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ABSTRACT 

The importance of the sequential experience of architecture has 
long been recognised by architects. Section 1 outlines some of the 
ways this has been done i n the past and sets the present work i n i t s 
architectural context. 

Section 2 discusses the environmental factors and the dynamic therjial 
regulatory mechanisms involved i n predicting peopleVs responses to 
changes i n the thermal-environment. 

Section 3 describes previous attempts at simulating the regulatory 
mechanisms involved, using control system equations. Fanger's model 
i s discussed i n this section to i l l u s t r a t e the limitations of models 
that ignore the body's regulatory actions. 

aection 4 i s new work and i s a discussion of the problems associated 
-with applying one of the models outlined i n section 5 to the simulation 
of human motion t h r o u ^ buildings. I'he modifications made to the model 
are described. 

Section 5 i s also new work. Previously, simulation of people's 
transient responses by models has been validated by laboratory studies 
(see sections 2 and 3)» Section 5 describes the recording and analysis 
of people's transient responses from two studies within buildings. 
Predictions by the model are validated by this data. 



Section 6 i s concerned with people's responses to changes i n l i g h t i n g 
level. This section centres on studies of adaptation which indicate 
that a model based on the photochemistry of the eye may be appropriate 

,for the simulation of people's responses.to changes i n l i g h t i n g l e v e l , 
experienced on walking through a building. This i s followed i n section 
7 by a description of a model of the photochemical changes of cone 
pigment and how t h i s model i s related to the changes of l i g h t i n g level 
i n a series of rooms. 

This i s continued i n section 3' with a description of the method of 
recording people's impressions of t h e . l i f t i n g level along a route 
throia^ a building (unsteady state) and whilst viewing a small scale 
office (steady state). This data i s analysed and a simple expression 
i s derived for the prediction of clianges i n people's impressions of 
brightness. Predictions by the nodel are validated by the data. 

The estimation of the average luminance of the surfaces of rooms i s 
also validated by this data. The method of estimation i s dealt with i n 
section 9 , together with a description of the simulation of the indoor 
thermal environment. 

• 

Section 1 0 concludes with an indication of the direction of future 
studies. 'Ihe models are described by a number a£ FORTRAIT subroutines, 
included i n appendix C. 



1. I n t r o d u c t i o n 

1.1 The P a s t 

There has always been an awareness on the p a r t of 

some a r c h i t e c t s t h a t i t i s through movement t h a t we 

p e r c e i v e works of a r c h i t e c t u r e . 

At the beginning of h i s i n t r o d u c t i o n to 'An O u t l i n e 

of European A r c h i t e c t u r e ' , Pevsner a p p l i e s the term 

a r c h i t e c t u r e to b u i l d i n g s designed w i t h a view to a e s t h e t i c 

appeal and s t a t e s hov/ a e s t h e t i c s e n s a t i o n s may be caused. . 

" T h i r d l y , there i s the e f f e c t on our- senses 
of the treatment of the i n t e r i o r , the sequence of 
rooms, the widening o n t of a nave a t the ci^ossing, 
the s t a t e l y movement of a Baroque s t a i r c a s e . The 
f i r s t of these t h r e e ways i s two-dimensional; i t 
i s the p a i n t e r ' s way. The second i s t h r e e -
d i m e n s i o n a l , and as i t t r e a t s the b u i l d i n g as a 
volume, a s a p l a s t i c u n i t , i t i s the s c u l p t o r ' s 
v/ay. The t h i r d i s t h r e e - d i m e n s i o n a l too, but i t 
concerns space; i t i s the a r c h i t e c t ' s way more 
than the o t h e r s . " ( r e f . 1) 

Pevsner g i v e s the s e q u e n t i a l e x p e r i e n c e a c e n t r a l 

p l a c e i n a r c h i t e c t u r e . However, the h i s t o r y of 

a r c h i t e c t u r e shows no coherent continuum i n the development 

of t h i s c e n t r a l theme. Often i t i s f o r g o t t e n or becomes 

s u b s e r v i e n t to other themes. O c c a s i o n a l l y i t i s r e ­

invented; always i t s i n t e r p r e t a t i o n i s moulded by the 

i n d i v i d u a l a r c h i t e c t to f i t the c i r c u m s t a n c e s . 

F o r Michelangelo, the s e q u e n t i a l e x p e r i e n c e i d e a l l y 

expressed t e n s i o n . The B i b l i o t e c a L a u r e n z i a n a ( F i g s - 1.1.1 
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Figure 1.1.1 Plan and section of the main reading room and 
ricetto (Laiirentian l i b r a r y , Michelangelo) 
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Figure 1.1.2 Plan of the unbuilt rare book study (Laurentian 
l i b r a r y , Michelangelo; 



and 1.1.2) formed a succession of t h r e e s p a t i a l u n i t s ; a 
square ( t h e r i ' c e t t o ) , a r e c t a n g l e ( t h e l i b r a r y proper) and 
a t r i a n g l e ( t h e u n b u i l t p i c c o l a l i b r e r l a ) . The experience 
v/aa to be one of c o n f l i c t w i t h i n the r i c e t t o , f o l l o w e d by 
a harmonious but rhythmic calm i n the l i b r a r y proper, 
concluding i n peace i n the presence o f the r a r e books o f 
the p i c c o l a l i b r e r i a ( r e f . 2 ) . 

The b u i l d i n g i s a landmark i n a r c h i t e c t u r a l h i s t o r y 
and has been c a l l e d "the most i n f l u e n t i a l b u i l d i n g of the 
s i x t e e n t h c e n t u r y " ( r e f . 3 ) . However, the s e q u e n t i a l 
aspects have l i t t l e antecedent or precedent except i n 
Michelangelo's own work. 

The s e q u e n t i a l experience, which f o r P/Iichelangelo 
expressed t e n s i o n , f o r P a l l a d i o , was to express harmony, 

.. "Beauty w i l l r e s u l t from the form and 
correspondence of the whole, w i t h r e s p e c t to the 
s e v e r a l p a r t s , o f the p a r t s w i t h r e g a r d t o each 
o t h e r , and o f these again to the v/hole." ( r e f . 4) 

To t h i s end, P a l l a d i o used a systematic method o f 
p r o p o r t i o n s ( u s u a l l y harmonic) which c o u l d be extended 
from two dimensions to three and from three i n t o a s e r i e s 
so t h a t not only rooms, but v/hole plans could be encompassed 
by the system. 

The V i l l a Rotunda ( F i g . 1.1.3) i s an e x c e l l e n t 
m a n i f e s t a t i o n o f t h i s system. The t r a n s i t i o n o f spaces 
through the b u i l d i n g , which i n t h e • L a u r e n t i a n l i b r a r y was 
dynamic, i s here harmonious. I t i s i n t e r e s t i n g to see t h a t 
whereas the dynamic experience o f the L a u r e n t i a n l i b r a r y i s 
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l o s t i n p l a n drawings the harmonious q u a l i t i e s of the V i l l a 

Rotunda a r e not. T h i s may be one r e a s o n why P a l l a d i o ' s 

works were more r e a d i l y adapted i n o t h e r p e r i o d s . 

