
a high estimate of the sufficient budget , that is , if we find 
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The summation of this series is given by Jolley (1961), an approximation 

to the Sllillffiation itself is N(ln N). In the table below are given some e 
exact and some approximations to the minimally sufficient budget. 

N 

1 

2 

3 

5 

10· 

15 

20 

100 

1000 

1000000 

* 

Exactly sufficient 
budget 

1 

3 

5 
8 

27 

45 

66 
482 

Approximation* to 
sufficient budget 

l 

3 

5.50 
11.42 

29.29 

49.77 

73.12 

518.7 

7485.47 

14392730 

The approximation clearly gives a reasonable guide to the minimal sufficient 
budget and the table shows how the requirement for surplus space rises 

with increasing population. For a population of 10 the minimum sufficient 

budget is just over two and a half times the population; for a population 

of a million it is over fourteen times the population. 
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5 OPTIM/\.L SPACE BUDGET 

· As we have seen the highest adaptability that can be achieved for a given 

population rises with the space budget. A lower bound occurs when the space 

budget is less than the population: no activity states can be accommodated . 

An upper bound is the minimally sufficient budget described above: all 

activity states can be accommodated. These bounds are independent of any 

system of weightit1gs. What happens between these bounds? We would expect 

adaptability to rise rapidly as the budget ·increases from the lower bound, 

as activity schedules with many associated microstates come to be accommodated; 

as the budget continues to rise it accommodates schedules further and further 

from the peak of the actjvity lattice, with fewer and fewer associated 

microstates. Again, this general pattern should occur whether or not a 

system of weightings is in force. Plotting activity states against space 

budget we would expect to find a relationship of the following form: 

activity 
microstates 

100% 

0 

N 

space budget 

Optimum? Sufficient 

Since the space budget costs money, adaptability could be costed from this 

kind of relationship. Mi ght it be possible to imagine optimal budgets, 

when the marginal cost of the next space unit balances the marginal value 

of the next activ ity states ? 
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6 VARIATIONS IN POPULATION 

We now have a wellrdefined concept of adaptability, subject to asslm1ptions 
and simplifications. What are the properties of adaptable designs and 

how can they be arrived at? 

We have seen (s,3) that .when the budget of space units is equal to the 

population, the most adaptable designs, room-size schedule mirrors the . 
most probable group size schedule of the given population. This size 

distribution will be Poisson-shaped. In minimally sufficient room size 

schedules, however, the distribution of room sizes is very different, 

highly skewed and with a great dispersion of sizes. As the difference 
• 

between population and spatial budget increases, the most adaptable design 

gradually changes from the Poisson to quite a different room size distribution. 

Consider designs with 10 spatial units. For a population of 10 individuals 

there are four designs which all achieve the highest adaptability: 4,3,2,l; 
3,3,2,1,l; 3,2,2,2,l; 3,2,2,1,l,l - they correspond to the four 

activity schedules which share the highest number of associated microstates. 

Now, if a population of 7 individuals is to be acco!lli~odated, quite a 

different design is found to be the most adaptable: 4,2,2,1,1. If the 

population to be accommodated is 5, then again a different design is most 

adaptable - it is the minimal sufficient design for the population of 5: 
5,2,1,1,1. 

This result emphasises that a statement about the adaptability of a 

building has to be related to a state of knowledge about activities. It 

would be meaningless to ask tout court what is the most adaptable design 

with 10 space units . 

We illustrate the result on the lattice of designs of 10 space units -

marking the four designs that are most adaptable for a population of 

10, and those that are most adaptable for 7 and 5, We see that the last 

two are adjacent, and that the design for 7 is adjacent to all four 

designs for 10 , The progression from the Poisson-shaped room size 

distribution - somewhat below the axis of rotation and displaced from 

the left hand edge - to the minimal sufficient room size schedule - which 

is self-conjugate and therefore on the axis of rotation, and is closer 

to the le:ft-hand edge of the lattice - is well~behaved. 
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10 e 

9,1 

1.1,1,1.t1.1,1,1,1 e 

It is difficult to examine this process at a larger scale, owing to the 
cumbersomeness of exhaustively enumerating the data. However, sketchy 
data for 20 space units reinforces the above result, and suggests it may 
have generality. There are two adjacent designs of 20 space units that 
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are maximally adaptable for a p_opulation of 20 individuals: 5 h ~ 3 2 2 1 ,.,_,,,,; 
5,4,3,2,2,2,1,1. For a population of 15 we belieYe the most adaptable 
design 1.s 6,4,3,2,2,2,l. For a population of 8 the minimal sufficient 
design 1.s 8,4,2,2,l,l,l,l. The designs for 20 and that for 15 are 
adjacent. The designs for 15 and 8 are not adjacent, but only two inter
mediate designs lie between them on the lattice: 

20 + 20 5,4,3,3,2,2 1 5 4,3,2,2 ,2,1,1 

• 
15 + 20 

6,4,3,2,2,1,l,l 7,4,3,2,2,1,1 

7,4,2,2,2,1,1,1 

8 + 20 8,4,2,2,1,1,l,l 

There are alternative routes between the designs for 15 and 8 in addition 
to those shown: the lattice 1.s very highly connect_ed. We expect that 
maximally adaptable designs of 20 s;pace units for populations between 
15 and 8 would lie on intermediate points on the lattice between the designs 
for 15 and 8. 

The general pattern we believe emerges 1.s illustrated below for a general 
lattice form : 
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minimum 
sufficient 

' ' ' s hedule , 

, ........ ·~ ', t 
' /4 ' . . 

axis 

/ . . 
~isson-like schedule 

/ 

Remember that the lattice of partitions of an integer is divided into bands, 
all partitions within one band having the sa.r:;e number of parts (Ch,5, s.5). 
The sequence of maximally adaptable designs falls approximately into such 
a band, and we find that the number of rooms in maximally adaptable designs 
hardly varies, whatever the size of the population to be accommodated: 

Population of Budget of Number of rooms in most 
individuals space units adaptable design 

5* 10 5 
7 10 5 

10 ~ 10 4, 5 or 6 

8* 20 8 

15 20 7 
20 20 7 or 8 

100* 482 100 

482 482 102.8 (Poisson 
a12uroximation) 

For minimally sufficient designs (marked*), the number of rooms is always 
equal to the size of the population. 
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This is a surprising result: the number of rooms into which a given number 
of space units should be divided to achieve the most adaptable design is 
independent of the population to be accommodated . It is the dispersion of 
room sizes that varies with the population. 

# 

7 TH~ DEVELOPMENT OF AN ALGORITHM 

• 
The well-behaved character of the relationship between the maximally 
adaptable design and the population it accorrJlllodates, and also the well
behaved lattice of s. 3 above, suggests that new algorithms might be 
devised to search the lattice of designs for the optimum design for given 
data. The lattice searching algorithm which located the most probable 
schedule of activity group sizes wo1;ked by comparing adjacent schedules 
on the lattice (Ch,5, s . 10) . This proved to be economical because adjacent 
schedules contain many elements in common, and in comparing them it is 
only necessary to consider the many fewer differences. 

A particular design of, say, M space units can accommodate certain group 
size schedules of N individuals (N <.M) and their associated microstates , 
and these schedules form a connected subsidiary portion of the lattice of 
activity group sizes . An adjacent room size design will accommodate a 
different connected portion of the activity lattice . The two portions 
overlap - they have more activity schedules in common than difference. 
We illustrate the lattice of activity schedules of 7 individuals, and the 
portions of it accommodated by two adjacent designs of 10 space units : 
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7 • 

4,1, 

3,1,1,l,l 
4,3,2,1 

1,1,1,1,1,1,1 • 

Design 4,3,2,1 can accommodate 7 activity schedules, design 5,3,2 only 
6. Of these,they accommodate 4 in common. :rt is relatively easy tc 
establish, for adjacent designs, which activity schedules they accommodate 
in common, and which independently, and a simple algorithm could make 
this comparison. However, in assessing the adaptability of the designs 
we do not merely wish to know about the scheduies they accommodate - it 
is equally important to know how many activity microstates are associated 
with the schedule, and how many can be accommodated by the designs. Those 
that are accommodated in common can be ignored: the problems arise with 
those that are independent . The independent activity schedules of one 
design will not · be adjacent to those of the adj,acent design - they will 

be separated by the common activity schedules - so the economical compe.rrnon 
we made in the earlier hill-climbing algorithm cannot be applied. Calcul
ation of the microstates associated with each of the independent activity 
schedules for each design is an extremely cumbersome business (see the 
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counting expression in Ch , 5, s . 8) for large problems. Perhaps it is 
sufficient simply to count the schedules accommodated by each design, 
for the schedules with more microstates tend to be near the highly~ 

connected centre of the activity . lattice rather than its periphery; 
however , the most probable act i vity schedules are not quite at the centre 
of the l attice, and being symmetrical the lattice falls into two equally 
highly connected parts, of which the lower (as we conventionally draw it) 
contains schedules with more associated microstates than the upper. 

In the earlier lattice searching problem we satisfied two conditions: we 
found an approximation which led close to the desired point on the lattice , . 
and an economical way of comparing adjacent schedules on the lattice. For 
the current problem we have only achieved the first objective: we have 
an approximation that leads close to the solution, since we know approxi
mately how many rooms the most adaptable design will have, and whether there 
will be a high or low dispersion of room sizes. But we have not found an 
efficient way of comparing adjacent designs. 

8 ADDITION OF PRIOR INFORMATION 

So far we have kept strictly to the assumptions about the description of 
activities that we outlined in Ch , 5, s .l, and have not considered the 
addition of prior information, as discussed in the last chapter. We have 
kept wholly to the discrete representation, which is incompatible with the 
mixture of Poissons and other curve-fitting approaches to matching empirical 
data. What about the weighting of group sizes, or otherwise weighting the 
probability of activity group sizes whilst retaining the discrete structure 
of activity schedules? 

One extreme is independent of any weighting: the sufficient design that 
accommodates all possible activity schedules and. therefore all possible 



activity microstates, however weighted . This bound applies when the budget 
o f space unit s i s far larger than the population . When t he space budget 
and population are equal, the system of weighting will displace the most 
probable schedule from the Poisson-like distribution that we expect in the 
absence of a ny other information . If the sy stem of weighting is well
behaved whatever it is - we may expect the pattern of designs that progress 
between the two extremes to be well-behaved also (compare with the table 
i n s . 4) . An arbitrar y system of weighting possibly makes the lattice 

-search no harder than it is otherwise, but introduces the problem of 
possible local optima . 

9 INTERPRETATION OF THE SPACE UNIT 

Apart from the discussion of empirically observed group sizing in the last 
chapter we have kept our analysis of adaptability on an abstract level . 
In the next few sections we shall consider some aspects of the problem 
that might be relevant for possible future application. 

The size of a space unit might depend on arbitrary decisions by the 
or ganisation about the levels of comfort , amenity , or crowding that are 
acceptable . The acceptable area per person , or area per space unit , is 
fundamental in that it determines , for a given floor area , the space unit 
budget t o be compared t o the number of indi v i duals occupying the building. 
This, as we have s een , affects the distribution of room sizes that gi ves 
maximum adaptability. There is somet i mes a tendency for activit i es t o 
expand t o fill the space availabl e: 3 peopl e would actually oc cupy all 
of a 5 space unit room. Thi s mi ght mean , in effect , t hat the number of 
space units i n a building i s a l ways equal to the number of individual s 
occupying it . The proposition is not al together tenable, however , as it 
makes no distinction between full and underful l rooms - the area of the 
space unit would vary - and cannot cope with empty rooms . We are interested 
in the capacity of rooms and buildings - how many people they actually 
could accommodate. 
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Consider an organisation with 15 individuals and 180 m2 of building. How 
should this floor area be divided into rooms to give maximum adaptability? 
Suppose there are two alternative space standards that might apply: 
1) 12 m2 per space unit, or 2) 9 m2 per space unit, giving either 1) 15 
or 2) 20 space units. From s.6 ~bove and Ch.5, s.9, we see that the best 
room size schedules are: 

1) 15 individuals with 15 space units: room sizes 4,3,3,2,2,1 
or 4,3~2,2,2,1,1 

2) 15 individuals with 20 space units: 'room sizes 6,4,3,2,2,2,1 

This giyes alternative schedules of floor areas (in m2 ): 

1) 

2) 

2; . at 12 m unit: 

2, . at 9 m , unit: 

• 
4,3,3,2,2,1 gives 48,36,36,24,24,12 
4,3,2,2,2,l,l gives 48,36,24,24,24,12,12 

6,4,3,2,2,2,1 gives 54,36,27,18,18,18,9 

The second case will of course allow far more activity microstates than 
either of the first two, which will (if the spa.ce unit areas per person 
are strictly adhered to) only allow those activity microstates associated 
with the activity group size schedule that matches the room size distribution 
chosen. The second schedule shows the greater dispersion of room sizes 
that we expect. 

A third possibility a.rises if the organisation anticipates growth, say to 
20 individuals, and wishes to plan for this. When the 180 m2 of total 

2 floor area are occupied by 20 individuals, the area per space unit is 9 m, 
as .in condition (2) above . However , when 20 space units are occupied by 
20 individuals the most adaptable schedule of room sizes is not as above , 
but either 5,4,3,3,2,2,1 or 5,4,3,2,2,2,1,1 (see s.6 above). This gives 
the following .schedule of room areas (in m2 ) 

3) 2; . at 9 m unit : 5,4,3 , 3,2,2 ,1 gives 45 , 36,27,27,18,18,9 
5 , 4 , 3 , 2 , 2 , 2 ,1,1 gives 45,36,27,18,18,18,9,9 

This schedule (if strictly adhered to) will accommodate fewer microstates 
of the population of 15 than schedule (2) above, but more of the population 
of 20 . It has slightly les s disper sion of. room sizes than schedule (2 ) . 

I t is not possibl e to assert which of these room s i ze schedules is most 
adapt able: it depends on knowledge, or assumpt ions, about activities, and 



also on the trade-off between comfort and. adaptability. In reality 
adaptability is only one factor among many that must be taken into account 
in design. Our analysis does, however, rather clearly show that a choice 
exists, and what the consequence of the choice is. 

10 THE LOOSENESS OF ACTIVITY REQUIREMENTS 

It may here be worth looking at an observation about activities and spaces 
which is often made, and for which Cowan and his followers stand as spokesmen 
(see Ch,3, s. above). It is pointed out that the requirements of activities 
are usually pretty loose, and can be satisfied in many different sizes and 
types of space. Thus our rules about the allocation of individuals to 
definite units of floor area, and the allocation of activity groups to rooms, 
may be considered over-precise for the true nature of the problem. This 
may be true in some circumstance, less true in others, and we have observed 
(Ch.3, s.2 ) that relaxing activity requirements always increases adaptability . 
A comparison of the five room size schedules produced in the last section 
do show rather small differences compared to.what they have in common. 
This is significant in two respects. 

First , the general type of room size schedule that arises, whatever precise 
data is used, differs radically from the type of room size distribution 
r ecommended by Cowan and others. They' suggest that a rectangular room size 
distribution is most adaptable: a schedule of rooms of identical sizes, 
suitable for av~rage activity size . The valid observation about the looseness 
of activity requirements does nothing to undermine the difference between 
their proposal and our result . Of course, they may make different assumptions 
about the implicit ensemble of possible activity states against which they 
measure adaptabi lity , a point we discus s in the next chapter . 

Secondly, the st abil i t y of our r esult s shows that we have avo ided one p i tfall 
of over - pr ecise design met hodologi es whi ch t he layout probl em i n pa,rticular 
i s oft en prone to (s ee Ch, l , s. 5). Mi nor al terat ions to the input data for 
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the layout problem can produce radically different solutions, whereas, as 
Willoughby ( l 975b, p.1~7) points out, when the input data is itself only 
approximate the one thing that can be hoped for is an indication of the 
general type of solution to aim for. The over-sensitive layout problem 
gives spurious detail but no generality; our results above at least give 
generality . 

11 THE "WORKSTATION'.' . AS SPACE UNIT 

Let us return, briefly, to the definition of the space unit. One application 
of an analogous concept is found in the school briefing approach of the 
Architect's Branch of the Department of Education and Science (DES, 1973) 
which uses the 'workstation' as the module of floor area required by one 
pupil . Now, schools house some very diverse activities, and pupils who 
are reading in a classroom need le~s floor area each than when they are 
doing gymnastics. The DES suggest there are four different space standards 
which could be applied: 

Activity 

1) Reading, writing, discussion, 
exposition 

2) Light practical , 

3) Heavy practical 

4) Movement , large pro j ect s 

Area per workstation 

20 rt 2 

35 ft
2 

50 ft 2 

90 rt
2 

Thus, a room of : 700 ft 2 could provide 35 workstations for type (1) activities , 
or 20 workstations for type (2) activities . 

Here .we encounter a probl em, for a given total fl oor area of a building 
cannot simpl y be equat ed to a de fini te number of space units. And thus 
the alt ernat i ve designs for the f l oor ar ea cannot be put on to a l attice 
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of partitions of the space unit budget . However, the DES do not suggest 
that schools should be designed to a total floor area, but to a total of 
workstations . Only after these have been distributed to the various teaching 
departments and activity types are the workstations converted into areas. 
Thus the lattice can represent alternative designs, until they are converted 
into floor areas. 

It may be relevant to notice that the DES allow 18% excess of workstations 
over pupils in a school, which has a bearing on the design that would be 
most adaptable following our approach. In fact, however, there are generally 
far more de facto workstations in schools - over 50% excess was observed 
in empirical surveys (Fawcett, 1976b) . This shows that the notional area 
per workstation is in fact a loose thing, and is in practice reduced, 
confirming some points in the previous section, and posing a problem of 
the type described in s.9. 