Thomas J e f f e r s o n ' s house a t M o n t i c e l l o ( F i g . 1.1.4) 

a l s o took advantage of the d i f f e r e n c e i n c h a r a c t e r of i t s 

rooms. The entrance and h a l l f a c e e a s t . ' From there one 

moves i n t o the warmer l i v i n g rooms of the house f a c i n g 

westc The p u b l i c a t i o n of L e o n i ' s P a l l a d i o , a t the time of 

the d e s i g n of M o n t i c e l l o , i s s a i d to have e x e r t e d a 

c o n t r o l l i n g i n f l u e n c e . 

The harmonious sequence of rooms based on an a x i a l 

p l a n a s seen i n P a l l a d i o and J e f f e r s o n become i n Wright an 

" o r g a n i c " sequence of- spaces bounded and d i r e c t e d by 

i n t e r s e c t i n g planes ( F i g . 1,1.5). 

The b u i l d i n g was to be e x p e r i e n c e d tlirough movement 

and. the experience was thus to be a dynamic p r o c e s s . T h i s 

i s what V/right meant by "The complete goal of the i d e a l of 

o r g a n i c a r c h i t e c t u r e i s never r e a c h e d . " ( r e f . 5 ) 

However, l i t t l e i s s a i d of how one e x p e r i e n c e s the 

harmony or t e n s i o n w i t h i n these i n t e r i o r s . Le c o r b u s i e r 

i s a l i t t l e more e x p l i c i t . 

Le c o r b u s i e r was so a t t r a c t e d to the s e q u e n t i a l -

e x p e r i e n c e of b u i l d i n g s t h a t he i n v e n t e d h i s own term. 

'La promenade a r c h i t e c t u r a l e ' v/as a r e c u r r i n g theme i n 

c o r b u s i e r ' s b u i l d i n g s but i s most e v i d e n t i n the Maison 

La Roche. c o r b u s i e r ' s r e c o r d of h i s own work shows us how 

he c o n s i d e r e d t h i s a s p e c t i n d e s i g n ( F i g . 1.1.6). 



3 

Figure 1.1.6 Perspective views of the V i l l a La Roche, 
drawings by Le Corbusier. 
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Much l i k e the l a y o u t o f Greek c i t i e s he had p r e v i o u s l y 

v i s i t e d , *'les p e r s p e c t i v e s se deve loppen t avec une grande 

v a r i e t e . " ( r e f . 6 ) . The promenade i s t r e a t e d as a s e r i e s 

o f d ramat ic v iews , l e a d i n g f r o m the h a l l to the g a l l e r y . 

One i s l e f t to presume t h a t t h i s r o u t e , i n t h i s d i r e c t i o n , 

was a l l t h a t was v/orthy o f s t u d y . 

Le c o t ' b u s i e r ' s approach i s i n a lmos t d i r e c t c o n t r a s t 

to t h i s s t a tement by Roger S c r u t t o n ( r e f . 7 ) . 

"Moreover i t would be v/rong to concen t r a t e o n l y 
on the v i s u a l aspect o f the exper ience o f a r c h i t e c ­
t u r e . We do n o t t r e a t b u i l d i n g s s imply as a s e r i e s 
o f d ramat ic f acades . We walk t h r o u g h and around 
them, t e s t i n g them, as i t were t h r o u g h movement." 

Th i s apparen t paradox can be r e s o l v e d i f we are 

prepared to accept t h a t c o r b u s i e r unders tood an i m p o r t a n t 

aspect o f exper i ence : t h a t change o f s t i m u l u s i s o f the 

essence o f p e r c e p t i o n and t h a t i t i s where t h i s change i s 

a b r u p t t h a t the s t i m u l u s i s p e r c e i v e d . More i s sa id o f 

t h i s I n pa ragraph 1,3. 

The phenomenon of p a r a l l a x as a f u r t h e r e x p l a n a t i o n 

o f hov/ b u i l d i n g s may be exper ienced s e q u e n t i a l l y i s 

p r o v i d e d by C o l l i n s . Not o n l y are Le c o r b u s i e r ' s and 

W r i g h t ' s v/orks s u s c e p t i b l e to t h i s i n t e r p r e t a t i o n b u t so 

a l so i s the 16 th century d e l i g h t i n the i n t e r i o r use o f 

colonades and m i r r o r s . Wolfgang Hermann, as quoted by 

C o l l i n s , p rov ides us w i t h a conc i se d e s c r i p t i o n o f t h i s 

expe r i ence . "While the v i s i t o r moves f o r w a r d , the c l u s t e r 

o f columns seems to move t o o , opening up c o n s t a n t l y 

changing v i e w s . " ( r e f . 8 ) 
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1.2 Tlie Present Day 

I t i s w o r t h n o t i n g a t t h i s p o i n t t h a t i t i s no t o n l y 

oiar impress ions o f the g r e a t works o f a r c h i t e c t u r e t h a t are 

ga ined t h rough the s e q u e n t i a l e x p e r i e n c e . A p e r s o n ' s 

everyday exper ience o f a b u i l d i n g i s o f t e n t r a n s i e n t . 

Occupants have to enter and very o f t e n pass t h r o u g h 

entrance f o y e r s , l o b b i e s , r e c e p t i o n s and o f f i c e s , a long 

c o r r i d o r s and up and down by s t a i r s and l i f t s . Even 

e s s e n t i a l l y sedentary occupa t ions i n v o l v e movement f r o m 

space to space w i t h i n a b u i l d i n g , e s p e c i a l l y v/here users 

share r e sources , f o r e x a m p l e . i n e d u c a t i o n a l b u i l d i n g s . 

Transience can, i n f a c t , be a major a spec t o f the exper ience 

where the occupants move around o r t h r o u g h as a n e s s e n t i a l 

p a r t o f t h e i r use o f a b u i l d i n g , f o r example i n g a l l e r i e s , 

o r , as we have seen above, where the a r c h i t e c t takes 

cognizance o f the s e q u e n t i a l exper i ence i n h i s des ign . 

One o f the aims o f a b u i l d i n g i s to p r o v i d e a. c o m f o r t -

able environment f o r the people w i t h i n , one t h a t i s 

sympathe t ic to the a c t i v i t y i t enc loses . I n p r o t e c t i n g the 

Occupan t s f r o m the n a t u r a l hea t and c o l d , r a i n and winds , 

we presume to c o n s t r u c t an a r t i f i c i a l env i ronment more 

c o m f o r t a b l e than t h a t p r o v i d e d by n a t u r e . The inct 'ease o f 

i n d u s t r i a l i s a t i o n has r e s u l t e d i n most peop le spending by 

f a r the g r e a t e r p a r t o f t h e i r l i v e s i n such a r t i f i c i a l 

env i ronments . 
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A v i s i t o r * 9 experlenc*^ of most b u i l d i n g s i s t h e r e f o r e 

o f t e n the t r a n s i e n t exper ience o f a s e r i e s o f s i m i l a r o r 

d i s s i m i l a r a r t i f i c i a l env i ronments . 

Other h i s t o r i c examples o f v/orks o f a r c h i t e c I'̂ ure can be 

found v/hich have as a c e n t r a l theme the s e q u e n t i a l expe r i ence , 

f o r example the Spanish steps i n Rome, the 'Bazaar Keshan i n 

I r a n and many works where p r o c e s s i o n a l f u n c t i o n s occur , 

Hov/ever the p r e v i o u s examples are s u f f i c i e n t to i l l u s t r a t e 

t h a t a r c h i t e c t s have r e c o g n i s e d ' t h e s e q u e n t i a l exper ience 

o f b u i l d i n g s aa a c e n t r a l e lement o f the vocabulary of 

a r c h i t e c t u r e . 

This t h e s i s v / i l l seek to show hovv the theme can be 

cons idered i n a way c o n s i s t e n t w i t h , and h o p e f u l l y e x t e n d i n g , 

t o d a y ' s study o f the ' e n v i r o n m e n t a l ' aspects o f b u i l d i n g s . 

A t p re sen t , l i t t l e account i s t aken o f the t r a n s i e n t 

aspects o f an occupan t ' s exper ience i n the d e s i g n of the 

p h y s i c a l environment (here t aken to mean the h e a t i n g , l i g h t ­

i n g and a c o u s t i c s ) v / i t h i n the b u i l d i n g . 

A t a p a r t i c u l a r stage i n the d e s i g n process each space 

o r room i s g i v e n i t s o v e r a l l p h y s i c a l q u a l i t i e s . The shape 

and s i ze having been de te rmined , g e n e r a l l y o n the bas is o f 

the a c t i v i t y ' o r number o f occupants to be housed, the 

se rv i ces are i n s t a l l e d and f i n i s h e s a p p l i e d . The h e a t i n g 

(and p o s s i b l y v e n t i l a t i o n ) system i s , morfe o f t e n than n o t , 

designed to keep the whole o f the b u i l d i n g a t a c o n s t a n t 

tempera ture , the more s o p h i s t i c a t e d systems i n c o r p o r a t i n g 
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t h e r m o s t a t i c c o n t r o l and zon ing to ach ieve t h i s end, the 

system i n each room o r zone being designed to m a i n t a i n the 

d e s i r e d temperature o f t h a t room or zone. c r ' i t i c i s m s are 

now b e g i n n i n g to be l e v e l l e d a g a i n s t t h i s approach ( r e f . 9 ) 

and r e s e a r c h i s be ing conducted i n t o the e f f e c t s o f 

changing c o n d i t i o n s ( r e f s . 10 and 11) . 

S p e c i f i c a c o u s t i c t r e a t m e n t i s a p p l i e d i n rooms where 

necessary, and the a c o u s t i c envi ronment t h r o u g h o u t the r e s t 

o f the b u i l d i n g may be cons ide red i n a g e n e r a l way when 

choosing f i n i s h e s f o r each room. 

L i g h t i n g systems too are u s u a l l y des igned on a room by 

room bas i s , each one t aken on i t s ov/n m e r i t s and the 

l u m i n a i r e s designed to p r o v i d e the d e s i r e d l i g h t i n g f o r 

t h a t room. A p a r t i a l answer to the q u e s t i o n , iVhy?, i s g i v e n 

i n paragraph 1.5, 

Each aspect i s c o n s i d e r e d , i n p r o v i d i n g a n envi ronment 

w i t h i n each room o r space, w h i l e o f t e n i t i s the change f r o m 

one to another wh ich impinges on our consc iousness . More­

ove r , t he re i s evidence t h a t the human systems o f p e r c e p t i o n 

are adapted to d e t e c t i n g change o f r a t h e r than a b s o l u t e 

l e v e l s o f s t i m u l u s . A note on t h i s p o i n t f o l l o w s . 

1.3 Experience and change o f S t imulus 

W i t h i n the r e a l w o r l d ( t h a t e:xcluding l a b o r a t o r y 

exper iments and drug exper i ences ) our expe r i ence o f o b j e c t s 

and t h e i r q u a l i t i e s i s mediated by the senses. 

A change i n the sequence o f s t i m u l i f r o m p o i n t to p o i n t 

o r f r o m moment to moment i s o f the essence o f p e r c e p t u a l 
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expe r i ence . VJith r ega rd to each o f the senses t h i s has 

been shown to be the case. 

The homogeneous t o t a l f i e l d exper imen t demonstrates 

t h a t when every ray ( o f l i g h t ) has the same v /ave length and 

i n t e n s i t y t he r e i s no p e r c e p t i o n , and t h i s exper imen t i m p l i e s 

t h a t the organism cannot respond to ray d i r e c t i o n s as such. • 

\7hat the r e t i n a does respond t o i s a d i f f e r e n t i a l i n t e n s i t y 

f rom p o i n t to p o i n t over the r e t i n a ( r e f . l2 ) . 

Thermal r e c e p t o r s have been shov/n to e x h i b i t b o t h 

phas ic and s t a t i c rearxjnses, Belov/ an average s k i n tempera­

t u r e o f about 34°c . the s t i m u l u s f o r warmth has been shown 

to be most probably an i n c r e a s e i n tempera ture o f the warmth 

r e c e p t o r above the temperature to w h i c h i t i s adapted , 

( r e f . 15) 

1.4 A r c h i t e c t u r a l Movement Studies 

The r e c o g n i t i o n o f the impor tance o f movement i n 

a r c h i t e c t u r e has generated a number o f s t u d i e s . These may 

be b road ly c lassed as e i t h e r p r e d i c t i v e o f behav iour o r 

d e s c r i p t i v e o f expe r i ence . 

S tudies f a l l i n g w i t h i n the f i r s t ca tegory I n c l u d e the 

a n a l y s i s o f p e o p l e ' s movement p a t t e r n s as p a r t o f a g e n e r a l 

theory o f movement systems w i t h i n b u i l d i n g s . Bu rbe r ry 

( r e f . 1.4) proposes t h a t the movement system o f people e x h i b i t s 

s i m i l a r c h a r a c t e r i s t i c s to the movement systems o f o t h e r flow 

media ( w a t e r , a i r , v e h i c l e s and e l e c t r i c i t y ) and, as such, i s 

s u s c e p t i b l e to a s i m i l a r a n a l y s i s . 
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H a l l b e r g ( r e f . 15) a l so p r o v i d e s a c l a s s i f i c a t i o n o f 

movement, regarded as a '^personal c ^ a i ^ a c t e r i s t i c * ' . He 

o b t a i n e d the f o l l o w i n g f i v e d imensions as a d e s c r i p t i v e 

c l a s s i f i c a t i o n o f movement b e h a v i o u r ; s t i f f / l a b o r i o u s / 

heavy, tempo, j e r k y / f l o p p y , amount o f movement, c a r e f u l / 

m o n o t o n o u s / r e s t r a i n e d . 

Al so w i t h i n t h i s ca tegory i s Whitehead and E l d e r s ' 

c l a s s i c v/ork on s p a t i a l a l l o c a t i o n based o n the a s s o c i a t i o n 

o f a c t i v i t i e s and the number o f ' s t a n d a r d j o u r n e y s ' between 

a c t i v i t i e s ( r e f . 1 6 ) . The a n a l y s i s o f r o u t e p a t t e r n s ( r e f . 

17) i s an e x t e n s i o n o f t h i s approach to the s tody o f 

movement. 