We are now moving in dangerous territory , beyond the bounds within which 
we developed our theoretical model. In Chapter 5, s.l we defined the 
activities we would consider, and assumption (3) stated: "all attributes 
of individuals and groups are ignored : the only property of a group is 
the number of individuals in it", and in describing spaces we assume (Ch.8, 
s.l, assumption (3)): "all attributes of buildings and of rooms are ignored: 
the only property of a room is its size". T1lese assumptions are untenable 
in school design, where the different attributes of activities are enshrined 
in the floor area table. An alternative approach to adaptability that 
explicitly takes account of the attributes and activities is introduced in 
the next chapter, but without considerable extension our present theory 
is restricted to applications in building types where only a single activity 
and space type is encountered . 
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12 AN AGGREGATED INTERPRETATION 

A building type which seems to offer the best potential for applications 
of our approach is the office building. Willoughby (1975a) presents a 
discussion that can be interpreted in our terms. His subject is "building 
f orm and circulation patte:.:-ns", and by circulation pattern he means the 
subdivision of an organisation into working groups, such that all communication 
and hence circulation is concentrated within working groups, with negligible 
circulation between groups. A diagram represents some circulation patterns 
for a population of 96 individuals : 

CP, 

CP, Cli:J Di:] CR] 

CP, CK] DI] OD OD 

r:P, mJ rTTI u9J L12J DIJ a, 
CP • [ill u_§] ffil [ill [ill [ill 

CP, fill ITTJ illJ [TI) [TI} [uJ [u) 6J 

CP. [t2] [i]J [2] ITT] [HJ [TI] ill] ITT] 

CP • • [i] lQ, (i]l li_gj [!] fill !i] [g tic Qj ~ 

c.-.. ~ [9J [J_] [2l ~ [2] m r-21 w @ L~ 
cP.. [81 rn @I rfil fs1 l:fil lTI ~ rn rn ffi1 rn 

It is clear that these circulation patterns are just a few of what we 
have called the gro1=1.p size schedules f or a population of 96, which correspond 
to partitions of the integer 96. All the group size schedules fit on a 
many-dimensional l attice; using the approximation given in Ch,5, s,2, 
we find there are apprqximately 1.2 x 108 schedul e s for a population of 96. 

Willoughby goes on to consider the accommodation of the states of grouping 
into designs which have a minimum amount of spatial information . They have 
to be subdivided to correspond to the nmnber and distribution of sizes of 
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activity groups. Willoughby observes that certain formal configurations 
conflict with the natural desire that the space for one activity group 
should be in a single coherent piece. This can always be achieved for 
the notional slab or courtyard, but is often impossible with cross-shaped 
or fishtail plans. 

41 }I 

Fitting three departments into a plan. If each shape is planned optimally, the 
· continuous forms of slab and court allow the departments to be coherently located. The cross 

plan, optimally planned, divides one department . 

We can notice that the courtyard, which allows many patterns of subdivisions, -is the form chosen by Foster Associates for a multi-tenancy office building 
(Ch.3, s. 4 ) . 

Like his description of activities, Willoughby's description of buildings 
differs from our own, but is less readily translated into our terms, since 
Willoughby does not treat space as a 'discrete system, but as a continuo~s 
medium within the constraints of overall shape. 

Our approach, can, however, be extended to the scale which Willoughby 
considers. A.n organisation, whatever its overall size, can be divided 
into a number of distinct component parts, and these component parts can 
be grouped into schedules exactly as if they were individuals. This reduces 
the cumbersomeness of calculation, and in Willoughby's circulation patterns 
the smallest group (discounting odd sized remainder groups) has 8 individuals, 
dividtng the whole organisation into 12 parts, as opposed to 96 individuals . 
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Great economy in the anal y s2s of large problems can be achieved by such 
aggregation. 

The elementary forms that Willoughby uses) and the way he uses them, are -less readily handled . We can treat each wing of a star- shaped building 
a discrete lump of space, and treat each form as a schedule of spatial 
elements. The size of these lumps of space must be expressed in modules 

as 

of space which correspond to the area required to accommsdate one aggregated 
part of the organisation - and will depend on the scale of aggregation used 
for the description of activities. We can then test whether a schedule of 
aggrega~ed activity groups can be accommodated by the schedule of building 
elements . This model, •hough, cannot readily cope with the condition taken 
account of by Willoughby whereby adjacent wings can themselves be aggregated 
to form a larger coherent chunk of space. 

The aggregated version of our discrete model can represent a slightly 
different problem. A campus of buildings, of for example a large school, 
contains a number of inherently discrete lumps of space. Large organisations 
that tend to occupy such campus sites typically consist of a number of 
departments, each of which may be · q_uite large, which also offer an inherently 
discrete structure . At an appropriate scale of aggregation the matching 
of departments to pavilions can be treated as the matching of groups of 
individuals to r ooms of space units. 

13 AN EXAMPLE 

The model that we have presented was used by Rich (1978) to analyse 
alternative designs for a given office organisa_tion. He employed the 
device described in the last section, to aggregate individuals into "modules", 
so as to arrive at a t'8tal of modules which permitted the use cf the discrete 
lattice-based representation. 

The function in question was a corporation headquarters, . with several 
hundred staff. However , it functioned in 8 distinct departments: 

153 



O arket i ng 

Obuying O· 
., _ . _ . ngine.·ering 

ecretarial 

Q1ega~ 

Oersonnel 

ocontroller . 

• 0 treasurer 

It was possible to express the difference in size of the departments by 
dividing the whole organisation into 16 modules . Each module represented 
about 250 m2 of floor area . The department al sizes in terms of modules 
were as follows: 

secretarial I 11 11 l I I 
engineering I 11 11 I 
pe r sonnel I 11 I 
treasurer I I I 
controller I ,. I 
buy i ng I 
marketing I 
legal l 

All the possible ways that the 16 modules could be subdivided int o 8 
depart ments can be represented on a lattice. It is exactly the same 
lattice as that for 16 individuals subdivided into 8 groups. It is a 
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segment of the complete lattice of 16 (which would be impossible to draw); 
the known departmental sizing is marked: 

/ 

• . 91111111 

~ 82111111 . . 

~.72211111 

//~ 62221111 . 
7 3 1 1 1 11 1 ./ • 

l~./ ~-52222111 

64111111 -~~.Ll~~22222ll 1~-~ 11
,
11

,22211l~.32222221 

55111111. .L1~ ____ 1/J° .~!Li1~22222222 
44221111 33331111 33322111 

Change within the organisation must be to another of th~ points on the 
sub-lattice if the number of departments remains 8, otherwise to a point 
on the complete lattice of 16. 

The designs which accommodate the organi 9ation can also be described as 
subdivisions of 16 modules of floor space into distinct zones, separated 
by changes in level, for example, or by the plan of the building. The 16 
activity modules are to be accommodated into 16 spatial modules , and an 
exact match of activity departments into spatial zones is only possible 
if the size distributions of both are identical. Otherwise some degree 
of compromise or dislocation must take place . Rich pointed out that the 
lat t ice represent ation shows how severe t he di sl ocation i s. Suppose that 
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we have 8 spatial zones , as well as 8 departments , and three alternative 
desi gns : 

Departmental sizes 4 , 3, 2 ,2, 2 ,1,1 ~l 

Spatial zone sizes 1) 4,4 , 2,2,l , l , l , l 

2) 3,3,3 , 3,l,l,l,l 

3) 2,2,2,2,2,2,2,2 

Looking at the sub-lattice illustrated above we see that design (1) is 
adjacent to the department sizing, and only one dislocation is necessary 
to accommodate the organisation : for example, the department of 3 modules 
would share one of the 4 module zones with a department of 1 module, and • 
one department of 2 modules would have to occupy two l module spaces . 
Design (2) is two steps away from the department schedule on the lattice, 
implying more radical dislocations; design (3) is three steps away, making 
the dislocations even more severe . 

Additional information about the matching of organisations and spaces can 
be gleaned from the lattice . Whenever an organisation is allocated to a 
set of spaces whose elements do not exactly match size for size, then one 
or both of two things must happen: some spaces share activities ; or some 
activities are split between more than one space; or, indeed, both may 
have to happen . The sharing of spaces tends to occur if the spatial schedule 
has fewer elements than ther e are distinct activit y groups, and splitting 
when ther e are more spaces than groups . However, additional constraints 
must be satisfied if pure sharing or pure splitting is all that is necessary 
to per form an allocation . Let us look at the lattice of 10, which is more 
compact t han t hat of 16 a s 1.n Ric h ' s ex~ple • . Consider an activity system 
with group sizes 6,2,1 ,1 - it is marked . The adjacent schedules directly 
above this schedule and those upwards and t o the right described three 
size distributions , which can be taken as room size distributions . It is 
pos s ible t o allocate the activitie s t o t hes e schedule s by sharing only~ 
no act ivity gr oups need be split . Schedules di rectly below or below and 
to t he l eft represent .room size distri butions t o which t he act ivities can 
go with splitting only. Other adjacent schedules require both spl i tting 
and sharing . 
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10 e 

9,1 

t1.1.1.1.1.1.1.1.1e 

So long as these directional rules are maintained in a chain of adjacent 

schedules, the matching of activities and spaces by pure splitting or 

sharing for non-adjacent schedules is possible . Thus activities of sizes 

4,2,1,1,l,l can be accommodated by sharing only in spatial schedules 

4,3,1,l,l; and 5,3,1,1; and 5,4,1; and 6,4. The same applies in reverse 

for _splitting . 
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To return to Rich's example, he considers designs with more spatial zones 
than the 8 departments of his organisation, and supposes that the sharing 
of a spatial zone by different departments is unacceptable: he requires 
matching to be achieved by splitting only. By example he illustrates that 
this is only possible in certain cases, which can be defined by the process 
described above. 

14 RECTANGULAR PARTITIONS 

Some authors take adaptability to be a property of built form, rather than, 
as we have defined the term, the relationship between activities and spaces. 
Using our simplified description of designs solely in terms of the sizes of 
rooms making them up, all possible designs can be represented on the discrete 
lattice. We now consider introducing elementary geometrical information. 

The schedules of activity group sizes that make up the activity lattice 
themselves have a number of associated activity microstates, which represent 
all the different ways that distinct individuals could make up the groups 
of . given sizes. When the numbers of associated. micro states are marked on 
the lattice they fall into a well-behaved pattern with a single peak. 

If we consider the lattice of room size schedules we cannot attach weights 
representing "physical microstates" by ~irect analogy - it is meaningless 
to consider distinct space units. However, an alternative approach has 
been explored . . Suppose that a given budget of space units is realised as 
a single rectangular space, and that this space is subdivided into rectangular 
compartments in various ways, to achieve the schedules of rooms. Bloch has 
enumerated the ways of making rectangular rooms out of rectangular envelopes 
for up to 15 space uni~s. Each distinct design is called a rectangular 
partition of the budget of space units. The rectangular · partitions for 
6 space units are shown below; Bloch's fuller results are 
Appendix B3, 
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1 room (6) D 
2 rooms (4 ,2 ) [I] 

(3 , 3) ~ B 
3 r ooms (3,2,1) ~ 

(2 , 2 , 2) ITO 
(2 , 2 , 2) BJ 

• ~ 4 rooms (3,1,1,1) 

(2 , 2,1,1) ED] 
(2,2,1,1) E9J 
(2,2,1,1) tt3 
(2,2,1,1) 2J3 

5 rooms . (2,1 ,1,1,l) EE3 
(2,1,l , l,l) [E· 
(2,l,l,1,1) EBJ 

6 rooms (1,1,1,1 ,1,1) Em 
The constraint of rectangularity imposes rest rictions on possible bounding 
envelopes . and on the possible schedules of r oom sizes t hat can be achieved 
within them . Some schedules of rooms can be achieved in different designs 
within a given envelop'e. The discontinuities in weighting that occur when 
rectangular partitions are marked on the lattice are not found with the 
lattice of activity microstates. The partitioning of individual s is non
geometrical; or it can be presented as the partitioning of a one-dimensional 
filament into segments. Segments can be of any integer length. When we 
move to the t wo-dimensional geometry of the r ectangular partitio~s it is 
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still possible the lengths of sides of a room to take on any integer values, but room sizes which can be factorised in different ways are favoured. There is a bias against rooms whose floor area is a prime number, for these rooms can _only be achieved one way, as long filaments. 

Despite the discontinuities it appears that there is an underlying pattern in the distribution of weights across the lattice, and that a definite region of the lattice does represent room size distributions that can be achieved in many ways, as opposed to other types of room size dist~ibution which have a more limited choice of possible realisations. We show the lattice of the 3 x 3 envelope: 

• 

l • 

1 • 
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Furthermore, although we have hardly worked on large enough problems to 
study this, it seems that the shape of the bounding rectangle - whether it 
is square or attenuated - affects the type of room-size distribution that 
has most realisations. Thus for a budget of 12 space units there are two 
possible bounding rectangles - 1) 3 x 4 and 2) 6 x 2 (we discount the trivial 
12 x 1), 'I'he most favoured room size distributions are 1) 3,2,2,2,l,l,l 
and 2) 2,2,2,2,1,1,l,l. They are both biased towards schedules with more 
and smaller room sizes than the group size schedules with most associated 
microstates; there are two of these, 4,3,.2;2,1 and 3,3,2,2,1~1. Note, 
however, that all four schedules are connected in a chain of adjacencies. 

What bearing does this have on our problem of adaptability? We have been 
comparing designs with the ensemble of activity microstates, as we have 
defined it, and the objective is to find the design that is maximally 
adaptable. The design simply consists of a schedule of room sizes, a 
fundamental and vital piece of information upon which to base the design 
of an actual building. It pushes the actual design in a definite and 
useful direction . Now, this information about room sizing can be supple
mented by additional information at a similar level of generality, giving 
geometrical data about the kind of envelope shape that is most amenable 
to proposed subdivision. 

An alternative view, which is based on the view of adaptability as a 
property of built form and not of the relationship between activities and 
space, might hold that the most adaptable design is that which could be 
arrived at in most different ways. Thus, perhaps, it might be said that 
the envelope 3 x 4 is more adaptable than the envelope 2 x 6 as it has 
892 as against 883 distinct rectangular ,partitions. Or it might suggest 
that, in a given envelope, one set of room sizes is more adaptable than 
another because- it has more distinct realisations. These arguments do 
not conform to our definition, and we find them intuitively weak. 
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15 RELATIONSHIPS BETWEEN ACTIVITIES AND BETWEEN SPACES 

The final topic we discuss in this chapter continues the extension of our 
approach in the direction of building form. We said earlier (Ch . 4, s .12) 
that we have concentrated on analysing the component activities and 
component spaces making up organisations and buildings, paying less 
attention to the relationships between activities and connections between 
spaces. Consideration of the se factors can, however, be undertaken within 
the general definition of adaptability tha.t ·we put forward in Chapter 4 . 
We must establish 1) the exhaustive ensemble of activities states corres
ponding to our knowledge about the system of interest, and 2) which elements 
of the ensemble can be accommodated by a building under consideration . • 

We now ignore all properties of activities except their state of relatedness: 
the inverse of our assumptions given in Ch,5, s .l. All possible patterns 
of related activities can be represented by all possible graphs on the 
activities. The vertices are activities, related activities are joined 
by edges. We illustrate all possible graphs of four activities, and all 
the different ways that these can be realised by distinct activities : 

• 
• 
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Similarly, all designs can be represented by graphs in which the vertices 
ar e rooms and connected rooms are joined by edges. Now, not all possible ~ 

graphs can represent possible designs, for it is necessary that single 
storey buildings have room configurations correspond1ng to planar graphs. 
Most multi-storey b~ildings, too, can be represented by planar graphs. 
March and Earl (1977) show that the triangulated planar graph corresponds 
to the most highly connected achievable designs. Thus our array of possible 
designs is considerably less than the array of possible a3tivity states. 

The matching of these related activity states to connected spaces is 
simple: the activity graph must be a subgraph of the spatial graph. 
Unconnected activities ~an be accommodated anywhere. The more-than-planar 
activity states cannot be accommodated in any planar arrangement of rooms . 
.Any design can accommodate a certain number of activity graphs and their 
associated realisations : we thus have the basis of measure of adaptability 
which takes account of the relationships between activities and between 
spaces. 

This same criterion is found in Matela and O'Hare's (1976) discussion of 
polyominoes, though not expressed in our terms. They consider the adjacency 
graphs of different polyominoes and argue that the flexibility of a 
polyomino is determined by the number of labelled spanning trees that 
are subgraphs of its adjacency graph, They thus discount unconnected 
spaces or unrelated activities . Since their work is restricted to the 
analysis of polyominoes, the most highly connected graphs that it is possible 
to achieve are rectangular nets, and in their terms these are the most 
flexible possible designs. 

In their analysis of polyominoes Matela and O'Hare treat flexibility as 
an increasing property of building forms . We maintain that adaptability 
J..S a more contingent measure which must be related back to an ensemble of 
activity states.. Unlike our ensemble of activity states defined by size 
but without relationships between activities, the ensemble of relationships 
only does lend itself to Matela and O'Hare's ellipsis . If, however, we 
were to introduce a, budget of spatial connections to correspond to the 
budget of space units that we used earlier, we would find more comparable 
results: a given budget of connections could be arranged in various ways, 
and their adaptabilities compared with the activity ensemble . Increasing 



,.... 

Ii 
1, 

I, 

1i 

the number of connections increases adaptability in the same way that 
increasing the budget of space units increases adaptability with respect 
t o given activities. This analysis completely ignores the question of 
the compatibility of particular activities with particular spaces, but 
a realistic model of activities and buildings would have to take account 
of both activity to space compatibility and relationship between activities 
and between spaces. This would also~ we anticipate, undermine the possi
bility of interpreting adaptability as an increasing property of buildings . 

We have not extended our analysis to the study of the questions raised in 
this section, but we hope it is clear that such extensions are, in principle, 
compatible with our approach to adaptability. We have chosen to work 
within the limitations we have outlined (Ch.5, s.l and Ch.8, s.1), feeling 
that they define . a more manageable problem, and perhaps a more fundamental 
one upon which extensions can potentially be made. 
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CHAPTER 9 ALL POSSIBLE ALLOCATIONS 

1 INTRODUCTION 

In t~e last chapter we studied the match of buildings with a variety 
of organisations fro~ first principles, in a simplified way. We were 
concerned with establishing which elements in an ensemble of possible 
activity states could be accommodated by given designs, the number of 
successes being our measure of adaptability. 

This analysis corresponds, in simplified terms, to one of the chief 
criteria which we argued in Chapter 3 guide designers of adaptable 
buildings: they want their designs to be suitable for occupation by 
alternative organisations having different structures of activity 
grouping. In Chapter 3 we identified a second, and different, criterion, 
which designers have taken as their objective when designing adaptable 
buildings, based on the variety of ways that a set of activities can 
be rearranged within a building .. The range of possible organisations 
is not emphasised, but rather the range of possible states of allocation. 