Other s tud ies have been concerned w i t h more s p e c i f i c 

s i t u a t i o n s , Tl^e movement o f people th i 'ough a i r t e r m i n a l s 

has been s t u d i e d ( r e f , 18) and s i m u l a t i o n t echn iques 

a p p l i e d to the a n a l y s i s o f q u e u i n g . The movement o f people 

t h r o u g h museum environments has a l s o been s t u d i e d w i t h the 

a i d o f s i m u l a t i o n models ( r e f , 19) and can te r has s t u d i e d 

the behaviour o f people i n f i r e escape s i t u a t i o n s ( r e f , 2 0 ) , 

A few s t u d i e s have been concerned w i t h the e x p e r i e n t i a l 

aspects of movement and have been n o t a b l e i n p r o d u c i n g 

systems o f n o t a t i o n . The n o t a t i o n s o f H a l p r i n ( r e f , 21) and 

T h i e l ( r e f s , 22 and 23) f a l l i n t h i s c a t e g o r y . E s s e n t i a l l y 

these systems a l l o w the des igner to d e s c r i b e e i t h e r the major 

p h y s i c a l aspects o f a r o u t e ( F i g . 1 .4 .1 ) o r the exper ience o f 

a r o u t e ( F i g . 1 ,4 .2) and to w r i t e t h i s d e s c r i p t i o n i n a f o r m 

much l i k e a mus ica l score . 
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No a t t e m p t has been made i n these s t u d i e s to c o r r e l a t e 

the d e s c r i p t i o n o f a r o u t e w i t h people* s exper ience o f i t 

or the d e s c r i p t i o n o f one* s exper ience w i t h a c o n s t r u c t e d 

r o u t e . These s tud ies must t h e r e f o r e r ema in d e s c r i p t i v e and 

no t p r e d i c t i v e . 

Hov/ever, the na tu re o f the p r e s e n t s tudy i s b o t h 

e x p e r i e n t i a l and p r e d i c t i v e . 

1.5 Models 

A model i s a r e p r e s e n t a t i o n o f c e r t a i n r e l e v a n t 

c h a r a c t e r i s t i c s o f r e a l i t y . I t i s t h e r e f o r e l e s s complex 

than r e a l i t y , v/herein l i e s bo th i t s s t r e n g t h and weakness. 

The f a c t t h a t we do n o t need to r e p r e s e n t a l l the f a c t s o f 

r e a l i t y i s to our advantage b u t the f a c t t h a t v/e cannot 

means t h a t a model i s once removed f r o m r e a l i t y . 

The q u e s t i o n o f why we should w i s h to cons t r u e t , mod e l s 

i s thus answered. We c o n s t r u c t them to i n v e s t i g a t e c e r t a i n 

c h a r a c t e r i s t i c s o f r e a l i t y w i t h o u t the n e c e s s i t y o f 

possess ing knowledge o f the whole o f r e a l i t y . 

Echenique makes a c l a s s i f i c a t i o n o f models ( F i g . 1 ,5 .1 ) 

on the bas is o f three c a t e g o r i e s : what the model i s made 

f o r , v/hat the model i s made o f , and how the t ime f a c t o r i s 

t r e a t e d ( r e f . 2 4 ) . Of p a r t i c u l a r i n t e r e s t i s the l a s t 

c a t e g o r y , 

A look a t the use o f models i n a r c h i t e c t u r e shows 

t h a t by f a r the most common type o f model used by a r c h i t e c t s 
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i s the v i s u a l model . Plans., s e c t i o n s , e l e v a t i o n s , i s o m e t r i c 

p r o j e c t i o n s , p e r s p e c t i v e s , pho tographs , ca rd models and 

h e l i o d o n s are e l l o f t h i s t y p e . 

V / i t h r e spec t to the t h i r d ca tegory o f Echenique ' s 

c l a s s i f i c a t i o n these models t r e a t the t ime f a c t o r s t a t i c a l l y . 

The answer to the q u e s t i o n , Why?, i n paragraph 1.2 i s nov/ 

e v i d e n t . There are i n h e r e n t d i f f i c u l t i e s i n m o d e l l i n g a 

dynamic process , such as movement, w i t h models t h a t are 

s t a t i c * 

The problem o f m o d e l l i n g a person ' s response t o the 

env i ronment , as he o r she moves t h r o u g h a sequence o f spaces, 

i s complex and the p r e v i o u s f a i l u r e to develop a m o d e l l i n g 

system of the dynamic .process o f the s e q u e n t i a l exper ience 

may t h e r e f o r e be p a r t l y excused. 

However, computer s i m u l a t i o n o f f e r s a p o s s i b l e approach 

towards a s o l u t i o n . 

1.6 conc lud ing Remarks 

The s e q u e n t i a l exper i ence i s seen to be an i m p o r t a n t 

aspec t o f a r c h i t e c t u r a l e x p e r i e n c e . F u r t h e r m o r e , change i s 

c e n t r a l to p e r c e p t u a l exper ience i t s e l f . 

P r e v i o u s l y , the impress ions ga ined by someone moving 

t h r o u g h a b u i l d i n g have been cons idered i n d r a m a t i c o r 

nebulous ways. The h e a t i n g , l i g h t i n g and a c o u s t i c s o f a 

b u i l d i n g are designed o n a room by room b a s i s , w i t h o u t 

t a k i n g account o f the s e q u e n t i a l experience, and t h i s i s i n 

l a r g e p a r t due t o the complex problem o f m o d e l l i n g the 

response o f a person i n t h i s dynamic s i t u a t i o n . 
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The g e n e r a l acceptance o f the impor tance o f movement 

as a de t e rminan t o f a r c h i t e c t u r a l f o r m has l e d to a number 

o f r e l a t e d s t u d i e s , mentioned above, none o f w h i c h a r e , 

hov/ever, p r e d i c t i v e o f e x p e r i e n c e . 
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2 . Towards a Model o f Human Thermal Response 

2 . 1 E n v i r o n m e n t a l F a c t o r s 

Any comprehensive study o f a p e r s o n ' s t he rma l responses 

and the rma l sensa t ions must take i n t o accoun t the f o l l o w i n g 

f o u r env i ronmen ta l f a c t o r s g o v e r n i n g the hea t l o s s f r o m the 

body. 

R a d i a t i o n f r o m su r round ing s u r f a c e s 

A i r t empera ture 

A i r h u m i d i t y 

A i r v e l o c i t y 

Table 2 . 1 . 1 Env i ronmenta l f a c t o r s g o v e r n i n g heat loss f r o m 

the body. 

A i r temperature i s perhaps the o l d e s t r e cogn i sed 

e n v i r o n m e n t a l f a c t o r a f f e c t i n g o n e ' s f e e l i n g o f v/armth. 

F i g u r e 2 . 1 . 1 i l l u s t r a t e s t h i s e f f e c t o f a i r t empera ture on 

warmth . The r e g r e s s i o n l i n e i n F i g . 2 . 1 . 1 i s f i t t e d to 

da ta f r o m 1296 o b s e r v a t i o n s ( r e f . 1 ) . 

The c o d l i n g e f f e c t s o f moving a i r a re commonly r e c o g n i s e d 

and as e a r l y as 1914 the ka ta - thermometer was i n t r o d u c e d as a 

measure o f warmth . F i g u r e 2 . 1 , 2 , t a k e n f r o m B e d f o r d ( r e f . 2 ) , 

i l l u s t r a t e s the r e d u c t i o n i n fo r ehead tempera ture due to 

moving a i r . 

The e f f e c t o f a i r hJJmidity on the i m p r e s s i o n o f warmth 

has been r e c o g n i s e d and has been shown to have g r e a t e r e f f e c t 

a t h ighe r t empera tu res . F i g u r e 2 . 1 . 3 i s a r e - p l o t o f da ta 

f r o m Koch and co l l eagues ( r e f . 3 ) and shows the reduced a i r 
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temperature a t v^hlch a p a r t i c u l a r thermal s e n s a t i o n i a 
r e g i s t e r e d w i t h an increase i n r e l a t i v e h u m i d i t y . This 
e f f e c t can be seen to inc^^eaae w i t h an i n c r e a s e o f a i r 

o 
temperature. 

The r a d i a n t heat of surroundings has also been shown 
to a f f e c t comfort. I n 1930, Vernon ( r e f . 4) i n t r o d u c e d 
the globe thermometer as a means of assessing t h i s i n f l u e n c e 
F i g u r e 2.1,4 shows data p l o t t e d by Humphreys ( r c f . 5) 
i n d i c a t i n g the e f f e c t of the v a r i a t i o n o f globe temperature, 
from the monthly mean, on the v a r i a t i o n o f the comfort vote 
from the monthly mean. The tv/o o u t e r l i n e s are a t one 
standard . d e v i a t i o n on e i t h e r s i d e . 

This b r i e f o u t l i n e of the environmental v a r i a b l e s 
associated w i t h the study o f the thermal environment • 
i n t r o d u c e s a few concepts which w i l l be f u r t h e r c l a r i f i e d . 

The existence of f o u r v a r i a b l e s i s an inconvenience i f 
a p r e d i c t i o n o f the i m p r e s s i o n of the warmth o f an e n v i r o n ­
ment i s d e s i r e d . For example, an environment w i t h a 
p a r t i c u l a r a i r temperature and r e l a t i v e h u m i d i t y might be 
considered as warm as one w i t h a higher a i r temperature b u t 
lower r e l a t i v e h u m i d i t y . This can be seen from F i g u r e 
2.1.3, The s i t u a t i o n i s complicated by the i n c l u s i o n of a l l 
f o u r environmental f a c t o r s and engineers have attempted to 
express the combined e f f e c t o f these f a c t o r s by one f i g u r e 
or index. These w i l l be discussed i n s e c t i o n 2,2, 

I n mentioning the i n f l u e n c e o f the environmental 
v a r i a b l e s , the words "comfort', 'warmth' and ' t h e r m a l 
sensations' have been d e l i b e r a t e l y used. These v / i l l be 

28 



0.6 

i 0 
O 2 4- iO 12 

Figure 2.1.4 Variation of- comfort vote with v a r i a t i o n of 
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discussed i n s e c t i o n 2,3. 

The word 'vote' ha3 been used i n c o n n e c t i o n v / l t h 
comfort, warmth and thermal sensations and numbers have been 
used i n t h i s c o n t e x t . This w i l l be discussed i n s e c t i o n 2.4. 

2.2 The Search f o r a Single Index 

I n 1923 Houghten and Yagloglou conducted a c l i m a t e 
chamber experiment ( r e f . 7) i n which semi-nude men and men 
i n summer c l o t h i n g walked to and f r o between two rooms. A i r 
temperature and r e l a t i v e h u m i d i t y were a d j u s t e d i n b o t h 
rooms, i n v a r i o u s combinations, so t h a t the men f e l t the 
same thermal s e n s a t i o n i n the one room as they d i d i n the 
o t h e r . Each group of equal thermal s e n s a t i o n votes was 
p l o t t e d f o r the v a r i o u s values o f a i r temperature and r e l a t i v e 
humidity and a se r i e s of "equal comfort l i n e s " produced. By 
d e f i n i t i o n , any combination o f a i r temperature and r e l a t i v e 
h umidity l o c a t i n g a p o i n t on a comfort l i n e would produce the 
same thermal s e n s a t i o n as any o t h e r combination l o c a t i n g any 
othe r p o i n t on the same l i n e . This experiment on th r e e 
subjects formed the basis of the E f f e c t i v e Temperature Index. 

The e f f e c t of a i r movement was i n c o r p o r a t e d i n t o the 
index by Yagloglou and M i l l e r ( r e f . 8) and i n 1932 Vernon 
and V/arner ( r e f . 9) i n c o r p o r a t e d the e f f e c t o f r a d i a t i o n by 
r e p l a c i n g dry bulb temperature w i t h readings from a globe 
thermometer. Vernon had already shown globe thermometer 
•temperature to be an index o f v/armth ( r e f . 4 ) . I n 1933 
Missenard i n t r o d u c e d the R e s u l t a n t Temperature w h i c h a l s o 
c o r r e c t e d E f f e c t i v e Temperature f o r r a d i a t i o n . 
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F i g u r e 2,2.1 shows the c o r r e c t e d E f f e c t i v e Temperature 
c h a r t as i t stands toda^,'. I t i s i m p l i e d t h a t any 
combination of globe thermometer temperature, v/et bulb 
temperature and a i r v e l o c i t y producing a value f o r c o r r e c t e d 
E f f e c t i v e Temperature w i l l induce the same thermal s e n s a t i o n 
as any o t h e r combination producing the same v a l u e . 

I t i s w o r t h n o t i n g t h a t i t i s n o t p o s s i b l e t o p r e d i c t 
thermal sensations as such w i t h E f f e c t i v e Temperature (E.T.). 
I t cannot be i n f e r r e d from E.T,-, as i t stands, t h a t an 
environment w i t h f o r example 32.20c« globe temperature, 
21 c. wet bulb temperature and a i r v e l o c i t y of 3.05 m./sec. 
w i l l be f e l t warm o r hot, but o n l y t h a t i t w i l l r e g i s t e r the 
same thermal sensation as f o r example 24oc. globe tempera­
t u r e , 24*^0. wet bulb temperature and an a i r v e l o c i t y o f 
0.1 m./sec. 

I n 1936, D u f t o n ( r e f . 5) i n t r o d u c e d the term E q u i v a l e n t 
Temperature based on measurements made w i t h h i s eupatheo-
scope. The r a t e of heat l o s s f r o m the su r f a c e o f the 
eupatheoscope v a r i e s v / i t h the temperature and v e l o c i t y o f 
the surrounding a i r and w i t h r a d i a t i o n from surrounding 
surfaces. The readings of the i n s t r u m e n t depend on the heat 
i n p u t t o m a i n t a i n a consta;^t temperature i n s i d e . The 
Instrument t h e r e f o r e gives an i n d i c a t i o n o f the combined 
e f f e c t s of a i r temperature, a i r v e l o c i t y and r a d i a t i o n . 

The eupatheoscope i s needed f o r the p r e c i s e measurement 
of E q u i v a l e n t Temperature hut i f the environmental v a r i a b l e s 
are knov/n i t can be estimated. 
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I n the same year, Bedford made a very i m p o r t a n t advance 
( r e f . 10). Hotighton and Yagloglou had determined comfort i n 
the l a b o r a t o r y , i n v/hich s u b j e c t s had equated d i f f e r e n t 
thermal environments. Bedford s t u d i e d the s u b j e c t i v e assess­
ment o f comfort of a l a r g e number of people ( n e a r l y 2000 i n 
a l l , mostly women) i n the f a c t o r y , engaged i n t h e i r normal 
occi^pations. Furthermore, he recorded t h e i r impressions on 
a S c a l e ranging from * much too warm' to 'much too c o o l ' and 
assigned n u m e r i c a l values to each category. 

U n l i k e E.T,, v/hich g i v e s no i n d i c a t i o n o f \7hether any 
combination of v a r i a b l e s i s warmer, c o o l e r o r more p r e f e r a b l e 
t h a n any o t h e r , Bedford's method makes it p o s s i b l e to r e l a t e 
p r e d i c t i o n s o f an index d i r e c t l y to v e r b a l statements of 
warmth. 