Even using the simplified descriptions of organisations and buildings 
of the l ast chapter, it is clear that o~en an organisation could be 
accommodated into a building in many different ways, especially where 
the number of space units exceeds the number of individuals . For 
example, an organisation of 5 individuals divided into groups 3,1,1 
could be allocated in more than one way to a , design of 7 space units 
divided into rooms 3,3,1: the group of 3 individuals could be allocated 
to either of t he rooms of 3 space units, and the two singleton groups 
could be al.located to any of the rooms. 

Up to now we have ignored this characteristic, and only taken account 
of the fact that an organisation can or cannot be accommodated at all 
in a design. Our approach now changes, and we concentrate wholly on 



the question of possible allocations , considering a single given set 
of activities a.nd a given design and ignoring the variety of other 
possible organisations. 

# 

Suppose that an architect ha.s a detailed statement describing the 
activities to take place in a building. There are likely to be many 
different designs that he could propose, all of which would accommodate 
these activities, and the architect may wish to compa:r;e the adaptability 
of the alternatives. Some designs may ·consist of spaces very closely 
tailored to the particular activities, expressing all their peculiarities 
in t~e shape or size of rooms, or their equipment or furnishing. Tight
fit designs like the~e can be compared to others, in which rooms are 
suitable for a number of different activities, which offer a choice of 
ways to arrange the activities in the building ~nd which can be thought 
of as loose-fit buildings. An adaptable design is one which allows the 
activities to take up a variety of states and which is minimally specific 
to a particular activity state. In this_ _context the term activity state 
refers to a state of allocation, and the variety, or number, of ways 
of allocating the activities to the spaces of a building can be considered 
as a measure of its loose-fit adaptability. 

2 BASIC ASSUMPTIONS 

We now list the basic assumptions and simplifications that we will 
use in elaborating the concept just outlined. They are limitations on 
the ways we ·describe activities and buildings; similarly we explained 
our earlier assumptions in Ch.5, s.l and Ch . 8 , s.l. In the current 
analysis of possible allocations we will ref'.er to activities as a set of 
events constitut i ng a function, in contrast to our use of the term 
organisation to describe the elements of the exhaustive ensemble of 
states of grouping. 

A f u..YJ.ction is described in accordance with the fo l lowing assmnpt ions: 
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1) A f unction consists of a fi xed nu.~ber of distinct events . 

2) There are no associations or relations between events - the list 

of events is the only structure of a function. 

3) An event can be described in as much detail and with respect to 

as many attributes as is desired. 

The use of the term "event" is not mean~ · to imply any chronological 

information: we consider a function at a given point in time. 

The assumptions governing the description of buildings are much the 

same: 

1) A building consists of a fixed number of distinct spaces. 

2) No account is taken of links or connections between spaces - the 

layout and form of the building is ignored. 

3) A space can be described in as much detail and with respect to 

as many attributes as is desired. • 

The descriptive data about individual events and individual spaces 

must be sufficient, in a given case, for ~s to be able to determine 

whether the activity can take place in the space. With the list of 

events in a given function and the list of spaces in a given building, 

we must be able to take each event in turn and go through all the 

spaces asking " can this event take place in this space'?" We suppose 

that we can alway s give a definite answer, yes or no. The result of 

this feasibility test can be set out in a feasibility matrix, where 

if the event can take place in the space we write l , if not 0 : 
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activities el 

e2 

e . 
1 

spaces 

hl h2 

fll fl2 · 

f21 f22 

h. 
J 

flj 

f2j 

f .. 
1J 

f .. 
lJ 

To allocate the activities to the building we must ensure that each 

event is in a feasible space and that no space has more than one event. 

The number of different feasible allocations, which is what we are 

interested in, is determined by the information contained in this 

zero-one feasibility matrix. 

3 FEASIBLE ALLOCATIONS 

A feasible allocation is a set of event-space pairs, typically (e .,h.) 
l J 

where event e . is allocated to space h., Every event has to be in 
l J 

one event-space pair and no space may be in more than one. All event-

space pairs must be feasible, f .. = 1 . For example , the following 
1J 

feasibility matrix has four feasible allocations, which are listed : 
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hl h2 h3 h 4 

el l 1 0 0 

e2 0 1 1 0 
" 

e~ 
..) 

0 0 1 1 

e4 1 1 1 1 

f . . 
iJ 

1) (el,hl), (e2,h2), ( e3,h3)' (e4,h4) 

2) • (el,hl); (e2,h3), (e3,h4), (e4,h2) 
• 3) (el,hl), (e2,h2)' (e3,h4), (e4,h3) 

4) (el,h2), (e2 ,h~), (e3'h4 ), (e4,h1) .., 

The total number of possible event -space pairings include many that 
are non-feasible. In the example there are 24 possible sets of pairs, 
of which 20 are non-feasible. A set of pairings,or allocation, is not 
feasible if one or more event is paired with a non-feasible space. 

Feasible allocations can be defined formally . Let Z be a set of pairings 
for a function consisting of k events and a building of m spaces, k < m. 
The system of pairings is: 

It represents a feasible allocation if the following product of 
feasibilities equals 1 : 

f 1 z ( 1) ·f 2 z ( 2) · • • f i z ( i ) · · ' f kz ( k ) = 1 

otherwi s e i t · i s non- fe as ible. Z is an injec_tive mapping {1,2 , ... k} + 

C 1 , 2 , ... m}. 

The total nwnber of systems of pai r i ngs , or injective mappings, i s given 
by m!/(m - k)! . Where m = k, thi s reduces tom!. 



The number of feasible allocations is counted by the number of these 
injective mappings whose product of feasibilities, as described above, 
equals 1 . Now, for a given function and building, and a given zero-one 
feasibility matrix, this number is counted by the permanent of the 

"' feasibility matrix. For a feasibility matrix F = {f ; . } ' i = 1,2 , .. . iJ 
J = 1,2, m, the permanent of toe matrix 

Per (F) = ~ f f. f 
L. lz(l) 2z(2) · " kz(k) z 

is (Tomescu, 1975 , p.166) 

k , 

where z runs over all injective mappings. Ryser (1963) presents a 
meth?d for calculating the permanent, and Nijenhui s & Wilf (1975, Ch.19) 
show an algorithm w~ch applies to the special case of a square matrix 
where (in our terms) the number of activities, k, is equal to the number 
of spaces, m. A rectangular matrix can always be mad'e into a square 
one by the addition of (m - k) rows of l 's. For each feasible allocation 
in the k relevant rows there will then be (m - k)! allocations in the 
enlarged matrix: our permanent must be reduced by this factor. A 
feasible allocation can be thought of as a system of distinct represen
tatives (SDR), or transversal (Mirsky, 1971). In s.5 we shall see that 
it can also be represented as a matching on a bipartite graph. 

The study of SDR's, transversals, or matchings is well established in 
combinatorial mathematics, and in operations research applications of 
combinatorial mathematics where i~ figures as the resou:nce allocation 
problem and variants. However the chief concern of mathematicians 
has been establishing the existence of transversals for given zero-one 
matrices; as Mirsky remarks (1971, p.214), "transversal theory, at 
least as it appears now, is predominantly a study concerned with the 
existence of transversals and transversal-like objects. Enumerative 
questions are -no less interesting but are generally much less tractable". 
In operations research the emphasis has been on deriving algorithms 
which find one transversal, or a single transversal that is in some 
way optimal, f or a given zero-one matrix (e . g . Chantler, 1977). 

The permanent fun ction , which does enumer ate t r ansversals , .or in our 
application f easibl e allocations , is itself an exhaustive enumeration 
of potent i a l t ransversal s; it simpl y counts the number of successes . 
In the case of square matrices there are m! transversals and m el ement s 
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in each, so t he calculation of the permanent r equires m.m! steps. 

Ryser ' s algor ithm , refined by Nijenhuis & Wilf, reduces this to m. 2m-l 

steps . But the number of steps is still an exponential functi on of 

the size of the problem. "It is now generally agreed by computer 

scientists that ~lgorithms whose execution time increases exponentially 

as a function of the size of the input are not of practical value" 

(Lewis & Papadimitriou, 19"(8, p.99). We are thus severely limited 

in the size of problem for which we can expect to count feasible . 
allocations . We discuss later some tactics by which we try to circum-

vent this problem. 

There is one result that gives an upper bound for the size of the 

permanent of a square zero-one matrix. Minc's conjecture has been 

proved (by Bregman; reported in Tomescu, 1975, p.168)-; it states that 

m 1. m 
per (F) 2- II (a. ! ) ai where a. = r f .. 

' i iJ i=l l 
j=l 

that is, a. equals the number of l's in row i of an m x m zero-one i 

matrix F. A matrix with a given number of l's can have them distributed 

amongst the rows in many different ways. The above expression indicates 

that the upper bound is highest when the l's are evenly distributed 

between rows, rather than bunched in a few rows . However, the same 

distribution of l ' s between rows can be achieved with many different 

distributions between columns - Qut for all of them the same bound 

applies. Distributions in which one or more rows, or one or more columns , 

is empty will have no transversals and zero permanent; but Minc's bound 

will not identify this. Since the matrices to which the bound can 

apply are square , the bound can presumably be applied to columns as well 

as rows; the lower of the row and column bounds presumably applies. 

We do not know whether we can therefore conclude that, for a matrix 

with a given number of l's , the highest permanent will be achieved 

when the l's: are distributed as evenly as po~sible over both rows and 

columns . 
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4 THE ENSEMBLE OF ACTIVITY STATES 

We now have a precise definition of adaptability measured with respect 
to allocation of a given set of events to the spaces of a building. 
How does it relate to the general propositions we made in Chapter 4? 
We argue that adaptability is a subjective probability, and is measured 
by establishing an exhaustive ensemble of possible activity states, 
and counting how many of these possible activity states can be accommo
dated in the system under consideration. 

Our first ensemble of ac~ivity states consisted of all possible 
organisations, and it is easy to see the connection between the • 
theoretical definition and practical problems, for a design that 
accommodates many of the possible organisations will be well placed 
to cope with organisational change. But what in practical terms might 
give rise to a demand for allocational adaptability? We saw in. Chapter 
3 that it is indeed sought in some circu.~stances. For any or no reason 

there may be a desire that certain events should take place in certain 
spaces, rather than elsewhere, for example the adaptable houses are 
intended to offer their occupants an arbitrary choice about what goes 

where (Ch,3, s. 6): the designer feels that such choice will be of 
value to the occupants, and naturally he cannot predict how it will 
be used, as he is ignorant of potential residents' allocational tastes. 
The choice of allocations will in practice be substantially affected 
by connections between activities and links between spaces, but in the 
present study we do not take account of this, but they do add to our 
ignorance of allocational constraints . Thus in measuring adaptability 
by the number of feasible allocations we can claim to be assessing the 
ability to respond to missing information about allocational tastes . 
This will als-0, of course, allow for changes in allocations over time 
(so long as the events making up the function are constant). 

But does our measure respond to ignorance about events ' requirements, 
or changes in events' requirements? At the time of design of a building 
the designer may not be certain exactly what space will suit each event, 
so that it is desirable to allow events a wide choice of spaces. As 
our ignorance reduces, the requirement for adaptability reduces, until 
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we are eventually able to arrive at the "well·-adapted" (Ch,4, s.3) 
solution. However, whilst allocational tastes do not affect the zero
one feasibility matrix, additional or changing requirements of events 
may well cause certain entries to change, and this affects the measure 
of adaptability. In this case we can simply suggest that a design 
that initially offers ma.ny allocational choices should be better placed 
to cope with changing events or changing requirements than a design 
that is initially very ti ghtly fitted to a given set of events. 

Our general theory of adaptability allows many applications, but for 
each a precise ensemble of possible activity states :r.mst be established. 
For our analysis of adaptability with respect to all possible organis
ations we established an ensemble of activity states - the states of 
group sizing - against which many different building designs can be 
measured. The ensemble does not vary with different buildings. In our 
present analysis of allocational adaptability the situation is different, 
for the ensemble of all possible allocations is specific to a given 
function and a given building. The same ensemble will still apply if 
the design is modified to alter the distribution of zeros and ones in 
the same feasibility matrix, but strictly a new ensemble will arise 
if the same events are compared with a different building. It still 
seems reasonable, though, to compare the total number of feasible 
allocations that are achieved for the same function in different designs. 
If a new set of events is compared with a .new building we will not 
expect any comparability in the measures obtained. 

The allocational measure of adaptability is narrower than the organis 
ational measure, but it does allow more detailed analysis, as we shall 
show. In general we can suggest that the two measures are complementary: 
they deal with problems at different levels of specificity. 
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5 TYPICAL FEASIBILITY MATRICES 

Soine spaces are suitable for . many activities, whereas others are tailored 
to specific uses. Similarly, some activities' requirements can be met 
by many different types of space, whilst others have very precise demands, 
Let us consider the patterns of event-space feasibility that are likely 
to be encountered in practice. 

Suppose that we order the events of a function in asc~nding order of 
the severity of their demands, and at the same time order the spaces 
of a building in ascending order of - well, whatever intuitively makes 
them·able to cope with many different types of event. This is just as 
in Ch.4, s.5, 6. Ir9the only attributes that we consider are an event 
size, and room size, as in our analysis of organisational adaptability, 
we find a trivial feasibility matrix: 

spaces sizes 

2 4 6 8 10 

event sizes 2 1 1 1 1 1 

4 0 1 l l 1 

6 0 0 l l l 

8 0 0 0 l l 
f .. 
lJ 

When we take account of more attributes of activities and spaces, however, 
we find that the feasibility of an event-space match does not depend 
on a single ascending attribute. Consider the events in a secondary 
school. A general classroom lesson would count as a simple kind of 
event, that could take place in more or less any classroom, or in 
laboratories or other kinds of space.· The more demanding events get 
more specialised: science experiments can only take place in laboratories, .. 
gymnastics can only take place in a gym, and · so on. Spaces desi gned for 
specialised events are not interchangeable between different specialis
ations - and clearly there is no single increasing attribute that can 
make a space suitable for increasing numbers of events. A typical 
feasibility matrix may have approximately the distribution of feasible 
and non-feasible matching that are shown below. The events and spaces 
are ordered in terms of specialisation, as we have been using the term . 
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events 

l 
increasing 

specialisation 

' 