Bedford compared h i s data w i t h p r e d i c t i o n s made by 
thermal i n d i c e s . Table 2.2.1 shows h i s r e s u l t s . The c l o s e s t 
c o r r e l a t i o n was found to be w i t h Duf ton's E q u i v a l e n t 
Temperature, w i t h a c o r r e l a t i o n of -0.52. From h i s r e s u l t s 
Bedford t h e n prepared a p r o v i s i o n a l index o f warmth, the 
index o f Eq\i i v a l e n t V-Jarmth. 
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Sensations c o r r e l a t e d w i t h : ' c o r r e l a t i o n c o e f f i c i e n t 

E q u i v a l e n t Temperature - 0.52 t 0.010 
Globe thermometer temperature - 0.51 * 0.010 
E f f e c t i v e Temperature - 0.48 t 0.010 
A i r temperature - 0.4B i 0.010 
Dry Kata thermometer c o o l i n g power 0.43 - 0.011 

Table 2,2.1 coi^^^elation between thermal sensations and 
env i r o i i m e n t a l i n d i c e s 

I t i s i n t e r e s t i n g to see from t a b l e 2,2.1 t h a t E.T, 
does n o t c o r r e l a t e as w e l l w i t h Bedford's data as does 
E q u i v a l e n t Temperature, I n f a c t i t i a no more a s u p e r i o r 
index than i s a i r temperature alone, b o t h having c o r r e l a t i o n 
c o e f f i c i e n t s o f - 0.48. 

However, Bedford's c o n d i t i o n s were n e i t h e r h o t nor 
humid, nor waa there a wide range of a i r movement. F u r t h e r ­
more the E.T. was not c o r r e c t e d f o r r a d i a t i o n . When t h i s 
i s done, the c o r r e l a t i o n c o e f f i c i e n t i s - 0,51 ( r e f , 11), 
However, H i c ^ i a h confirmed Bedford's work v / i t h a study of 
male and female f a c t o r y workers i n aummer ( r e f . 12). He 
found the c o r r e l a t i o n c o e f f i c i e n t f o r E,T. v / i t h a u b j e c t i v e 
sensations was 0.368 and f o r a i r temperature w i t h 
s u b j e c t i v e sensations 0.377. ' E.T. v/as c o r r e c t e d f o r 
r a d i a t i o n . 

Many more environmental i n d i c e s and i n s t r u m e n t s have 
been developed over the years w i t h the aim o f e i t h e r 
p r e d i c t i n g thermal sensations or the c o n d i t i o n s under which 
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thermal s t r e s s w i l l occur. A d i s c u s s i o n o f these i s beyond 
the Scope of the pre s e n t study and can be found i n the t e x t 
books on the thermal environment, see f o r example r e f s . 1, 
11 and 39. 

2.3 Thermal Sensation, Warmth and comfort 

There i s c l e a r l y a d i s t i n c t i o n between c o m f o r t and 
thermal sensation. comfort i s a re c o g n i z a b l e s t a t e of 
f e e l i n g which i s normally associated v / i t h c o n d i t i o n s t h a t are 
ple a s a n t and compatible w i t h h e a l t h and happiness. 

I t i s p o s s i b l e to conduct s t u d i e s o f thermal comfort 
w i t l i o u t s ubjects s t a t i n g t h e i r thermal s e n s a t i o n s , f o r example 
the words 'comfortable*, ' s l i g h t l y u ncomfortable', 
'uncomfortable' and 'very uncomfortable' have been used ( r e f . 
13) and i t i s also p o s s i b l e to r e f r a i n from the use of the 
word comfort w i t h such words as 'very p l e a s a n t * , ' p l e a s a n t ' , 
' i n d i f f e r e n t ' , 'unpleasant' and 'very unpleasant' ( r e f . 14). 

The r e l a t i o n s h i p between comfort end thermal s e n s a t i o n 
i s i l l u s t r a t e d i n F i g u r e 2.3.1, where comfort d a t a , d i v i d e d 
i n t o t h ree c a t e g o r i e s ( t o o c o o l , c o m f o r t a b l e , too warm) are 
p l o t t e d a g a i n s t a i r temperature ( r e f . 15). I n c r e a s i n g a i r 
temperature though causing an increase o f ' too warm' votes 
does n o t n e c e s s a r i l y e n t a i l an inc^'ease o f c o m f o r t votes. 
Ne i t h e r does a decrease of temperature which causes an increase 
o f 'too c o o l ' votes n e c e s s a r i l y cause an i n c r e a s e of comfort 
votes. However, there i s some temperature a t which comfort 
votes are a t a maximum, which l i e s about h a l f v/ay betv/een the 
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36 



t h r e s h o l d temperatures e l i c i t i n g the maximum numbers o f 
'too c o o l ' and 'too warm' vot e s . 

The mid p o i n t or comfortable temperature v a r i e s from 
study to study. Hov/ever, Gagge ( r e f . 13) i l l u s t r a t e s an 
I n t e r e s t i n g p o i n t ( F i g . 2.3.2). 

Three sets of data are compared and we can see t h a t the 
choice of words used to d e s c r i b e the sensatilons a f f e c t s the 
d i s c r i m i n a t i o n of the s u b j e c t . For a g i v e n change of 
temperature a change o f 'pleasantness' vote i s more l i k e l y 
to Occur or w i l l be g r e a t e r than a change o f ' temperature 
sensation' . However, a l l three sets o f data p o i n t to the 
same range o f temperatures f o r n e u t r a l temperature sensa­
t i o n , pleasantness and comfort. 

Bedford's study o f warmth ( r e f . 10) made use o f a 
combination of v^ords desci^ibing thermal s e n s a t i o n and 
comfort, ranging from ' much too warm' to ' much too c o o l ' . 
This f e a t u r e has been c i ' i t i c i s e d on the grounds t h a t the 
r e l a t i o n s h i p between the two i s not n e c e s s a r i l y c o n s t a n t 
( r e f . 16) although a r e c e n t study has shown these c a t e ­
g o r i e s to p r e d i c t very s i m i l a r comfortable temperatures to 
the S c a l e of thermal s e n s a t i o n ( r e f . 17). 

IVhat i s c l e a r i s t h a t some thermal comf o r t ' workers and 
p h y s i o l o g i s t s have used the terms l o o s e l y , Rohles and 
Nevins ( r e f . IB) used the c a t e g o r i e s i n F i g u r e 2,3.3 i n 
t h e i r study of 'comfort'. Gagge ( r e f . 19) has used an 
extended v e r s i o n o f t h i s s c a l e i n a study o f ' temperature 
sensation' ( F i g . 2.3.4) and chrenko used Bedford's 
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Figure 2.3»2 Variation of s u b j e c t i v e estimates of pleasantness 
(O), comfort (O) and temperature sensation ^e), 

with a i r temperature. 
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1 COLD 

2 COOL 

3 SLIGHTLY COOL 

4 COMFORTABLE 

5 SLIGHTLY WARM 

6 WARI.l 

7 • HOT 

Figure 2.5.5 Categories f o r comfort votes used by Rohles 
and Nevlns ( r e f . 18) 
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Pigui'e 2.3.4 Categories f or temperature sensation used by 
Gagge and colleagues ( r e f . I 9 ) 
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c a t e g o r i e s i n a study of 'thermal sensation' ( r e f . 2 0 ) , 
Hov/ever, as shown above, the choice of these scales w i l l 
have l i t t l e e f f e c t on the e s t i m a t i o n of c o m f o r t a b l e o r 
n e u t r a l temperatures. 