spaces 

~~~,41ncreasing specialisation 

' ' " feasible 
. "' 

' ' " " 
non-feasible ' " " 

" / 
I 

/ 
.,,.,.-

f non-
t feasible 

\ 
\ 

' ' ' ' 
f .. 

1J 

Within a particular specialisation it is of course possible to equip 
> 

a space with a very high level of servicing and equipment to increase 

the range of events it can cater for. This is an expensive exercise, 

and a desi gner who works within a budget must consider whether to 

provide a few very well equipped rooms or•more rooms which are each 

suitable for a narrower range of events . The alternatives will provide 

very different feasibility matrices: it is not intuitively obvious 

which will offer the highest number of f'easi ble allo.cat ions. We present 

hypothetic al data indicating the kind of choice that could face a 

des igner who has to design a school science department (from Fawcett, 

1976b) , There are seven t ype s of event, and eight types of space; the 

cost of a space of each type is indicated, The feasibility matrix 

between t ypes of event and types of space 1s also shown : 
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events 

.lecture/seminar 

reading/writing 

demonstration/practical 

films 

physics experiment 

· .chemistry experiment 

biology experiment 

s R L 

hl h,., 
c. h3 

el l 1 l 

e2 0 l l 

e3 0 0 l 

e4 0 0 1 

e5 0 0 0 

e6 0 0 0 

e7 0 0 0 

p 

h4 

l 

1 

l 

0 

1 

0 

0 

C 

h5 

1 

l 

1 

0 

0 

1 

0 

spaces 

seminar room ( S ) 

classroom (R) 

light practical room 
( L) 

phy~ics laboratory (P) 

chemistry laboratory 
( C) 

biology laboratory ( B) 

all-purpose laboratory 
(M) 

h8 lecture theatre (T) 

B M T 

h6 h7 h8 

l l l 

l 1 0 

1 1 0 

. 0 1 1 

0 1 0 

0 1 0 

1 1 0 

f . . 
iJ 

units of cost 

l 

1~ 

2 

3 

3 

3 

4 

3 

If the budget of cost is 25 units, there are at least eight different 
designs of 10 spaces, shown below. If the number of spaces were allowed 
to vary, the number of poss ible de s i gns would increase greatly. 
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1) s R R p p C C B B T 
2) s R R L L p C B M M 

3) s s R R L L M M.M M 

4) s s s p p C C B B M 

5) s s L p p p C C B B 

6) R R L L L p C B M T 

7) R R R R p p C C B M 

8) s s R R p C B M M T 

The most adaptable solution, in our te.rms, is not obvious; and a study 
of the alternatives invites architectural speculation which goes beyond 
the analysis of adaptability. Within this thesis we shall keep to our 
narrow topic, but before attempting the realistic analysis of activities 
and buildings, we shall consider some more abstract properties of our 
proposed measure. 

6 POSSIBLE FEASIBILITY MATRICES 

. The nu..mber of feasible allocations of a given function to a given building 
is determined wholly by the data contained in the zero-one feasibility 
matrix: the information we have about events and spaces, whatever its 
detail, has the sole purpose of establishing the zeros and ones in the 
feasibility matrix. Unlike the organisational measure of adaptability 
we now permit events and spaces to be described in arbitrary detail, 
so that all possible functions and designs no longer fall into equivalence 
classes. All feasibility matrices, though, .consist of zeros and ones, 
regardless of the particular events and spaces, so that it is possible 
for quite different functions and buildings to share the same feasibilit y 
matrix, and measure of feasibility . All possible feasibility matrices 
do fall into equivalence classes , and can be enumerated . 

First consider all the possible feasibility matrices linking a set of 
events and a set of spaces. For a given function they could represent 
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all possible designs of a given number of spaces. The tYJ)ical case can 
be represented (as in s .2 ) as a function of k events and a building of 
m spaces: 

spaces 

events 

e. 
J. 

f .. 
lJ 

h. 
J 

h 
m 

km Each entry f .. can be either 1 or O, so there are 2 possible feasibility J.J 

matrices. It is reasonable to ~mpose the restriction that every event 
must have at least one feasible space, and that every space must be 
feasible for at least one event - otherwise the relevant rows or columns 
are redundant. With this restriction the remaining possible feasibility 
matrices are called spanning zero-one matrices, and expressions for 
counting them have been given by Jackson (1976). His expressions have 
not, so far as I know, been enumerated. Many of the possible spanning 
fee.sibili ty matrices nevertheless have no feasible allocations , for 
example: 

. hl h2 h3 

el 1 0 0 

e2 1 0 0 

e3 1 1 1 

.C' 
J. •• 
iJ 
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Again, many of the possible spanning feasibility matrices share the same 
structure of zeros and ones; they can be transformed into each other 
by interchanging rows and col'umns, and they share the same permanent 
and the same number of feasible allocations. The situation can be 
shown using a graph rather than a matr1x to represent feasibility. Any 
zero-one matrix can be represented as a bipartite graph, as in which 
feasible event-space pairs are linked by an edge (Harary March & 

Robinson, 1978) . The two representations are shown for the example we 
used in s.3: 

hl h2 h3 h4 

• el hl 1 1 0 0 el .,_ 

. e 
2 

0 1 1 0 e2 h2 

e3 0 0 1 1 e3 h3 

e4 1 1 1 1 e4 h4 
f .. 
iJ 

The restriction that we only consider spanning zero-one matrices means 
that we only consider bipartite graphs without isolated points. The 
transformation of feasibility matrices into each other whilst preserving 
the structure of zeros and ones is equivalent to rearranging the labels 
on a given bipartite graph . 

An expression for counting the number of unlabelled bipartite graphs 
with no isolates was given by Harary et al (1978) , and they give an 
enumeration of the expression for small cases, which we reproduce in 
Appendix B 3 . For example , there are 33 bipartite graphs relating 
4 events to 4- spaces with 1 0 links (i.e . 10 ones in the feasibility 
matrix) of which the above is one. Each of these graphs can be. l abelled 
in different ways, but all labellings of the .same graph share the. same 
number of feasible allocations . 

Using the bigraph notation feasible allocations can be represented as 
matchings on the bigraph (Bondy & Murty, 1976, Ch.5), The four feasible 
allocations in the example above are the following matchings: 
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el hl el hl el hl 

e2 h2 e2 h2 e2 h2 e2 h2 

e3 h3 e3 h3 e3 e3 h3 

e4 h4 e4 h4 e4 h4 e4 h4 

This notation may indeed be easier to visualise, but it does not actually 
solve our problem : it is just as difficult to count watchings in a 
bipartite graph as it is to find the permanent of a zero-one matrix. 

• 

7 DISAGGREGATION OF FEASIBLE ALLOCATIONS 

The analysis of possible feasibility matrices in isolation from particular 
functions and buildings does not reflect the normal activity of the 
designer . The feasibility matrix is not designed directly: it is the 
consequence of the attributes of events and of spaces. Perhaps the 
designer should re-orientate himself, and begin the design process with 
a known type of feasibility as a conscious objective, especially if the 
conjecture at the end of s,3 is true, or if similar generalities could 
be sustained. Nevertheless the role of a method of measuring adaptability 
in the conventional desi gn process would be to monitor and guide the 
development of a design, and the designer will wish to know not just 
how well a design performs , but also how it might be improved . 

Our loose-fit adaptability counts the number of feasible allocations , 
and does not -say anything about what activities are allocated to what 
spaces. This information could always be gained from a full list of the 
feasible allocations, but is it possible to optain a summary of this 
information by anal ys is rather than enumeration? Would such information 
be useful? 

Let a k x m feasibility matrix have 

of these event i is allocated to 

overall distribution of · events 

S feasible allocations, and ins .. . iJ 
space .j. The matrix { s .. } is the iJ 

in spaces for all allocations. All 
entries corresponding to zero value s in the feasibili t y matrix will of 
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course be zero; we will only be interested in how often feasible 

activity-space pairs are used. If a pair is unused, then clearly the 

fact that the activity- space pair is feasible contri butes nothing to 

the adaptability of the system; it is redundant. Again, if an activity

space pair occurs in almost every full allocation, then the activity 

in question has very little effective choice of spaces and is tightly 

constrained; marginal changes to the schedule of spaces in order to 

make the activity looser might have a substantial effect on adaptability. 

The matrix {s .. } of all allocations has integer entries; it can be lJ 
transformed into a stochastic matrix, {t .. }, by dividing all entries lJ 
by the total number of al locations, S. For the feasibility matrix 

illust rated in s. 3, with its four feasible allocations, the matrices 

{ s .. } and { t .. } are : 
lJ lJ 

hl h2 h3 h4 hl h2 h3 h4 

el 3 1 el 
3 1 0 0 4 4 

e2 2 2 e2 0 1 1 0 2 2 . 
e3 1 3 e3 0 0 1 3 

I; 4 

e4 1 1 1 1 e4 
1 1 1 1 

s . . ~ I; !i !i t .. lJ lJ 

In all feasible allocations each activity is allocated so the rows of 

a . {tij} matrix always sum to unity; and therefore i~ is always a singly 

stochastic matrix. If there are an equal number of spaces and activities, 

then each space must also be used once in each allocation, so {t .. } wil1 
l.] 

be a doubly stochastic matrix. It is not clear how to arrive at this 

matrix without enumeration. We have tried to approximate to this matrix 

by flows in a constrained entropy-maximising transport-type model, where 

activities act as origins and spaces as destinations, and unit or zero 

accessibility links correspond to ones or zeros in the feasibility 

matrix (Fawcett, 1976a ) . This produces only a weak approximation, and 

ignores many of the interesting effects of the structure of the feasibility 

matrix. The transport-type model is designed. for, and applies .to, 

Weaver's disorganised complex systems (see Ch.1, s.4) like towns, but 

not to highly structured systems like the match of set . of events to a set 

of $paces with a precise feasibility matrix: these are Weaver's organised 

complex systems. · 
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course be zero; we will only be interested in how often feasible 

activity-space pairs are used. If a pair is unused, then clearJ.y the 

fact that the activity-space pair is feasible contributes nothing to 

the adaptability of the system; it is redundant. Again, if an activity

space pair occurs in almost every full allocation, then the activity 

in question has very little effective choice of spaces and is tightly 

constrained; marginal changes to the schedule of spaces in order to 

make the activity looser might have a substantial effect on adaptability. 

The matrix { s .. } of all allocations has integer entries; it can be iJ 
transformed into a stochastic matrix, {t .. }, by dividing all entries iJ 
by the total number of allocations, S, For the feasibility matrix 

illustrated in s, 3, with its four feasible allocations, the matrices 

{s .. } and {t .. } are: 
iJ iJ 

hl h2 h3 h4 hl h2 h3 h4 

el 3 1 3 1 0 0 el 4 4 

e2 2 2 0 1 1 0 e2 2 2 . 
e3 1 3 e3 0 0 1 3 

4 4 

e4 1 l 1 1 e4 
1 1 1 1 

s .. 4 4 Ii 4 t .. iJ iJ 

In all feasible allocations each activity is allocated so the rows of 

a {tij} matrix always sum to unity; and therefore it is always a singly 

stochastic matrix. If there are an equal number of spaces and activities, 

then each space must also be used once in each allocation, so { t .. } will 
iJ 

be a doubly stochastic matrix. It is not clear how to arrive at this 

matrix without enumeration . We have tried to approximate to this matrix 

by flows in a constrained entropy-maximising transport-type model, where 

activities act as origins and spaces as destinations, and unit or zero 

accessibility links correspond to ones or zeros in the feasibility 

matrix (Fawcett, 1976a). This produces only a weak approximation, and 

ignores many of the interesting effects of the structure of the feasibility 

matrix. The transport-type model is designed for, and applies .to, 

Weaver's disorganised complex systems (see Ch.l, s.4) like towns, but 

not to highly structured systems like the match of set. of events to a set 

of spaces with a precise feasibility matrix: these are Weaver's organised 

complex systems , · 
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8 ENTROPY MEASURE 

We have referred earlier (Ch.2, ~.6) to a paper by Baird (1972) which 
specifically set out to study the variety of ways facilities could be 
allocated to sites at an urban or regional scale. This corresponds to 
our problem of allocating events to spaces at the architectural scale. 
Baird distinguished tight systems, in which facilities have very limited 
choices of locations, from loose ones in which there are many alternatives. 
He proposed that for each facility a pr,obability distribution could be 
established across all alternative locations. If an element had many 
alternatives and all were equally probable, then the activity would be 
at its loosest; if an activity could only use one space it would have 
a probability of 1, and then there would be no looseness. Intermediate 
conditions, with a range of alternatives, some more and some less 
probable, would have an intermediate degree of looseness. The measure 
of' this looseness across the probability distribution is Shannon's 
entropy 

k. I: p .. ln p .. 
. lJ lJ 
J 

f'or activity i across spaces J· I: p .. = 1. The looseness of the system j lJ 
is the sum of the loosenesses of its elements. 

Baird proposed that the probability distributions should be estimated 
directly, pointing to precedents in psychology. Now, the stochastic 
matrix {t .. } discussed above contains such a probability distribution lJ 
f'6r each activity, and we have earlier tried to apply the measure proposed 
by Baird (Fawcett, 1976a, b). Of course, when applied to the output 
of' the entropy-maximising transport-type model the result is subject 
to the errors_ of that approximation. The result is to encapsulate a lot 
of' information into a single index and one which, though attractive, is 
rather hard to interpret. In general, if some zeros are replaced by ones 
in a feasibility matrix both the number of feasible allocations and the 
entropy measure rise, and in such a simple case the results of the two 
measures agree. Where very diverse feasibility mat rices corresponding 
to different designs for a given set of activities are compared, the 
two measures may not agree. We have i n this paper preferred to rely 
on the simpler method of just counting feasible allocations. If in 
addition the distribution matrix {s .. } or {t .. } is available, it should iJ iJ 

. add useful supplementary information about ti ght spots in the system as 
well as redundancies . 
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A great benefit of this approximation over the exact count of fea sibl e 
allocations is its computational efficiency, for it can be applied to 
systems many times larger than those for which direct application of the 
permanent function is reasonable. Since we are concerned with the general 
pattern of results in all applications of a theory of adaptability - exact 
results are irrelevant when the simplifications of the problem statement 
are considered - the approximation may actually have practical value. 

A possible extension, which we have not explored, would be to incorporate 
cost data (s,5) into the problem statement. When the entropy maximising 
distribution of events to spaces is performed, it should be possible to 
allow the numbers of.spaces in each type to vary (subject to a budget 
limit) so as to maximise the entropy of the derived distribution of 
events to spaces. This does seem to be erecting too elaborate a structure 
on rather simplistic foundations. It would take our method of measuring 
allocational adaptability from a purely evaluative role into a normative 
one. We think that it is a prior requirement to confirm the viability 
of the evaluative role. 
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CHAPTER 10 SYSTEMS OF ALLOCATION 

"· 

1 INTRODUCTION 

In the last chapter we defined our concept of allocational adaptability, 
but presented few worked examples . We have not attempted to implement • the permanent function , and have latterly moved away from the entropy 
maximising and entropy measuring topics which .we referred to above 
(ch , 9 , s,7, 8) and have discussed elsewhere (Fawcett, 1976a, 1976b) . 
The techniques that we have tried to develop are based on a different 
approach, the rook polynomial (Liu, 1968, ch.4 ) . The elaboration of 
the rook polynomial has enabled us to look at a number of interesting 
aspects of the activity-space relationship , and although they could 
stand by themselves we shall structure this chapter and present the 
observations by means of the rook polynomial . 

2 ROOK POLYNOMIAL 

As we have s~en t he feasibility matrix and feasible allocations can 
be thought of in different ways , as SDR's, or transversals , or as 
matchings on a bipartite graph, We now consider the zero-one feas ibil i t y 
matrix as a chessboard, with all the zero entries corresponding to black 
squares, and the one entries to white squares. We are interested in the 
placing of rooks on the white (= one) squares onl y, in such a way that 
they cannot take each other. A rook can take any other rook that is 
in t he same row or column of the chessboard, and can of course take 
another rook over intervening black squares. 



The feasibility matrix illustrated in Ch,9, s.3 is readily transformed 
into the following chessboard: 

" 

• 

The maximum number of rooks that can be placed is clearly 4, and in the 
general case of a feasibility matrix relating k events tom spaces 
(k < m) the maximum nu.mber of rooks is always k, The number of ways 
of allocating 4 rook is 4, and the positions clearly correspond with the 
four full allocations in the feasibility matrix corresponding to the 
chessboard: in a feasible allocation all events must be allocated to 
feasible spaces, no event can be allocated more than once, and no space 
can have more than one event; so, in an allocation of rooks all rooks 
must be placed on white squares , no row can have more than one rook, 

· and ho column can have more than one rook. There is a precise isomorphism 
between the allocation of non-taking rooks and a feasible allocation of 
events to spaces. 

In building up the rook polynomial, however, we are not just interested 
in the numbe.r of ways of allocating 4 rooks, or k rooks in the general 
case, but also in the number of ways of allocating 0, 1 , 2, 3 or 4 rooks; 
in the general case, O, 1, 2, ... i k, There is in all cases 1 way 
of allocating no rooks, and as many ways of allocating 1 rook as there 
are white squares . We can write the result for all values of the number 