The p r e d i c t i v e model developed i n the pres e n t study w i l l 
be c o n fined to thermal sensations, r a n g i n g from ' c o l d ' through 
' n e u t r a l ' to ' hot' . 

2.4 Methods o f Scaling 

The s u b j e c t i v e estimates o f v/armth or comfort are ob­
t a i n e d by means o f r a t i n g scales, an e^cample i s shown i n 
Figure 2.4.1. The number of c a t e g o r i e s on the scale can 
vary, seven being the most common, and the scales may be 
a s s y m e t r i c a l a'oont the mid p o i n t b ut w i t h the p o s s i b i l i t y o f 
a bias o f r e s u l t s . 

The two most commonly used S c a l e s are the Bedford scale 
( F i g . 2.4.1) and the Scale used by the American Ebciety o f 
Heating, R e f r i g e r a t i n g and A i r c o n d i t i o n i n g Engineers 
(ASHRAE) shown i n F i g u r e 2.4.2 i n i t s r e v i s e d form ( t h e word 
'comfort' has been replaced by the v/ord ' n e u t r a l ' ) . 

Numbers are assigned to the c a t e g o r i e s v/hich a l l o w s 
s t a t i s t i c a l analyses to be performed on the data c o l l e c t e d 
w i t h the S c a l e s and numerical p r e d i c t i o n s made v/hich can be 
r e l a t e d to the v e r b a l c a t e g o r i e s . The numbering of Bedford's 
S c a l e ( F i g . 2,4.1) i s as o r i g i n a l l y used by Bedford and 
accounts f o r the negative c o r r e l a t i o n w i t h the i n d i c e s shown 
i n t a b l e 2.2.1. Later v/orkers have used t h i s s c a l e w i t h the 
numbering system shown w i t h the ASHRAE scale ( r e f . 2 0 ) . 
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Numerical value Sensation of warmth 

1 LTUCH TOO 

2 TOO V/ARM 

3 COMFORTABLY Vim\ 

4 COOTORTABLE 

5 COMFORTABLY COOL 

6 TOO COOL 

7 CTCH TOO COOL 

Fierure 2,4.1 The Bedford scale of warmth 
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N\unerical value Thermal sensation 

+5 HOT 

+2 WARM 

+1 SLIGHTLY Y/ARM 

0 KEDTRAL 

-1 SLIGHTLY COOL 

-2 COOL 

-5 COLD 

Figure 2.4.2 . The ASHRAE scale of thermal sensations 
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I n Bedford' g o r i g i n a l study the observer- asked each 

respondent about h i s s t a t e of comfort and then c l a s s i f i e d 

his rep ly on the s c a l e . However, voting s l i p s and cards 

are o f t e n used f o r convenience. People's responses can 

a lso be recorded automatical ly ( r e f s . 21 and 2 2 ) . 

The Bedford and ASKRAE sca l e s have been compared ( r e f . 

17) and have been found to behave i n a s i m i l a r manner; 

they show s i m i l a r n e u t r a l temperatures and standard d e v i -

t i ons , about votes, of 0.8 for c l o s e l y c o n t r o l l e d s i t u a t i o n s 

but increas ing as the unusualneas of the environment 

i n c r e a s e s . Although the ra te of change of vote v/ith r e s p e c t 

to temperature i s s l i g h t l y higher f o r the Bedford s c a l e , the 

d i f f e r e n c e i s not s i g n i f i c a n t . 

Humplireya suggests that the behaviour of the s c a l e s i s 

in f luenced by the d i f f e r e n c e i n the number of ca tegor ies of 

the s ca l e s and not the terms used ( r e f . 2 3 ) . However the 

Bedford and ASHP?AE Scales liave the same number of c a t e ­

g o r i e s , comparison of the 'comfort' and 'temperature 

sensat ion' s ca l e s i n F igure 2 .3 .2 shows that the r a t e of 

change of votes wi th r e s p e c t temperature i s higher f o r 

comfort than thermal sensat ion . Both s c a l e s have the same 

number of c a t e g o r i e s . Humphreys' data are taken from f i e l d 

s tud ie s , however, and Mclntyre ' s and Gagge's from c l imate 

chamber v/ork. 

Other methods have been used i n e l i c i t i n g s u b j e c t s ' 

responses i n thermal s tudies inc lud ing d i a l vot ing, m u l t i d i ­

mensional S c a l i n g , d i r e c t determination and magnitude 

es t imat ion . 
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The present study w i l l be confined to p r e d i c t i o n s of 

thermal sensations us ing the ASHRAE seven po in t s c a l e , 

2.5 L i m i t a t i o n s of the Environmental I n d i c e s 

The environmental ind i ce s provide a method of comparing 

d i f f e r e n t environments, for example the E f f e c t i v e Temperature 

index allov/s us to p r e d i c t that a sedentary, man, l i g h t l y 

c l a d , would f e e l as warm i n an environment w i t h 32,2^0. 

globe temperature, 2 1 , l O c . ^vet bulb temperature and a i r 

v e l o c i t y of 3,05-'m/3ec. as he would i n an environment w i t h 

24'^C. globe temperature, 240c. wet bnlb temperature and 

0 .1 m/sec, a i r v e l o c i t y . 

A l so , ttose i n d i c e s based on data c o l l e c t e d by verbal 

Sca le s , f or example Equ iva l en t Warmth, a l low p r e d i c t i o n s of 

the sensations of v/armth. For example equation 2 .5 .1 r e l a t e s 

comfort votes to environmental condit ions from Bedford's 

data , d i sregarding changes i n humidity v/hich when moderate 

have l i t t l e e f f e c t on comfort. Equat ion 2 . 5 . 1 a l lows us to 

subs t i tu te the value 4 (the numerical value equal to 

'comfortable* on the Bedford s c a l e , F i g . 2 . 4 . 1 ) f o r the 

v a r i a b l e S and determine combinations of environmental 

v a r i a b l e s that w i l l be f e l t comfortable. 

5 = tO•2<^-0•05r^(to,•t32yo•023Z(tl^>•.32)^0•00^62 /0 005 v 0OO-O-SS6CU-^32)) 2.5.1 

where S = sensat ion of warmth 
ta a dry bulb temperature *̂ c. 

•tw a wet bulb temperature-*^C. 
and v - a i r v e l o c i t y m/sec* 
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However, the enviroiimental ind i ce s are not general ly 

app l i cab le to condit ions of varying a c t i v i t y and c l o t h i n g . 

An increase i n the l e v e l of a person* s a c t i v i t y increases 

the amount of heat generated i n t e r n a l l y by metabolic 

processes . c lothing provides an i n s u l a t i n g l a y e r around 

the body and therefore a f f e c t s the heat l o s t from the 

body. Both these important f a c t o r s are omitted from the 

environmental i n d i c e s . 

. Although E f f e c t i v e Temperature has two c h a r t s , bas i c 

and normal, r e l a t i n g to d i f f e r e n t c lo th ing i n s u l a t i o n 

l e v e l s t h i s does not allov/ comparison between c lo th ing 

types. For example, i f , of two environments, one i s a t an 

E f f e c t i v e Temperature of 21. P c . on the bas i c s c a l e aiid one 

a t 21,1^C« on the normal sca le v/hat i s impl ied i s that i n 

the f i r s t environment a man s tr ipped to the v /a is t v / i l l f e e l 

as v/arm as he v/ould i f he were s i m i l a r l y s t r ipped i n s t i l l 

and saturated a i r a t 2 1 . 1 ^ C . , whi le i n the second env iron­

ment a man wearing normal c lo th ing would f e e l as warm as i f 

he v/ere s i m i l a r l y c lad i n s t i l l and saturated a i r a t 21,1*^ G. 