of rooks in the following polynomial, which is the rook polynomial: 

R = i c .x + .•• 
i 

where c. is the number of ways of allocating i rooks . i 
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When i rooks are placed they must lie on a subset of the k rows of the 
chessboard, so they correspond to a feasible allocation of an i-subset 
of the k events to them spaces of the feasibility matrix. The term c . 

l 
in the rook polynomial counts all feasible ways of allocating all 

k! possible i-subsets of the k activities: there are-,-~~-,--,-- i-subsets (k - i) !i! 
of k activities . It does not distinguish how many feasible allocations 
each subset has - they are pooled into a single value. 

The full rook polynomial for the chessboard illustrated above is 

R = 1 + lOx + 27x2 + 14x3 + 4x4 

3 ESTABLISHING THE ROOK POLYNOMIAL 

The value of the terms in the rook polynomial can be established by 
decomposing the chessboard until it disappears or becomes trivial 
(Liu, 1968). We first illustrate the general case, and then give a 
smaller example. We will from now on ref~r to allocating events rather 
than rooks, and to the feasibility matrix rather than the chessboard. 

We wish to find the rook polynomial, ·R, of a k x m feasibility matrix F. 
We can draw the feasibility matrix so that all squares with zero values 
are shaded and those with unit values are white. Any white square is 
chosen; below one is marked with an asterisk. 
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spaces 

l 2 

' events l 

2 

e 

k 

I 

h 'm 

F ( array being decomposed 
on cell (e, h)) 

Now, in any allocation of events to spaces either 

1) event e 18 not placed in space h, or 

2) event e 1S placed in space h, 

Let us consider the term i in the pol~omial R. c.x 
1 

If case (1) occurs and activity e does not use space h, then all the 
i events to be allocated to the feasibility matrix F- must be allocated 
to a new feasibility matrix F' , in which the cell upon which the 
decomposition took place is omitted . We call this the minor array that 
results from _the decomposition of F. The number of ways of allocating 
i events to F' is the term c. 'x1 in the rook polynomial R' of feasibility 1 

matrix F' , and this is the number of ways of allocating 1 events to 
feasibility matrix F such t hat event e does riot use space h , 

188 



1 

2 

e 

k 

1 2 h m l h m 

F" 

If case (2) applies, then one event 1s placed in the space h, and i - l 
events are placed elsewhere; event e cannot be allocated again and 
space h cannot be used again. The number of ways these i - 1 events 

. . " i-1 . . can be allocated 1s given by the term ~i -lx 1n the rook polynomial 
R" of a new feasibility matrix F" 1n which row e and column h are 
completely shaded. This new matrix we call the major array that results 
from the original decomposition. Therefore the term x. c '.' 

1
xi-l counts 

1-
the number of ways of allocating 1 events to feasibility matrix F such 
that event e is placed in space h , 

Since either case (1) or (2) must always apply, c.x1 
- the total number 

1 
of ways of allocating i events to feasibility matrix F - is equal to 

I 1 11 ' i-1 cix + x.ci_
1

x This applies to all values of 1, and therefore for 
all terms i:q the rook polynomial R, Thus R = R' + xR" . Feasibility 
matrices F' and F" can simil arl y be decomposed and simplified until 
they disappear . Then t erms are collected and the desired rook polynomial 
R is obtained. The terms of the rook polynomial give the number of 
ways of allocating i events tom spaces for i = O, 1 , 2, ,,, k, 

Feasibility matrices disappear when their terms can be written down 
by inspection, that is when they have a single row or column. Such an 
array with d elements (whether in a row or column) clearly has the 



polynomial R = l + dx, 

1 2 . . d 
I I I I I I I l 

. 2 

d 

since no rooks can be placed in such a chessboard in one way, and one 
rook can be placed d ways. No more than one non-taking rook can be 
placed. 

4 EXAMPLE OF FULL DECOMPOSITION 

Below we write out in full the decomposition and collection of terms 
for a _small feasibility matrix; We omit the black squares . 

1. at· 
2, Ja X EH 
3. _cB 2 G X X 

4. B x2 (1 + x) 2 + X 
3 X X 

5, B 2 GJ X X 
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6. X tJ x2(1 + x) 2x2 + 2x3 

cfE • 7. x(l + 2x) x + 4x2 + 2x3 

8. EH tb X 

9, TIJ 2 
~ X X 

• 

GD 2 
x + 5x2 

+ 3x3 10. X X (1 + x) 

11. rn x(l + 2x) 2x + 7x2 + 3x3 

12. EB X E ·, 

13. EB x(l + x ) 3x + 9x2 
+ 3x3 

14 . cB X B 

15 . E8 x(l + x) 4x + 10x2 
+ 3x3 

16. . B X EJ 

17. t1 x(l + x ) · 5x + llx2 + 3x3 

1 + 2x 2 2 1 + 7x + llx + 3x3 
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It is a branching algorithm, at eac.h step two new feasibility matrices 
are generated - unless the matrix being decomposed disappears. We 
called these the minor and major arrays, the minor array being derived 
simply by the deletion of the cell under consideration in the previous 
step, the maj or iosing the corresponding row and column and having its 
power increased. We say that the major array is of a higher generation 
than the array from which it derives; the minor array is at the same 
generation. When an array moves to a higher generation :itB power is 
increased. In the above example the columns correspo~d to generations . 
There can never be more generations than there are rows in the initial 
feasibility matrix, and if the major array is always decomposed it is 
never necessary to store more than one array in each generation; so 
although the algorit!i..1!1 can require many steps, it has limited storage 
requirements. 

application. 

We have implemented this algorithm for computer. 
See Appendix C, 

The size of the terms in the final polynomial, and the number of steps 
required to derive it, increase rapidly with the size of the initial 
feasibility matrix. The results for a five by five matrix (of the 
general shape described in Ch,9, s.5) are given below: 

spaces 

events 

Rook polynomial, R = 1 + 14x + 59x2 + 87x3 + 38x4 + 2x5 

Number of decompositions= 125 , 
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5 ALLOCATION OF SUBSETS OF EVENTS 

Consider the last example given above. If we are only concerned with 

· the number of ways of allocating all five events the coefficients of the 

lower terms in th~ polynomial are of no interest. And if we are concerned 

in allocating subsets of, say, 3 events to the spaces , then only the 

coefficient of x 3 is of interest. In such cases the branching al gorithm 

can be modified to cut off irrelevant . branches - by not branching to 

generations too high to be interesting, and by not eve~ beginning branches 

that will never reach the generation of interest . 

it is · easy to put this into effect. When an array at generation i has 

become reduced to a r! lament terms are added to the coefficients of xi 
i-1 and x in the polynomial. If we decide that it is only p-subsets of 

i-1 1 2 . . d 
X I I I I I I 

R xi-1(1 + dx) 
i-1 dx 

1. = = X + 

events that are of interest, then we are only concerned with arrays 

that disappear in generations p and p + 1 , Therefore we will want to 

retain all arrays in generations p and p + 1, but we need not generate 

any majors in generation p + 2: when decomposing an array in generation 

p + 1 we can move directly on to decompose the minor which is still in 

generation p + 1 . 

generations 

p p + 1 I 
. ~-2 · o p+l 

X [;] 

l 
i nor Q 

l 
GJ 
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That stops us going too far down branches. To prevent us starting off 
down branches that will never reach generation p we first observe that 
the highest generation an array can ever attain (by the successive 
generation of majors) is governed by whichever is the smaller of the 
number of rows or columns in the array, added to the generation that 
the array has already reached. Thus let an array in the ith generation 
have u rows and v columns - suppose v < u. Then the highest generation 
that could be achieved is 1 + v - 1 , If 1 + v - 1 < p there is no need 
to decompose the array at generation 1. 

generations 

1 1 + 1 

'· VI i-lo 

.. 
' ' 

' ' 
' ' 

1 + V 

1 
+t 

i+v-1 D 

The effect of only these modifications to the algorith.~ can be illustrated 
with the last example of the previous section. The coefficient of x3 -
the number of ways of allocating subsets of 3 events to spaces subject 
to the feasibility matrix - is found to be 87 just as in the fully 
polynomial, but the number of steps is reduced from 125 to 67. 
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The allocat i on of subsets of a set of events is hi ghly relevant to the 
study of timetabling and related problems . Whilst it is r ea sonable to 
cons:i.der an office organisation, for example, consisting of a number of 
events each of which has a space dedicated to it and all of which occupy 
their spaces simultaneously, the situation in a school is very different, 
for in the cour se of a week a very large number of events take place , 
many mor e than there are spaces. Only subsets of the events ever have 
to be allocated to the spaces at one time , the subsets consisting of 
the events that share the same time slot in the timetable . In a f amily 
house too it is clear that all the events that occur cannot all occur 
simultaneously ; at any given time only a subset takes place. The 
numbet' we arrive at represents, we argue , the adaptability of the system : 
an adaptable system has many choices of feasible allocation of subsets . 
As explained above (s.2) the coefficients of terms in the rook polynomial 
counts all the different ways of allocating all the different subsets 
of events . Now , within the structure of the events of a timetable there 
are constraints on the possibility of events occurring simultaneously 
that is on the formation of subsets. Those that apply because of 
spatial limitations - 10 science experiments cannot take place simul
taneously in a school that has only 8 la?oratories - are identified 
by the operation of the polynomial algorithm. But two events in which 
the same person - teacher, pupil, supervisor, technician, etc . - must 
be present cannot take place in the same time slot of a timetable . 
Bullock (1974) studied these constraints o; timet ables . A workable 
timetable r equi re s the valid division of events into subsets, and t he 
feasible allocation of all subsets to spaces . Whereas Bullock concen
t rated on the f i rst requi r ement , we have r est r icted our analysis to 
the second. 

Ideally , perhaps, both sets of constraint s should be studied simultaneously, 
but we believe t hat the spatial constraints , which we have studied , are 
to some ext ent more stable t han the act ivity constraints. The patt ern 
of act i v i ty const rai nt s can readily be altered ,by ar bi t r ary management 
decisions about group membership etc. The l ist of events is also subject 
to change, and such change affects our measure of possible allocations, 
but a great deal of group membership _ changes can t ake place within a 
r elat ively stabl e schedule of event s. The out put of the pol ynomial gi ves 
a picture of the spatial constraints on timetable formation. 



It is useful to consider how the events and spaces in an existing school, 

for exarr~le , are organised by school managers. The objective which 

informs their decisions is elusive. ·Decisions are, however, made all 

the time and each decision must aim at some short-term goal . The frequent, 

small , ad hoe decisions can be encompassed in a larger, implicit goal of 

order-seeking. Chaos and confusion always threaten to overtake a complex 

organisation and the need to achieve a degree of stability is crucial 

for survival. 

Order-seeking results in the imposition of rules and conventions, which 

attempt to bring regularity and stability into the system. The task of 

space management can be defined by the number of decisions that have to 
• 

be made, the range of alternatives that have to be considered for each 

decision , and the inter-connectedness of decisions. If these character

istics can be reduced, then the school becomes more self-regulating and 

the management task is diminished, even if it excludes many potential 

arrangements including, perhaps, "optimal" arrangements. It can be seen 

that the opportunity for simplifying the management task in the interests 

of order-seeking depend.s on the system possessing a wide range of 

potential "solution" states . The range of feasible solutions itself 

depends on definite properties of the school, such as the number of free 

spaces , the suitability of spaces for different activities, the free 

time of teachers, their ability to take different subjects, and so on. 

The greater the range of potential arrangements the easier it should be 

for the school manager to make simplifying assumptions. 

A school building that not only accommodates a set of activities but 

also accommodates them in many different ways should be easy to manage . 

This is the property we have tried to encapsulate in our current 

analysis of adaptability. It is a property that could usefully be 

sought in school design procedures. Indeed it could put design procedures 

on quite a new footing, for instead of relying on uncertain estimates 

of school activities and management - estimates which become increasingly 

detailed and therefore suspect with more " sophisticated" design procedures -

de s igns could be chosen for their robustness in the face of uncert ainty 

and fo r thei r ability to offe r choi ce and scope for change to manager s 

now and in the future . 
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6 CLASSIF'ICA'l1ION OF EVENTS 

In the schedule of events t aking place in a l arge institution, for example 
a secondary school, there will be many identical events, or at least 
events that are identical with respect to their entries in the feasi.bility 
matrix in that they are all feasi-ble or non-feasible in the same spaces. 
In s,9 we discuss the process of ciassification; we now show that the 
existence of identical events allows the rook polynomial algorithm to 
be compressed. 

Suppose that we decompose a feasibility matrix that has three identical 
rows,·and we begin by decomposing the first cell of the first row. The 
remainder of the matrix is irrelevant; for clarity we now shade the 
cell eliminated for succeeding steps. 

* 

, I 

minor 

t---+--+--~ 

The major is decomposed and eventually the minor is returned to, and 
decomposed: 
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. I 

major 

It is clear that the major we arrive at when the second of the identical 
rows is decomposed is identical to that which occurred when the first 
was decomposed. The successive decompositions of the major will be 
identical too. When decomposition takes place on the third identical 
row another identical major will result. 

We need only write the row in question once, and attach a row weight to 
it, indjcating how many identical events exist. When decomposing in 
this line we must remember that the major ;e create itself stands for 
a number of duplicates, and that the row_ in question is not wholly 
eliminated: the column in which the cell of decomposition occurred does 
disappear completely, but the remainder of the row remains with its weight 
reduced by 1. 

" r 

I I 

11 



row G) 
. j 1-~~~-----, weight I 

minor ~ ,. major 

3 daplicate arrays 

G},.---.--[J~ 
~ · 

When a.n array disappears the terms it adds to the polynomial must 
be multiplied by the number of duplicate arrays that it represents. 

By using row weights there is effectively no limitation on the size 
of the schedule of events to be considered - so long as they can be 
reduced to a reasonable number of types. As row weights are increased 
the number of steps required to calculate the polynomial does increase, 
as rows tend not to disappear. For timetabling problems we typically 
consider very large sets of events, but we are interested in the 
allocation of relatively small subsets, since there are often up to 
40 time- slots in a timetable. In these cases the row weights may never 
disappear in successive decompositions of the algorithm. Once this 
has happened the number . of steps the algorithm requires will not increase 
however large the row weights become . 

We illustrate below the effect of varying row weights . on·a given 
feasibility matrix . In all cases we are interested in the rook 
coefficient for subsets of 6 events : 
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spaces 

1 2 3 .4 5 6 7 

event 
1 1 1 0 1 1 0 1 tYl)eS 
2 0 l 1 1 0 1 l 

3 0 0 l 1 1 l l 

4 0 0 0 0 1 1 0 

5 0 0 0 0 0 1 1 
f .. 

l.J 

row w~ights ( eve~ts per tYl)e) no. of steps in rook coefficient 
1 2 3 4 5 decomposition for 6-subsets 

1 2 2 1 1 1441 684 
2 4 4 2 2 2579 346 816 
3 6 6 3 3 2849 6 485 508 
5 10 10 5 5 2879 198 221 500 

12 24 24 12 12 2879 504 038 961 292 

Unfortunately it is not possible to collapse the number of colmnns in 
a feasibility matrix as w.ell as the rows, so that we still have a severe 
constraint on the size of systems we can a~alyse . It is possible to 

describe the spaces by tYl)es and specify the number of spaces within 
each tYl)e , and this has some value as we show 

actually speed the operation of the algorithm . 

. · 
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7 APPLICATION TO TIMETABLED PROBLEM 

By using the last two sections - allocating subsets of events, and 
classifying events into types - it is possible to apply the rook polynomial 
to a simple timetabling example. It concerns the design of an imaginary 
primary school, and we define the choices open to the designer somewhat 
as we did for the example given in Ch,9, s,5, 

The data is as follows . The school has _eight forms, and is timetabled 
by half days . Thus there are eighty sessions per week; they are divided 
between activities in the following pattern: 

el non-practical 48 sessions 

e2 dry practical 12 sessions 

e3 wet practical 8 sessions 

e4 movement 6 sessions 

e5 music 6 sessions 

We assume all members of a class'take activities together, so all spaces 
are equally sized for one class. The different types of space that might 
be built, and the.ir cost, are: 

hl non-practical 1 cost unit 

h2 dry practical 1. 5 cost unit 

h3 wet practical 1. 5 cost unit 

h4 multi-practical 2 cost units 

h5 hall 3 cost units 

h6 multi-activity 4 cost units 

The feasibility matrix between types is: 
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hl h2 h3 h4 h5 h6 

el 1 1 1 1 0 1 

e2 0 1 0 1 0 1 

e3 0 0 1 1 0 1 

e4 0 0 0 0 1 1 

e5 0 0 0 1 1 1 
f .. 
lJ 

For a budget limit of 16 units there are at least ten different schedules 
that will accommodate the expected activities. For each schedule an 

individual feasibility matrix can be drawn from the type matrix, and the 
feasible allocations of 8 events can be calculated by the method described 
above . The schedules are represented below, and their feasible allocations 
indicated. 

A) 12 spaces 

9,175 x 1013 allocations 

B) 10 spaces 

2,634 x 1013 allocations 

c) 10 spaces 

1. 282 X 1013 allocations 

D) 11 spaces 

9,787 X 1013 allocations 

,. 

E) 10 spaces 

1,068 X 1014 allocations 

F) 10 spaces 

1 , 349 x 1011 allocations 

2o2 

D 
0 0 

H M 
0 0 0 

H 
w 

0 0 0 

MW 
0 0 0 

H 
w D 
0 0 

H 
M W 

0 0 0 0 

H 

• M H 
0 0 0 

A 
D 

0 0 0 

D W 
0 0 0 

H 
D w 
0 0 

A 
W D M W D 
0 0 0 0 

0 = 1 
0 0 

D = 2 

w = 3 

M = 4 

H = 5 

A = 6 

! ! 

: 1 [ 

I 
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G) 9 spaces H 
1.426 x 1013 allocations D WM MDW 

0 0 

H) 8 spaces H 
2 , 449 x 1013 allocations MMM MMM 

0 

It is hard to interpret these results. There are differences between 
the numbers produced, but they are generally of the same order of 
magnitude, They are extremely large numbers, largely because of the 
number of ways of selecting 8 events from 80, 

80!/(80 - 8)!8! = 2.899 ElO. 

Since we allow the number of spaces in the alternatives to vary we no 
longer maintain a uniform ensemble of all possible allocations - we have 
considered the total of feasible allocations for each design without 
specific reference to the ensembles of which they are subsets. 

There is no clear general trend in the results, which would indicate 
strongly whether, for example, it is preferable to provide many simple 
spaces rather than fewer more usable ones . The results are clearly 
highly sensitive to particular intricacies in the input data, and 
presumably certain rather small alterations to either the event or 
space schedule might radically affect performance, in unpredictable 
ways. This is unsatisfactory, and it is a feature we have criticised 
in other quantified design aids (Ch , 2, s.6 ). The results of our 
earlier, group-sized based analysis of organisational adaptability 
seemed to give much more stable results. And as we suggested in Ch.9 , 
s.5, when design~ are presented at even this degree of detail it is 
clear that there are many other factors to be taken into account by 
an architect than merely adaptability ; the different schedules 
represent radically different approache s to the organisation of primary 
education . 

We seem rather hel ples sly enme shed i n det ai l . It may be that our 
measurement of all ocat ional adaptabi lity can find i t s pr oper home 
amongst t he t r i al and error of specific design probl ems , without offering 
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generalised information. In the next section we discuss a possi:tle 
way of adjusting the degree of detail to which the measure responds. 

8 ATTRIBUTES OF EVENTS AND SPACES 

We have assumed that it is always in principle possible to determine 
whether or not an event is feasible in a space, but this will depend 
on o~her factors than just size as was assumed for microstate adapt
ability. We can disaggregate the "demand" of an event and the "supply" 
of a space in equivalent detail in order to test their overall 
compatibility. 

The problem is how to establish an overall feasibility matrix from 
many attributes of events' demands and spaces' supplies. Each attribute 
can be considered as a "filter" with which an event-to-space match 
(e .,h.) must be tested . Only some attributes are important to any i J 
single event and only some possessed by any one space, but the overall 
feasibility matrix is the result of passing every possible event-space 
pair through every filter. 

e . ,... 
f .. =I 

~l 

e. +J e. e e. e. 0 or 
1 ..c: 1 .+J 1 ,... 1 0 lJ 0 bj) ..c: 0 ...... 

co .... bj) 0 ~ 
Q) Q) ·.-< ..... ,... ..c: ..... ~ C co 0 

C 
0 

filter s feasibility matr i x 

The information contained in the filters can be more compactl y held in 
two matrices, one expressing events' demands and the other spaces' 
supplies, against the exhaustive list of attributes or filters. 
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attributes crk 

events 

• 

spaces 

h, 
J 

attributes crk 

The data is combined in various ways; for example if the attribute crk 
is a continuous variable, like floor area, then demand must be less than 
supply, d.k < s.,. Binary attributes, for example the need for or l lK 

presence of a fume cupboard, are easily matched, if we assumed that the 
presence of unrequired attributes is unimportant. Where the attribute 
takes on a number of mutually exclusive states, as is the case with 
floor finishes, the filtering process must ensure that a satisfactory 
state is present . This process is easily mechanised, 

Disaggregating the yes-no feasibility decision allows the user to decide 
the degree of detail that he requires in the feasibility matrix. For 
example the yes-no feasibility ma~rix can obscure the fact that one 
space that is feasible for an activity might in fact be far more satis
factory than another space that is also feasible . If there is a difference 
in the spaces ' performance, it must be because some attributes have 
been omitted from the feasibility analysis , or because feasibility 
thresholds have been set very low . By upgrading the feasibility analysis 
a new feasibility matrix can be arrived at , which implies higher standards 
of satisfaction . It will have fewer ones and more zeros , so its loose-fit 
measure of adaptability will be lower . By such adjustments it becomes 
possible to relate . the adaptability of a sy stem , which is counted by 
feasible allocations , to the util i t y of the system ; but again , this 
does not take account of locational factors affecting utility. 

Some fi l ters will rel ate to detailed and ephemeral attributes , l ike 
the number of chairs in a space. For short-term allocational decisions 
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this may be relevant in assessing the feasibility of an activity-space 
match, but since it is something that is easily changed one may wish 
to ignore such an attribute for longer-term analysis. Thus, at the 
broad scale it might only be relevant to consider floor area and a few 
basic aspects of the servicing of spaces when establishing a measure 
of loose-fit adaptability. If an attribute, for example gas supply, . 
is ignored, it is equivalent to saying "Don't worry about that yet, we 
can put gas wherever we like later". When an installation is actually 
made, unless gas is put everywhere, adaptability inevitably drops: 
ignoring an attribute is not a substitute for making a decision about 
it. It is perhaps relevant to consider adaptability with respect to . 
very few attributes if there is a question of rehabilitating a building 
for new activities, or considering the broad potential of a building 
for radical rearrangements of use. 

Filters can be ordered so as to reflect the ephemerality or permanence 
of attributes, in the manner we introduced in Ch,3, s.l, where we looked 
at the structure, services, installations and fittings of spaces. For 
the analysis of short-term adaptability, all categories should be 
considered. As more generalised measures are required, we can progress
ively ignore fittings, then installations , and then installations leaving 
on the structural constraints of the building under consideration. At 
the same time, of course, we consider the requirements of activities . 
with respect to those attributes or filters in question. 

Thus we can partially sidestep the difficulties that we identified rn 
the last section . It is very hard to interpret a single measure - any 
single measure - of adaptability when comparing buildings, when the 
buildings are described in considerable detail and the measure responds 
to the detail.. By using the filters we have described a programme of 
analysis, admittedly rather a cumbersome business, which could explore 
particular solutions in some depth and provide a fuller picture than 
the single index by itself. It could also, perhaps, analyse the potential 
effect of management policies of the type described in s,5, 
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9 TYPOLOGY OF EVENTS AND SPACES 

We have already shown ( s. 6) that the calculation of the rook polynomial 
is made more efficient by the aggregation of individual events or spaces 
into fewer types. The rational classification of events and spaces was 
discussed in a paper by Doidge & Musgrove (1970), and the authors proposed 
a method of classification based on intrinsic properties of rooms rather 
than the conventional naming of spaces by use . They in fact proposed 
an a priori list of nine space types, the amount of servicing and 
facilities increasing from type 1 through to type 6. Type 7 was for 
lect~re theatres, and types 8 and 9 were stores and non-usable areas. 
Their classification was clearly rather closely based on the building 
type they were considering, a university . A different building type 
would require a different a priori list of types. 

We can take a more general approach. We envisage problems being defined 
in terms of a set of events, a set of spaces, and a 0/1 incidence matrix 
between them indicating feasibility. Eventually we want to reduce the 
size of this matrix, whilst preserving as much of its structure as 

possible. This is a familiar problem in the social and physical sciences. 

Underlying the event/space feasibility matrix are the event/attributes 
and space/attributes incidence matrices. Factor analysis techniques 
attempt to group like events or spaces with respect to the attributes, 
or to group the attributes with respect to the events or spaces. 

Rawlinson, who worked with Doidge and Musgrove, has recently published 
(1978) an exercise of grouping attributes with respect to spaces in a 
study of hospital buildings. Rawlinson suggests that a well-researched 
set of "characteristic groups", or groupings of attributes, could be 
applicable to all hospitals, and could "define a space classification 
system which is felt to be applicable not just to a single hospital 
but across a : range of hospitals". It is not a~together clear how the 
grouping of attributes would do this directly, but this statistical 
analysis would perhaps be of value in establishing generalised design 

strategies for a large and complex building type . 
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Cluster analysis attempts to group a population , of events or spaces 
in our case, into clusters from an event/event or space/space resem
blance matrix. We do not have such matrices, though no doubt they 
could be constructed by, for example, the Hemming distance (Shreider , 
1974 , p , 36) between the event/attribute or space/attribute entries 
of pairs of events or spaces. 

There are many arbitrarinesses in the choice and execution of data 
r educing algorithms like factor or cluster analysis, will the types 
gener ated for spaces be directly comparable with the types of events, 
for example. We have looked at the typology of events and spaces 
with more specific reference to our problem statement . A type is 
formed by any two or more activities or spaces that share identical 
entries in the feasibility matrix. The nU1T1ber of possible types is 
thus determined by the number of attributes or filters that are considered 
when feasibility is established. If we only consider 0/1 filters, 
then the number of possible types is 2m when m filters are considered. 
This can be a very large number - o~en greater than the number of 
individual events or spaces . To arrive at the actual types that exist 
for a given set of filters - which must be equal to or fewer than the 
number of individuals - we can adopt the scheme of "hash indexing" 
(Knuth, 1977) . We illustrate this with data concerning the spaces in 
a secondary school, which was gathered asyart of a survey reported 
elsewhere (Fawcett , 1976b), The spaces were surveyed with respect to 
48 binary attributes , as well as other variables not included in the 
present exercise. These attributes are tabulated below, broken down 
into the hierarchy discussed above (s . 8) : 

Str ucture Environmental control Services 
1 Extra hei ~ht 2 Daylight 8 Drainage 

3 Blackout 9 Cold water 

4 Outlook 10 Hot water 

5 Sedentary temp . 11 Electricity 

6 Acoustic finish 12 Gas 

7 Acoustic link 13 Piped TV 
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Installations 

14 Athletic 

15 Metalwork 

16 Woodwork 

17 Domestic science 

18 Laboratory 

19 Drama 

20 Needlework 

21 Lecture theatre 

22 Language laboratory 

23 Kiln 

24 Darkroom 

25 Greenhouse 

Floor finish 

26 Hard 

27 Resilient 

28 Tiles 

29 Soft 

Resources/fittings 

30 Blackboard 

31 Projection screen 

32 Pinboard 

33 Typewriters 

34 Sewing machines 

35 Cookers 

36 Science resources 

37 Humanities resources 

38 Maths resources 

39 English resources 

40 Languages resources 

41 Art resources 

42 Drama resources 

43 PE/Games resources 

44 Heavy craft resources 

45 Music resources 

46 Library resources 

47 Audio-visual resources 

48 Careers resources 

In the school there were 108 spaces, so a maximum of 108 types could 
exist. The hash address of any space is found by adding together the 
numbers of attributes which it possesses (where there is a 1 in the 
space/attribute incidence matrix ), arriving at a number, say n. The 
number 108 is subtracted from this number as many times as possible: 
the remainder is the hash address, r . r = n - m.108. There clearly 
cannot be more than 108 hash addresses, and all spaces with the same 
attributes have the same hash address. But it is possible for the same 
hash address tQ result from quite different sets of attributes. Thus 
if a space is found to have a hash address which is already occupied, 
a check must _be performed to see whether the new space is of the same 
type as that already referenced , If not the address of the new space 
is advanced t or+ 1, and if this address is also al~eady occupied the 
same check is applied. After all spaces have been allocated to the 
108 hash addresses the number of distinct space types can be counted 
by seeing which addresses are occupied, and the nurnbers in each type 
ascertained by examining each occupied address in turn . 
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We first divided the 108 individual spaces into types taking account 
of all 48 attributes, as would be relevant for a detailed study of 
short-term adaptability. There were 86 types, many of which consisted 
of only one space. Two types only contained as many as 5 spaces. 

We next ignored the attributes representing floor finishes and resources/ 
fittings - attributes that are fairly readily changed, and thus we 
arrived at a set of types appropriate for a slightly more general measure 
of adaptability. The 25 remaining attributes divided the 108 spaces 
into 45 types, · the largest containing 29 spaces and many of the remaining 
types having 1 or 2 spaces. The second largest type had 7 spaces. 

Next the installations were discounted and the spaces were classified 
against 13 attributes. There were 33 types, the largest still containing 
its 29 spaces, but many of the smaller types coalesced. 

Taking account of only the most permanent attributes of the spaces we 
divided the 108 spaces into types against 5 attributes: extra ceiling 
height, daylight, blackout, drainage and cold water. This produced 
11 types, the largest 3 types having 51, 25 and 15 spaces; there were . .. 
still 5 types with single spaces . 

Finally we considered just 2 attributes, and did this in two ways, 
first with extra height and daylight, and secondly for extra height 
and blackout . Both of these provided 4 types - all that are possible 
for 2 attributes, but the unevenness of type sizes continued. The 
first pair gave types with 98, 63 and 1 space; the second 80, 24, 3 
and 1. . 

Since attributes were omitted in a regular way, and once omitted 
attributes were never reconsidered, the types are hierarchical and 
non-overlapp~ng. An arbitrary choice of attributes for consideration 
could produce overlapping types . The spaces in the school, however, 
do have an intrinsic character, and they do naturally fall into something 
like the pattern revealed in the above analysis: the school in question 
is not very old and was designed to provide certain preconceived space 
types, so it is not surprising that these are reflected in the analysis 
of attributes. There are many fairly similar spaces, of classroom size 
and type, which differ onl y in greater or less details; and there are 
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a few radically diffe r ent spaces specifically suited to particular 
speciali sed events. We would not expect the spaces to divide i nto 
equally-sized types in this school, nor in most building types . 

The s ame pr ocedure can be applied in principle to the class ification 
of events , and since there are many more events than spaces in timetabled 
applications the class ification of events is even more valuable . In 
the school with 108 spaces , described ab_ove , 1232 events were recorded 
in one timetable week, It is, however; harder to treat the classification 
of events rigorously. What are the particular demands of each individual 
activity as expressed in the feasibility matrix with respect to the 
same attributes as we applied to spaces? Unlike those of static spaces, 
the attributes of events are not self-evident . As we have noted before 
(Ch,3, s.5 ) it is notoriously difficult to establish what the demands 
of activities are : the same activity is found to take place in radically 
different environments . Only a loose idea can be gajned by simply 
asking what each event requires, although in a fairly well-defined system 
like a secondary school this information should give a reliable general 
pattern, but it is inevitable that to answer the question an administrator 
will have to aggregate data, and specify requirements in an already 
classified form. The typical activity categories in a s chool are subj ect 
based, but within a subject various activities take place . The DES 
school briefing pr ocedures (DES, 1973) prQ)Jably go into as much detail 
as is reasonable in the hypothetical description of activities . 

.An alternative i s to study survey data to find where events were actually 
performed , and what facilities were available . This approach also 
conta ins pit f al l s: t he allocation of events to spaces that are surveyed 
ar e themselves the result of management decisions , which may obscur e 
the abst ract requi r ement s of activitie s ; the spaces of the surveyed 
system themselves constrain the observed data about activities; t he 
f acilit ies pre sent in a space may not have been used , but to a scer tain 
what fac ili t ies were actuall y used i s a ma j or ext ens i on of the survey 
task. We have not applied formal cl assificat ion t echniques, but have 
only analysed events in the conventional subject cat egor ies, as was 
briefly reported elsewhere (Fawcett, 1977b), Other building types, 
whi ch do not have the enormous mass of events that result from timetabling , 
but have a static set of events, will be much easier to describe and 
classify . 
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An alternative way of studying large systems is not to divide the sets 
of events and spaces into types, and then measure the adaptability of 
the complete system, but to divide the system up into component parts -
say for different departments in a large organisation - and then consider 
the adaptabilities in detail within departments. 

10 .DISTINCTNESS OF EVENTS AND SPACES 

Loose-fit adaptability is measured by the number of distinct activity 
states a building offers a set of activities, where distinct activity 
states are distinct allocations. When the events or spaces can be 
aggregated into types made up of identical elements, then the question 
of what constitutes a distinct allocation arises. 

Suppose a hotel has four rooms, of which three are identical and one 
is different. If a guest can choose any room, does he have four choices, 
or really only two? Or, if there were four conference delegates to 
occupy the rooms, would we say they . could do so twenty-four ways, or 
only one way? It is not a trivial question when applied to real archi
tecture where questions of the variety, identity and choice recur, not 
only when talking about the adaptability of buildings. 

We can take account of or ignore the -distinctness of elements within 
types in four ways: 
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non-distinct distinct 
spaces spaces 

non-distinct 
I II events 

distinct 
III IV events 

The actual measure of adaptability that· we arrive at for given event 
and spatial schedules will vary depending on which way we decide this 

issu~, but this is not a problem if we are comparing alternative designs 
in the same way. What is interesting is that the ordering of alternative 
buildings may be different when different conventions about distinctness 
apply. A byilding 1<.lith many identical multi-purpose spaces would offer 
many allocations and high adaptability if the identical spaces were all • 
held to be distinct, but quite the reverse if all allocations were 
considered to be indistinguishable. 

The question of building form arises again here, for identical spaces 
will have different locational characteristics and, as noted in Ch.9, 
s . 4 , loose-fit adaptability relates to .missing information about 

locational tastes. Allocations to identical spaces can therefore 
still offer locational choice. 

It is not intuitively obvious what the implications of this observation 
are . A number of designers have suggested that hig~y adaptable houses 
could be achieved by designs that have a number of rather similar 
spaces which could all be used by the full range of domestic activities 
(Ch,3, s.6 ). The implied definition of adaptability is precisely 

our loose-fit measure, which would be reflected in high measures if 
the uniform spaces in these designs were taken to be distinct . However, 
an alternative view which seems equally legiti~ate would argue that 
an adaptable house should contain as great a diversity of spaces as 
possible. While this might not offer as many feasible allocations to 
the lllliform design with distinct spaces, if the spaces in a uniform 
are regarded as non-distinct, then the design with diverse space should 
offer more distinct allocations . We are raising flllldamental questions 
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about adaptability that should be c.onsidered by desi g:iers, who have 

to direct more than they follow the search for adaptability in buildings. 

Harary et al (1978, p.35) refer to a question of distinctness or 

indistinctness of the point on the bipartite graphs that can represent 

feasibi lity matrices (Ch , 9, s.6) . Our present discussion is rather 

different, for we .maintain the distinctness of event and space types 

and the bipartite graphs that link them are all labelled. We are 

concerned with the distinctness of the individual events or spaces 

that are collapsed into a single row or column in the feasibility 

matrix, or single vertex in the bipartite graph, 

Since loose-fit adaptability can be calculated with activities and 

spaces classified into types with weights to represent type membership 

(s.6), it is very easy to calculate and compare adaptabilities in the 

different ways shown above, simply by retaining or deleting the weightings. 

There are undoubtedly circumstances where the questions addressed in 

this section are of importance, and there are no barriers to exploring 

their implications. They are questions of definition, not methodology. 

11 CONCLUSION 

The range of applications of loose-fit adaptability enables a variety 

of systems to be analysed in a variety of ways . Loose-fit adaptability 

is thus not a single measure but a principle that can be applied in 

many ways. It is essentially an evaluative tool and operates with given 

data about activit ies and spaces; it would be relevant to comparing 

alternative designs or buildings. It is not, at present, predictive. 

Its great limitation, in terms of implementation, is the fact that 

the calculation of loose-fit adaptability is essentially combinatorial 

and computer time for large-scale applications becomes colossal. We 

have not found approximations that seem very reliabl e in achieving 
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approximate values of loose-fit adaptability. The problem is common 
to many modelling applications of combinatorial mathematics and the 
subject of scrutiny at present (e.g. Sahni & Horowitz, 1978). If 
some precise operation on the feasibility matrix could be found that 
did produce a reasonable measure of loose-fit adaptability , then it 
is possible to imagine treating this as an objective function which 
would make it possible to generate spatial schedules to maximise 
loose-fit adaptability and thus give a degree of predictive power • 
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CONCLUSION 

In this thesis we set out to make a contribution to research into the 
convenience of buildings - the relationship between activities and spaces 
at the architectural scale. We have concentrated largely on the activities . 
side of the relationship. Now, March & Earl (1977, p.78) argue that the 
possible solutions available to architects are more constrained by consider
ations of space than of activities - "do not .ask a client what he wants, 
tell him what he can have" - and it has been suggested(l) that Alexander's 
(1967) "synthesis of form" was really an "analysis of functiori". However, 
our own objectives could not be met by the consideration of either space 
or activities in isolation, and activities are more problematic of analysis 
and description and equally part of an architectural problem. We have 
evaluated designs with respect ta relevant activities, and designs have 
been desc.ribed in terms of their component spaces. These are not the 
characteristics of the conventional problem facing an architect: he is 
given a schedule of spaces which contains an implicit description of 
activities, and has to arrange these spaces in a building form. The 
architect is well qualified for this task, We step back and explicitly 
consider activities and the appropriate schedule of spaces. Bearing in 
mind the unpredictability and changeability of activities we chose to 

study not the utility but the adaptability of this relationship between 
activities and spaces . 

The desire for adaptability in buildings is certainly felt, but it is 
rather a poor operational criterion, as it is an elusive characteristic 
that cannot be measured and weighed against other , usually more immediate , 
considerations. In order to discriminate between myths and strategies of 

(1) G. Stiny, "Notes on the analysis of function", Joint Cambridge/Open 
University/University College Seminar , 19 January 1978. 
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adaptability and allow strategies of adaptability to take their appropriate 
place amongst other design criteria, a sound and quantified theory of 
adaptability is required. How far have we progressed in this direction? 

We have clearly not exhausted the topic . It is indeed rather hard to 
draw precise bounds around the topic of adaptability. Our theory relies 
on knowledge about the compatibility of activities and spaces, and we have 
made some proposals about how this might be assessed. These proposals are 
not specific to applications in the study of adaptability, and might be 
relevant, for example, to an analysis of the utility of activity-space 
matches. 

Reliable data about the compatibility of activities and space is a 
prerequisit for, but is not the essence of, our approach to adaptability. 
This lies in the probabilistic statement of ade.ptability, and its represen
tation by exhaustive combinatorial ensembles. This offers a structure for 
the quantification of adaptability, but also; I think, has intrinsic value. 
It gives a unified framework which accommodates diverse applications - a 
relation3hip implicit in the fact that designers propose quite different 
strategies for different problems·, whilst all of them are called adaptable, 
An explicit definition could prevent sterile debate about universal 
strategies, and focus attention on the requirements for adaptability 
in particular cases. These requirements we express formally by exhaustive 
ensembles. One virtue of the formal elaboration of ensembles is that it 
introduces new conceptual refinements, for example, the important issue 
of the distinctness of identical spaces and activities. 

We anticipate that the design profession would only be marginally interested 
in the mathematical formations by which we have attempted to implement the 
general theoretical approach, perhaps not without reason. Other attempts 
to quantify and formalise architectural problems have shown little return, 
and it is easier to produce numerical data than ~o make sense of it; and 
it is possible to make simple problems unnecessarily complex: measuring 
apples with a micrometer . The profession prefers simple rules, even rules 
of thumb. We feel, therefore , that our general approach to the problem 
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of adaptability has value in itself without mathematical elaboration , 
and by increasing conceptual clarity could help the architects give 
adaptability its appropriate weight in the design process. 

Moving on to the mathematical elaborations, how complete a picture have 
we presented? They are certainly incomplete, in that we are limited to 
very simple descriptions, and also limited in the scale of problem that 
can be analysed. But even given these limitations our approach is still 
purely hypothetical. We are not able to . give a very large or realistic 
example of our proposed techniques, but even if we could it would not 
constitute a verification of the methods. It is, though, rather hard 
to see how a method for evaluating responses to a designer's uncertainty 
could ever be subjected to an empirical test. Adaptability, as we defined 
it, is a subjective probability. A series of simulations could be 
attempted - by proposing a state of knowledge, and evaluating designs 
with respect to the corresponding ensemble of activity states, and then 
testing the same designs against a stochastic model. If, however, the 
ensemble and the stochastic model are precisely defined and correspond 
to the same state of knowledge or uncertainty, then the test is tauto
logical. In fact, if our ensemble truly represents the state of knowledge 
in a design problem then we have little basis for rejecting the accuracy 
of measures based on it. 

The fundamental problem in all cases is whether the ensemble of activity 
states is credible and realistically represents the problem in hand. We 
presented two types of ensemble, and argued that they do represent two 
types of realistic demand for adaptability. We believe the argument is 
valid, but it applies at high level of generality, tending towards the 
purely conceptual insight described above. For the analysis of states 

of groµping we made strong simplifying assumptions, and even without 
these assumptions it is difficult to describe the peculiarities of specific 
activity systems : we concent r ated on the univer sal ensemble of all 
possible states of grouping . The analysis of possible allocations, whilst 
r etaining its own simplifications , does allow more unique description of 
particular problems but has l i mit at ions on t he scale of problem for 
which comput at ion is f eas i bl e, There i s cl earl y, t herefor e, a gr eat deal 
of s cope for further work on the mathemat i cal elabor ation of our approach , 
t hough we believe that further work could usefully continue along the lines 
we have begun . 
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We are not sure whether the degree of detail that we have so far achieved 

would allow general principles of adaptable strategies to be set out -

rules of thumb . I am sceptical, except perhaps in closely defined cases . 

The f ocus of mathematical elaboration might be usefully devoted to the 

search for reliable approximations, for the rigorous approach of this 

thesi s has hit severe computational obstacles with very simple problem 

statements. Even though combinatorial programming is presently an active 

area of mathematics, and progress is to be expected , it is unreasonable 

to expect more realistic and complicated versions of our well-defined 

model to be solvable without approximation or simplification. 

Ther e is also room for extension of our approach to the study of a 

broa der range of problems than we considered, particularly to incorporate 

the possibilities of growth , the possibilities of physical change to 

buildings , and the effect of associations between activities and connections 

bet ween spaces. These are all part of the -architect's stock in trade. 

They can all , I believe, be encompassed in · our general theory of adapt

ability , arid in our t wo broad types of adaptability demand , 

In t his thesis, then, we set out to make a contribution to architectural 

research, and we feel that we have presented an approach to adaptability 

that advances the study of this important architectural issue . At the 

same time we have kept in mind that a r chitectural resear ch must ultimat e l y 

contribute to architectural design . The general theoretical model may 

have r elevance to designers in its conceptual form , but there is a need 

for further work b e fore our mathematical elaborations could with confidence 

be propose d as working tool s. Thi s work must v e rify t h at r eal problems 

are being a c curat el y modelled, and must f ind mathematical techniques to 

make t he model s s o l vable . We believe t h a t the s e a dvances c ould be under

taken on the foundation s we have laid . 
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We are not sure whether the degree of detail that we have so far achieved 
would allow general principles of adaptable strategies to be set out -
rules of thumb. I am sceptical, except perhaps in closely defined cases. 
The focus of mathematical elaboration might be usefully devoted to the 
search for reliable approximations, for the rigorous approach of this 
thesis has hit severe computational obstacles with very simple problem 
statements. Even though combinatorial programming is presently an active 
area of mathematics, and progress is to be expected, it is unreasonable 
to expect more realistic and complicated versions of our well-defined 
model to be solvable without approximation or simplification. 

There is also room for extension of our approach to the study of a 
broader range of problems than we considered, particularly to incorporate 
the possibilities of growth, the possibilities of physical change to 
buildings, and the effect of associations between activities and connections 
between spaces. These are all part of the · architect's stock in trade. 
They can all, I believe, be encompassed in ' our general theory of adapt
ability, an:d in our two broad types of adaptability demand, 

In this thesis, then, we set out to make a contribution to architectural 
research, and we feel that we have presented an approach to adaptability 
that advances the study of this important architectural issue. At the 
same time we have kept in mind that architectural research must ultimately 
contribute to architectural design. The general theoretical model may 
have relevance to designers in its conceptual form, but there is a need 
for further work before our mathematical elaborations could with confidence 
be proposed as working tools. This work must verify that real problems 
are being accurately modelled, and must find mathematical techniques to 
make the models solvable. We believe that these advances could be under
taken on the foundations we have laid. · 
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APPENDIX A 

1 The Diagram of adjacency is a lattice 

We defined the relation "adjacency" between schedules of a population 

(Ch. 5, s , 3, p . 78) : two schedules are adjacent if one can be trans

formed into the other by one individual changing groups. 

Let S be the set of schedules for a given population, and lets. and s. 
1 J 

be two 'Schedules. If they are adjacent, then s. is transformable into 
1 

s . in one of two ways: 
J 

1 ) an individual from a small group ins. moves to a large group in 
1 

2) 

s., when we can say that s. immediately precedes s.; or 
J 1 J 

an individual from a large group ins. moves to a small group in 
1 

s., when we can say that s. immediately precedes s .. 
J J 1 

Thus the schedule 3 ,2, 1 immediatel,1 precedes the adjacent schedule 4, 1, 1; 

and schedule 2,2,2 is immediately preceded by the adjacent schedule 

3,2, 1. 

The property can be generalised , and s. can be said to precedes . even 
1 J 

if there are intermediate schedules s , s , such that s . immediately 
X y 1 . 

precedes s , 
X 

and s immediately precedes s and ... immediately precedes 
X y 

s. . Let us also 
J 

say that a schedule can precede itself . Some pairs of 

schedules are not comparable and neither precedes the other ; for example 

3, 3 and 4, 1 , 1 . 

The relation "precedes " can be written 112" , and the relation< is a 

partial order on the set S since it satisfies three conditions: 

1) it is reflexive : s .<s. for every s . in S 
1- 1 1 

2) i t i s ant i symmetri c: if s . <s . and s . <s . the s . =s. 
1- J J- 1 1 . J 

3 ) i t i s transitive: i f s.<s and s <s . then s . <s .. 
1- X x- J 1 - J 

S ,_ is a partiall y ordered set or poset . 

The relation of direct adjacency, " i mme diately precedes", can be writt en 

"<< " , and [s,<< J can be drawn in a diagram where adjacent schedules are 

joined by a l ine, and s. is placed lower than s. if s . <<s . ; that is, the 
1 J 1 J 

preceding schedule i s placed lower : this is the diagram we present in Ch . 5~ .3. 

Al 



> The poset [S,<] is a lattice as it possesses both a least upper bound , 
a schedule in S that succedes every schedule in S (the whole population 
in a schedule of one group), and a greatest lower bould, a schedule in 
S that precedes every schedule in S (the whole population divided into 
singleton groups). This lattice, which again can be drawn as the diagram 
of Ch . 5, eh. 3, can be compared to the more familiar lattice of partitions 
of an integer (or a population), in which the relationship between partit~ 
ions (or ·schedules) is based on the sub di vision of groups (Lipschutz, 
1975, ·P .185) . 

j_ 
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APPENDIX A 

2 Microstates associated with a schedule of groups 

• 
A general expression can be derived which establishes the number of 
microstates associated with any schedule of groups (Ch. 5 ; s. 8 .) 

We can consider a population N parti tione.d into a schedule with Q 
groups, where the size of group j is n.(j = 1 ,2, ... ,Q); En.= N. In J . J . . . . J . such a general case consider the first group, with n1 individuals in 
it. The first member of this group can be chosen N ways, from the • 
population N. The second member can be chosen N-1 ways, and so on. 
Thus the n

1 members can be chosen N(N-1) ... (N~n
1 

+1) = N! /(N-n1 ) ! ways. 
However, this overcounts the true situation, as the order in which 
the individuals are chosen is unimportant . We must therefore divide 
by n1 ! , the number of different seciuences in which the n

1 
individuals 

can be chosen, giving N! /(N-n 1) !n
1 

! ways. The second group can then 
be chosen (N-n

1
)!/(N-n 1-n

2
)!n

2
! ways, and so on. There is only one 

way of choosing the last group, so that the number of ways the whole 
Q groups can be chosen is 

N! (N-n 1) ! 

(N-n
1 ) !n1 ! 

Now }nj = N, so N-n 1-n2- ... -nQ-l = nQ' and therefore the expression 
simplifies to N!/~n.! ways. There is one final correction which J .J 
applies when more than one group of the same size occurs . If there 
are ~ groups of size r, the order in which the groups are chosen from 
the population is not important, and the expression must be corrected 

It thus becomes 

w N! = 
II 

Q 
n. ! II 

J\T 
Cl ! 

j=l J r-=1 
r 

A3 



This can be rewritten 

The derivation was given in Fawcett, 1974. ·n is also in Tomescu, 1975 
(p. 50) •. 

The number of microstates associated with ·a11 the schedules which 
partition a population N into exactly Q nonempty groups is S(N,Q), a 
Stirline; number of the second kind. The total number of microstates 
associated with all schedules partitioning a population into Q = 1 ,2, ... ,N 
groups is the sum of Stirling numbers S(N,1) + S(N,2) + .•. + S(N,N), and 
this is the Bell number BN. The total number of distinct schedules of 
nonempty groups associated with a population N can be derived recursively 
from the number associated with a population N-1 but not, it seems, 
directly. 
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3 Poisson derivation - unconstrained number of groups 

The number of microstates associated with a schedule 
N is given by (Appendix A2) 

q of a population r 

N! 
w = ( 1 ) 

Since we now allow the qr to vary continuously we can differentiate this 
expression to find the schedule {q } which maximises W, .the number of r 
associated microstates . This schedule is the expected state of the 
system, that is , the average over the ensemble of all possible states. 

Let a population N be divided into a schedule {q } , r = 1 ,2 ... N, r 
where rare the integers and the q vary continuously . The number of r 
groups Q, is unknown . The number of associated microstates 1s given by 
equation (1 ) . We know that the sum of group-sizes must equal the 
population , that is 

N = 

Take logarithms of equation (1) : 

ln W = EN (ln N! - a ln r ! - ln a ! ) r =1 L' L' 

Apply Stirling 's approximation (ln x! = x ln x - x ) to ln ~ !: 

ln W = r~~ (ln N! - ~ l n r! - ~ l n ~ + ~ ) 

A5 
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Differentiate with respect to q: r 

a ln w EN(ln r! - ln = a ~ r=1 ~- 1 + l) 

= EN(ln r! - ln ~) r=1 ( 3) 

ln Wand Ware at a maximum when the right hand side equals zero, 
subject to the constraint equation (2). The constraint equation can 
be differentiated with respect to q: r 

aN 

a~ 
= 

We can combine equations (3) and (4) in a Lagrangian: 

aln w 
= 

aN 
-a--= 0 

a~ 

EN (ln r! - 1n a - ar) = 0 r=1 -r 

This is satisfied if the bracketed expression is zero for all values 
of r , and in fact this is the only way it can be satisfied 

ln ~ = ar - ln r! 

ar 
e 

qr = 
r ! 

This is a Poisson distr ibution but with no term for r = 0. We can 
wr i t e A f or ea . 

(4) 

= (5) 

The value of A must be derived from the constraint equation (2) .: 

r-1 
EN Ar 

EN Ar 
A N A N = r. - , = (r-1)! = E ---r=1 r. r=1 r=1 ( r-1 ) ! 
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= 
)..2 

:X.(1 +")...+-+ 2! 

N-1 
A 

(N-1) ! 
(6) 

A / Now, e = 1 + A + 
21 

+ ..• , so for large N eq_uation ( 6) approximates 

to 

(7) 

The value of A can be established from this relationship. 

The number of groups in the expected schedule is 

Q = = 

For large N this approximates to 

Q = eA - 1 (8) 

This result is independent of the size of ").... 
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4 Poisson derivation - constrained number of groups 

Suppose that we wish to find the expected schedule {qr} when the total 

number of ·groups, Q, is known : In addition to equation (1) we now 

have two constraints 

N = 

Q = 

Proceeding as before, we now arrive at the following Lagrangian 

ln ~ 

= 

a ln w 
a <\. 

oN a. -- -
. a<\. 

= a.r + S - ln r! 

a.r+s 
e 

r! 

Substituting in equation (9) 

Q = 

= 

ar+s 
r.N _e __ 

r=l r! = 

N a.r 
Q/ r. _e_ 

· r=1 r! 

aQ s aq = 
r 

a.r 
e 
r! 

0 

We can write\ for ea., and for large N approximate to 

AS 

(2) 

( 10) 

( 11 ) 

( 12) 



Substituting in equation (10) 

~ :, (-Q-) 
>. • e -, 

NOTE: Equation numbering is consistent within Appendices A3 and A4, 

but differs within Chapter 6. 

A9 
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5 Tabulation of positive Poisson 

Tabulation of the expression from David & Jordan (1952). 

q 

,. 1 O. 194 

1.2 0. 376 

1.3 0.550 

1.4 0.715 

1. 5 0.874 

1.6 1. 027 
,. 7 1.175 
1. 8 1. 318 

1. 9 1.458 
2.0 1 ~ 594 

2. 1 1,726 

2.2 1. 856 
2,3 1. 984 

2 . 4 2. 109 

2.5 2.232 

2.6 2. 353 

2 . 7 · 2.472 

2 . 8 2.589 

2.9 2 .705 

3.0 2.821 

3. 1 · 2. 935 
3,2 3.048 

3 . 3 3. 160 

3. 4 3.271 

3.5 3.381 
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APPENDIX B 

1 Schedules, microstates and lattices 

Schedule 

N=l 

1 1 

N=2 

1 2 

2 1,1 

N=3 

1 3 

2 2, 1 

3 1,1,1 

N=4 

1 4 
2 3, 1 

3 2,2 

4 2,1,1 

5 1,1,1,1 

• 

Associated 

microstates 

1 

1 

1 

3 

1 

1 

4 

3 

6 

B1 

Lattice 

1 • 

2 

l • 1 1 
' 

2,: i 
r 1,1,1 • 

4 • 

I 
3,1 ·~ I/· ?,2 

2,1,1 i 
1,1,1,1 ·. 



N=5 

1 

5 • 

5 1 I 
2 4 , 1 5 

I . 
4, l • 

3 3 , 2 10 ,~. 3 2 

4 3, 1 , 1 10 3 11 /] ' 

5 2 ,2, 1 15 ' ' 1~ 2 2 l 

6 2,1,1 ,1 10 
2111 / ,, 

' ' ' . 
7 1,1,1,1,1 1 ,, ',,,! 

' ' ' ' 

N=6 

1 6 1 

2 

6 • 

5, 1 6 I 
3 4 ,2 15 I 
4 4 , 1, 1 

5 l • 

15 ' ~-4 2 

5 3,3 10 4 I 1 ./1"'-<_• 3, 3 

6 3 , 2, 1 60 " l>·/, l 
7 3,1,1,1 20 

~' 
3,,.,., I~,<.;· 2.2.2 

8 2 , 2,2 15 / ~2,1,1 

9 2,2 ,1,1 45 
2 l l l l 
' ' ' ' . 

10 2 ,1,1,1,1 15 i I I I I 1 j 
11 1,1,1,1,1,1 1 ' ' ' ' ' 

N=7 

1 7 1 

2 6 ~ 1 7 7·. 

3 5,2 21 

I 4 5, 1, 1 21 

5 4,3 

6 1 • 

35 ' 1~-5, 2 

6 4,2 ,1 105 5 I 1 ./\~•
4• 3 

7 4, 1 , 1 ,J 35 '' 1~cij • '2' 

8 3, 3, 1 70 4, 1, 1, 1 ./r.3, 3, l 

9 3,2,2 105 
1~~2,2 • 2,1,1 

10 3,2, 1,1 210 3, I, 1, 1, 1 ·(D·2,2,2, 1 

11 3,1,1,1 35 l/·;i, 2, 1, 1, 1 

12 2,2,2,1 105 
2,1,1,1,1,1 l 

13 2 , 2,1,1,1 105 

14 2,1 , 1,1,1,1 21 
1,1,1,1,1,1,1 • 

15 1,1,1,1,1,1,1 

B2 
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N=8 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 
18 

19 

20 

8 

7, 1 

1 

8 

6,2 28 

6 ,1, 1 28 

5,3 56 

5,2,1 168 

5,1, 1,1 56 

4,4 35 

4,3,1 280 

4,2,2 210 

4,2,1,1 420 
• 

4,1,1,1,1 35 

3,3,2 280 

3,3,1,1 280 

3,2,2, 1 1680 

3~2,1,1,1 560 

3,1,1,1,1,1 56 

2,2,2,2 

2,2,2,1,1 

2,2,1,1,1,1 

105 

420 

210 

21 2,1,1,1,1,1,1 28 

22 1,1,1,1,1;1,1,1 1 

BJ 

8 • 

7,1 -~ 
,i) '2 

6,1,1./J~.4 3 

. 01(~•4,4 
s,1,1,1 ./!\.~.~ 

3 ~k~.3,3,2 
' ' ' 4 ' 1 ' 1 ' 1 ' 1 ./ \._,. 3 

1 
3 1 1 

2 1 ~~ 2'2'2'" 

' ' -' -YDl/1 : ' ' ' 
3,l,1,1,1,l ./ .• 2 2 2 2 2 ~/ ' ' ' ' 

/' 2, 2, 1 , l. , 1 , 1 

2 , 1 , 1 , 1 , 1 , 1 , 1 ./ 

1,1,1,r,1,1,1,1. 

. . . . . . : ~ .... - : . . . . . 



N=9 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1l 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

9 

8, 1 

7,2 

7,1,1 

6,3 

6 ,2, 1 

6,1,1,1 

5,4 

5,3,1 

5,2,2 

5,2,1,1 • 

5,1,1 ,1,1 

4 ,4, 1 

4,3,2 

4,3,1,1 

4,2,2, 1 

4,2,1,1,1 

4 ,1,1,1,1,1 

3,3,3 

3,3,2, 1 

3 , 3,1,1,1 

3,2,2,2 

3,2,2,1,1 

3,2 ,1,1,1,1 

3,1,1,1,1,1,1 

1 

8 

36 

. 36 

84 

252 

84 

126 

504 

378 

756 

126 

315 

1260 

1260 

1890 

1260 

126 

280 

2520 

840 

1260 

3780 

1260 

84 

26 2,2 ,2,2,1 945 

27 2,2,2,1,1,1 1260 

28 2,2,1,1,1,1,1 378 

29 2, 1 , 1 , 1 , 1 , 1 , 1 , 1 36 

30 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 1 

B4 

s,1·~ 
~ 7 2 . ' 

7 1 1 /~. 6 3 

' ' ~./~.s 4 

6 1 1 1./~.~l ' , , , 1~cL~-;: 
5 1 1 • '--\_~ • 4 4 1 

5 1 1 1 ~ ~~ ~1 .x3 3 ,3 ' 

, , , , i~ILr-3 ~21:1 · 
4 2 _ 1 y--\ 1 .. 3 3 2 1 ''/ \ ,,, 

4 1 1 1 1 1 .""- ·1

1 
•3 3 1 1 1 

' ' ' ' ' 3 -~ I ' ' ' ' • 3 > .~ I :.2_ 2 2 2 1 
321 1 /'''' 

2 2 1 1 _1 _y 2 2 1 1 1 1 1 
' ' ' ' ~ ' ' ' ' ' ' 

2 1 1 1 1 1 1 1 . 
' , · ' ' ' ' ' 

• 1 1 1 1 1 1 1 1 1 
' ' ' ' ' ' ' ' 

: :.:: -= ,-:-: - : . . . • . C: ;;· -:; ·- - -: • • --·::.: 



N=10 

1 10 1 
2 9 , 1 10 
3 8 , 2 45 for lattice seep 84 
4 8 , 1, 1 45 
5 7,3 120 I· 6 7 ,2, 1 360 
7 7 ,1,1 ,1 120 
8 6,4 210 
9 6,3,1 840 

10 6 , 2 , 2 630 
11 6 , 2 ,1, 1 1260 
12 6, 1,1 ,1, 1 210 
13 5,5 126 
14 5 , 4 , 1 1260 
15 5,3,2 2520 
16 5,3,1 , 1 2520 
17 5,2,2,1 3780 
18 5,2,1,1,1 2520 
19 5 ,1, 1,1, 1, 1 252 
20 4,4,2 1575 
21 4,4,l,1 1575 
22 4,3,3 2100 
23 4,3,2, 1 12600 
24 4,3,1,1,1 4200 
25 4,2,2,2 3150 
26 4,2,2,1,1 9450 
27 4,2,1 , 1,1,1 3150 
28 4,1,1,1,1,1,1 210 
29 3,3,3, 1 280a 
30 3,3,2,2 6300 
31 3 , 3 ,2,l,1 12600 
32 3,3,1,1,1,1 2100 
33 3,2,2 , 2,1 · 12600 
34 3,2,2,1,1,1 12600 
35 3 ,2, 1,1,1,1,1 2520 
36 3, 1, 1, 1, 1, 1, 1, 1 120 
37 2,2,2 ,2,2 945 
38 2,2,2,2, 1, 1 4725 
39 2 , 2 , 2 , 1, 1 , 1 , 1 3150 
40 2,2,1,1,1,1;1,1 630 
41 2,1,1,1,1,1,1,1,1 45 
42 1,1,1,1,1,1,1,1,1,1 
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N=15 ._ r 

1 15 
2 14, 1 
3 13,2 
4 13,1,1 
5 12 , 3 
6 12 ,2, 1 
7 . 12,1,1,1 
8 11,4 
9 11,3,1 

10 1'1,2 ,2 

11 11,2,1,1 
12 11,1,1,1,1 
13 10,5 
14 10,4,1 
15 10,3,2 
16 10,3,1,1 
17 10,2,2, 1 
18 10,2,1,1,1 
19 10,1,1,1,1,1 
20 9,6 

21 9, 5, 1 
22 9,4,2 
23 9,4,1,1 
24 9,3,3 
25 9,3,2,1 
26 9,3,1,1,1 
27 9,2,2,2 
28 9,2,2,1,1 
29 9,2,1,1,1,1 
30 9,1,1,1,1,1,1 

31 8,7 
32 8 ,6, 1 
33 8,5,2 
34 8,5,1,1 
35 8,4,3 
36 8,4,2,1 
37 8,4,1, 1,1 
38 8,3,3,1 
39 8,3,2,2 
40 8 , 3 , 2,1,1 

41 8,3,1,1,1,1 
42 8,2,2 , 2,1 
43 8,2,2 , 1, 1,1 
44 8 ,2 , 1, l , 1 , 1 , 1 
45 8,1,1,1,1,1,1,1 
46 7 , 7 ,1 
47 7 , 6 , 2 
48 7 , 6 ,1,1 
49 7,5,3 
50 7 ,5 , 2, 1 
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51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

7,5,1,1,1 
7,4,4 
7,h,3,1 
7,4,2,2 
7,4,2,1,1 
7,4,1,1,1,1 
7,3,3,2 • 
7,3,3,1,1 
7,3,2,2,1 
7, 3 ,2 , 1 , 1 , 1 

·7 ,3, 1, 1, 1, 1, 1 
7,2,2,2,2 
7,2,2,2,1,1 
7,2,2,1,1,1,1 

61 
62 
63 
64 
65 
66 
67 
68 
69 
70 

7 ,2, 1, 1, 1, 1, 1 , 1 
7,1,1,1,1,1,1,1,1 

71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

6,6,3 
6,6,2,1 
6,6,1,1,1 
6,5,4 

6,5,3,1 
6,5,2,2 
6,5,2,1,1 
6,5,1,1,1,1 
6,4,4,1 
6,4,3,2 
6,4,3,1,1 
6,4,2,2,1 
6 '4 '2 ' l, 1 ' 1 
6,4,1,1,1,1,1 

81 6,3,3,3 
82 6,3,3,2,1 
83 6,3,3,1,1,1 
84 6,3,2,2,2 
85 6,3,2,2,1,1 
86 6 , 3, 2 , 1 , 1 , 1 , 1 

• 

87 6,3,1,1,1,1,1,1 . 
88 6,2,2,2,2,1 
89 6,2,2,2,1,1,1 
90 6, 2, 2 , 1 , 1 , 1 , 1 , 1 

91 6,2,1,1,1,1,1,1,1 
92 6, 1 , 1 , 1 , 1 ;1 , 1 , 1 , 1 , 1 
93 5,5,5 
94 5,5,4 ,.1 
95 5,5,3,2 
96 5,5,3,1,1 
97 5 , 5,2,2 , 1 
98 5,5,2,1,1,1 
99 5,5,1,1,1,1,1 

100 5,4,4,2 
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101 5,4,4,1,1 
102 5,4,3,3 
103 5,4,3,2,1 
1,04 5,4,3,1,1,1 

• I 

105 5,4,2,2,2 
106 5,4,2,2, 1, 1 
107 5,4,2,1,1,1,1 
108 5,4,1,1,1,1,1,1 
109 5,3,3,3,1 
110 · 5,3,3,2,2 
11 
111 5,3,3,2,1,1 
112 5,3,3,1,1,1,1 
113 5,3,2,2,2,1 
114 5,3,2,2, 1, 1, 1 
115 5,3,2,1,1,1,1,1 
116 5,3,1,1,1,1,1,1,1 
117 5,2,2,2,2,2 
118 5,2,2,2,2, 1, 1 
119 5 ,2 ,2 ,2, 1, 1, 1, 1 
120 5,2,2,1,1,1,1,1,1 

121 5,2,1,1,1,1,1,1,1,1 
122 5, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 
123 4,4,4,3 
124 4,4,4,2,1 
125 4,4,4,1,1,1 
126 4,4,3,3,1 
127 4,4,3,2,2 
128 4,4,3,2,1,1 
129 4,4,3,1,1,1,1 
130 4,4,2,2,2,1 

131 4,4,2,2, 1, 1, 1 
132 4,4,2,1,1,1,1,1 
133 4,4,1,1,1,1,1,1,1 
134 4,3,3,3,2 
135 4,3,3,3,1,1 
136 4,3,3,2,2,1 
137 4,3,3,2, 1, 1, 1 
138 4,3,3,1,1,1,1,1 
139 4,3,2,2,2,2 
140 4,3,2,2,2,1,1 

141 4,3,2,2,1,1,1,1 
142 4, 3 ,2, 1 , 1 , 1 , 1 , 1 , 1 
143 4,3, 1, 1, 1, 1, 1, 1, 1, 1 
144 4,2,2,2,2,2,1 
145 4,2,2,2,2, 1, 1, 1 
146 4 , 2 , 2 , 2 , 1,1 , 1, 1,1 
147 4 , 2 ,2, 1, 1, 1, 1, 1, 1, 1 
148 4 , 2 , 1, 1, 1 , 1, 1, 1 , 1, 1 , 1 
149 4, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 
150 3 ,3,3, 3 ,3 
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151 3,3,3,3,2,1 
152 3, 3 , 3, 3, 1 , 1 , 1 
153 3,3,3 ,2,2, 2 
154 3,3,3,2,2, 1, 1 
155 3,3,3,2,1 , 1,1,1 
156 3 , 3, 3, 1 , ,.., 1 , 1 , 1 , 1 
157 3 , 3,2,2,2,2,1 
158 3,3,2,2,2,1,1,1 
159 3,3,2,2,1,1,1,1,1 
160 3,3,2,1,1,1,1,1,1,1 

3,3, 1, 1, 1, 1, 1, 1, 1, 1, 1 
3,2,2,2,2,2,2 
3,2,2,2,2,2,1,1 
J,2,2,2,2, 1, 1, 1, 1 
3 ,2 ,2 ,2, 1, 1, 1, 1, 1, 1 

161 
162 
163 
164 
165 
166 
167 
168 
169 
170 

3,2 ,2, 1, 1, 1, 1.., 1, 1, 1, 1 
3,2, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 
3, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1, 1 
2,2,2,2,2,2,2, 1 
2,2,2,2,2,2, 1, 1, 1 

171 2,2,2,2,2,1,1,1,1,1 
172 2 , 2 , 2 , 2 , 1 , 1 , 1 , 1 , 1 , 1 , 1 
113 2,2,2,1 9 1,1,1,1,1,1,1,1 
174 2,2,1,1,1,1,1,1,1,1,1,1,1 
175 2, 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 
176 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 , 1 
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APPENDIX B . 

2 Rectangular partitions 

In this Appendix we present some results of an algorithm by 
Bloch .for producing distinct rectangular partitions w~thin a 

given rectangular envelope. The algorithm is a modified version 
of that for generating minimal or standard rectangular dissections 
described in Bloch, 1978 ("An Algorithm for the exhaustive 
enumeration of rectangular dissections" Trans Martin Centre Vol. 3, 

PP• 5-34), 

First we present the plot of the rectangular partitions in a 3 x 3 

envelope the trivial partitions 9 and 1,1,1,1,1,1,1,1,1 are 
omitted). The number of rectangular partitions associated with 
each partition of 9 are marked on the lattice of partitions of 9 
on p. 160. 

Secondly we tabulate the number of distinct rectangular partitions 
n two 12-cell envelopes of different shapes - 2 x 6 and 3 x 4. 
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Rectangular partitions in 12-cell rectangles 

Below we give the number of distinct rectangular partitions in 

two 12- cell envelopes of different shapes. The partitions are groupe 

by the number of parts. ; 

t 
rectanular rectangular 

partition partitions in partitions in 
2 x 6 envelope 3 x 4 envelope 

12 1 1 11:i 
I 

11 , 1 0 0 
10 ,2 1 0 . 
9,3 0 1 . 
8,4 1 1 
7,5 0 0 
6,6 2 1 

11!1 

10,1,1 0 
9 ,2, 1 0 1 ! 
8,3,1 0 1 
8~2,2 3 1 
7 ,4, 1 0 0 I 

7,3,2 0 0 
6,5 , 1 1 0 

1: 6,4 , 2 4 2 

I 1 

6,3,3 2 3 
5 , 5,2 1 0 
5,4,3 0 0 
4,4,4 2 2 

9, 1,1 , 1 0 1 
8 ,2,1,1 4 2 
7 , 3,1 , 1 0 0 
7,2 , 2, 1 0 0 I 

6,4,1,1 5 2 
II :I 6,3,2, 1 5 8 

6, 2 , 2 , 2 6 3 
5 , 5 , 1, 1 2 0 

I 

5 , 4 ,2, 1 4 0 

Ii 5 , 3 , 3,1 1 0 
5 , 3 , 2,2 2 0 
4, 4 ,3,1 2 3 
l+,2,2,2 1l 7 
g,3,3,2 4 5 
3,3,3,3 2 

r'nntinued ~ . 
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1 
i I 

-----

I 

rectangular rectangular 
partition partitions in partitions in 

2 x 6 envelope 3 x 4 envelope 

8,1,1,1,1 2 1 
7 ,2,1,1,1 0 0 
6,3,1 ,1,1 3 6 
6,2,2,1,1 17 14 
5,4,1,1,1 3 0 
5,3,2,1,1 9 0 
5 ,2,2,2,1 4· 0 
4,4,2,1,1 18 12 • 
4,3,3,1,1 6 8 
4 ,3,2,2,1 21 23 
4,2,2,2,2 14 9 
3,3,3,2,1 3 8 
3,3,2,2,2 7 9 

• 

7,1,1,1,1,1 0 0 , 
6,2,1,1,1,1 12 10 
5,3,1,1,1,1 4 0 
5,2,2,1,1,1 10 0 
4,4,1,1,1,1 9 6 
4,3,2,1,1,1 32 34 
4,2,2,2,1,1 55 41 
3,3,3,1,1,1 2 7 
3,3,2,2,1,1 31 45 
3,2,2,2,2,1 18 27 
2 ,2,2,2,2,2 9 5 

11 

6,1,1,1,1,1,1 3 3 
5,2,1,1,1,1,1 6 0 
4., 3, 1, 1 , 1, l, 1 9 9 
4 '2 ,2 ' 1 ' 1 ' 1 ' 1 69 54 
3,3,2,1,i,1,1 25 35 
3,2,2,2, 1, 1, 1 61 95 
2,2,2,2,2,1,1 40 36 

5,1,1,1,1,1,1,1 1 0 
4,2,1,1,1,1,1,1 28 21 
3,3,1,1,1,1,1,1 7 10 
3,2,2,1,1,1,1,1 57 85 

II 

2,2,2,2,1,1,1,1 86 85 

-
4,1,1,1,1,1,1,1,1 5 4 
3 ,2 ,' 1 , 1 , 1 , 1 , 1 , 1 , 1 19 27 

1111 
2,2,2,1,1,1,1,1,1 71 74 

3, 1, 1, 1, 1, 1, 1, 1, 1, 1 2 4 
2,2,1,1,1,1,1,1,1,1 32 31 

2, 1, 1, 1, 1, 1, 1, ·1, 1, 1, 1 6 6 

1, 1, 1, 1, 1, 1, 1, 1, 1., 1, 1, 1 1 
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APPENDIX B 

3 The Number o~ possible feasibility matrices 

In this appendix we reproduce the results from Harary, March & 

Robinson .(1978, table 2), giving the number of distinct k x m 

bi coloured graphs with no isolates, where ·the vertices are unlabelled 

and the number of edges varies. This corresponds to the number of 

distinct feasibility matrices between k events .and m spaces, where the 

rows arid columns can be rearranged and the number of ones in the 

feasibility matrix varies. 

number 
of 
edges 

1 
2 
3 
4 
5 . 
6 
7 
8 
9 

10 
11 
12 
14 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

total 

k+m = 

( 1 , 1 ) 

1 

2 k+m = 

( 1 ,2) 

0 
1 

3 k+m = 4 

(1,3)'(2,2) 

0 0 
0 1 
1 l 

1 

3 

Bl6 

k+m := 5 k+m = 6 

( 1 , 4) (2,3) ( 1 , 5) (2,4) 

() 0 CD 0 
0 0 0 0 
0 1 0 0 
1 2 0 2 

1 f 2 
1 2 

1 
1 

5 8 

I 

,I 

I 

I 

I 

(3,3) 

0 
0 
1 
2 I 

5 I 
4 ' 
3 

I 

1 
1 

I 

I 
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number k+m = 1 k+m = 8 k+m = 9 of 
edges ( 1, 6) (2,5) (3,4) . (1_,7) (2,6) (J ,5) (4,4) ((1,8) (2,7) (3,6) 

0 0 0 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 0 0 0 
3 0 0 

,, 
0 0 0 0 0 0 0 0 

4 0 0 1 0 0 0 1 0 0 0 
5 0 2 4 0 0 2 2 0 0 0 
/" 

(I) 3 9 0 3 6 11 0 0 3 p 

1 2 9 1 3 14 21 0 3 9 8 2 9 3 16 34 • 1 4 20 
9 1 5 2 19 33 3 26 

10 1 ~ 2 14 33 3 32 ..J 

11 1 1 10 19 2 29 
12 1 1 5 14 2 26 
13 3 6 1 15 
14 • 1 3 1 10 
15 1 1 5 
16 1 3 
17 1 
18 1 
19 
20 
21 
22 
23 
24 
25 

total 11 42 1 15 91 179 1 19 180 

_.,. 
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number 
of k+m = 10 
vertices (4,5) (1,9) (2,8) (3,7) (4,6) ( 5, 5) 

1 0 0 0 0 0 0 
2 0 , 0 0 0 0 0 
3 0 0 0 . . o 0 0 
4 0 0 0 0 0 0 
5 1 0 0 0 0 1 
6 5 0 0 0 2 2 
7 20 0 0 4 8 14 
8 47 0 4i 12 37 49 
9 76 1 4 28 82 131 

10 105 4 37 160 248 
11 109. 3 49 230 410 
12 99 3. 50 305 531 
13 71 2 49 305 601 
14 49 • 2 37 290 566 
15 25 1 15 218 474 
16 15 1 10 161 336 
17 6 5 93 222 
18 3 3 58 124 
19 1 1 26 67 
20 . 1 1 15 32 
21 6 16 
22 3 5 
23 1 3 
24 1 1 25 

1 
total 633 24 328 2001 3835 



APPENDIX C 

Rook polynomial program 

nomial. The last 

6, written in 

taneously - the 

A program was implemented to calculate the rook poly 

version o·f this to be used is reproduced below, ROOKP 

Fortran. The number of events to be allocated simul 

required rook coefficient - 1.s the input value POWER . The basic program 
elements are shown in the following diagram: 

. 

0 READ INPUT DATA 

100 ES'rABLISH BASIC ARRA:( 

200 ORDER BASIC ARRAY 

300 , DECOMPOSING 

400 CREATE MAJOR & MINO R -

500 END OF BRANCH - COLLECT TERMS 

600 WRITE RESULT 

l 
STOP 

~ 
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