I t does not mean that a man would f e e l aa v/arm s t r i p p e d to 

the w a i s t i n the one environment as he would f u l l y clothed 

i n the other ( r e f . 20;),. 

2.6 The 'Rat ional* Approach 

The importance of the r a t e of heat product ion i n the 

human body and the i n s u l a t i o n provided by c l o t h i n g i n 

determining the condit ions of one's thermal sensat ions has 

led to the i n c l u s i o n of these f a c t o r s i n some i n d i c e s . 



An ear ly attempt a t the i n c l u s i o n of these two f a c t o r s 

was i n the Predicted Four Hours Sweat Rate ( r e f , 2 4 ) . The 

index was determined by experiment and presented i n the 

form of a'nomogram w i t h which pred ic t ions can be made of a 

B a s i c Four Hours Sv/eat Rate, to which c o r r e c t i o n s can be 

made for d i f f e r e n t a c t i v i t i e s and c lo th ing we ights . The 

index was developed for condit ions not o f t e n met i n 

bui ld ings and i s e s s e n t i a l l y f o r p r e d i c t i n g condi t ions of 

s t r e s s . 

The * ra t iona l* approach i a based on the heat balance 

between the human body and i t s environment. 

When the body i s doing ro work the heat produced i s 

egual to the t o t a l metabolic energy oroduct ion. I f the-

body i s doing v/ork, the heat produced i s equal to the meta­

b o l i c energy production l e s s the energy expended i n work. 

V^hen the body temperature remains constant the heat lo s s 

from the body i s equal to the heat produced w i t h i n the 

body. 

This energy balance i s expressed by the fo l lowing 

equation: 

S - M - - E ^ R C watts 2 . 6 .1 

where S = net ra te of heat g a i n 
M =r the ra te of metabolic heat product ion 
E ^ t o t a l evaporative heat loss 
R = heat gained by r a d i e t i o n 
C ^ heat gained by convect ion 

and V/ = work accomplished 

The energy balance equation forms the b a s i s of tv/o 

f u r t h e r indices of thermal s t r e s s . The Heat S t r e s s Index 
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of Belding and Hatch ( r e f . 25) pred ic t s a numerical value 

for heat s t r e s s using the higher value from the fo l lowing 

tv/o equations: 

X 2.6.2 

1 ^ X foo 2.6.5 
5/6 

where S = numerical value of s t r e s s 
L>^^ required evaporation i n watts 

and £r«*= maximum evaporative capacity of the 
environment i n watts 

The constant 516 i s "the t h e o r e t i c a l cool ing value i n 

v/atts of the evaporation of 1 l i t r e of sweat, taken as the 

maximum sweating capacity per hour of an average person 

over an 8 hour period, se t t ing the upper l i m i t of the index. 

The required evaporation i s equal to the t o t a l heat 

s t r e s s on the body and i s given by the fo l lowing equation: 

« M t R t C watts 2.6.4 

G l v o n i ' s Index of Thermal Stress ( r e f . 26) develops 

th i s index and introduces the cooling e f f i c i e n c y of 

sweating. By expressing the value f o r heat s t r e s s i n 

equation 2 ,6 .2 as a f r a c t i o n Ins tead of a percentage and 
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al lowing for energy to be used i n work, equation 2 ,6 .2 

becomes: 

5 = [ ( M - w ) 1 C 1 R ] watts 2 . 6 . 5 

and by introducing the .cooling e f f i c i e n c y of sweating 

instead of the maximum evaporative capaci ty of the a i r , we 

can der ive G i v o n i ' s general formula: 

S= [CM-\w;lc 1 R ] C'//) watts 2 . 6 . 6 

where I ^ / i s a f u n c t i o n of both Emojt and 

The energy balance equation can be seen to form the 

bas i s of predic t ions of thermal resoonses a t h igh tempera­

tures , with the indices of thermal s t r e s s . I t has a l so been 

used f o r predic t ions under more moderate condi t ions ( r e f s . 1 

and 2 7 ) which w i l l be d i scussed l a t e r . 

Returning to table 2 . 1 . 1 , v/e can nov/ extend the l i s t of 

f a c t o r s which need to be taken into account i n a complete 

descJniption of the f a c t o r s a f f e c t i n g a person's thermal 

s tate and add: 

• 

i n t e r n a l heat production 

c lothing 
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The ind ices are e s s e n t i a l l y for p r e d i c t i n g steady s ta te 

condi t ions . However, the human body has evolved dynamic 

mechanisms, not accounted for i n the i n d i c e s , which work to 

maintain a steady s ta te between the body's heat product ion 

and heat loss so that deep body temperature remains v / i th in 

narrow l i m i t s . These mechanisms w i l l be d i scussed i n the 

next s e c t i o n . 

2.7 A Phys io log ica l Approach to the Human Thermal System 

Three of the major dynamic responses of the body's 

thermoregulatory system a r e the c o n t r o l of metabolism, 

vascu lar contro l and contro l of sv/eating. 

Metabolic ra te i s the r a t e a t which the body u t i l i s e s 

n u t r i t i v e mater ia l from the o;^idation of food. Metabolisi 

i s increased by e x e r c i s e , muscular tens ion , s h i v e r i n g , 

chemical a c t i o n , thermal st imulus and the s p e c i f i c dynami 

a c t i o n of foods. The energy g iven o f f by the o x i d a t i o n 

process i s converted mainly to heat . Although smal l amounts 

are converted to mechanical power and e l e c t r i c a l c u r r e n t s 

these can be neglected for many c a s e s . 

F i g u r e 2 ,7 .1 i l l u s t r a t e s the increase i n metabolism, 

mechanical e f f i c i e n c y and heat production w i t h i n the body due 

to increase i n a c t i v i t y . D a t a - i s taken from Fanger ( r e f . 1) 

and heat production i s c a l c u l a t e d using h i s express ion: 

A A 

where H « r a t e of i n t e r n a l heat production watts 
A = body area m̂  
M = metabolic ra te watts 

and yi mechanical e f f i c i e n c y 
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Figure 2.7.1 The i n c r e a s e . i n metabolic r a t e , mechanical 
e f f i c i e n c y and heat production, due to the 
increased a c t i v i t y i n walking at 3«2 km/hr 
up various gradients 
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I n hot environments the body responds w i t h sudomotor 

a c t i v i t y ( p e r s p i r a t i o n ) . At a l l times the body i s los ing 

heat by both evaporation from the sur face of the a k i n and 

r e s p i r a t i o n , but the human thermal system has evolved to 

the stage where evaporation of moisture from the s k i n i s 

the contro l l ed method of body c o o l i n g . There i s evidence 

to support the thes i s that cool ing by r e s p i r a t o r y heat loss 

i s an e a r l i e r and more genera l stage i n evo lut ion ( r e f . 2 8 ) . 

Moisture i s transmitted to the s k i n surface by the 

eccr ine sweat glands which a r e s t imulated by the hypo­

thalamus region of the bra in ( r e f . 29) and l o c a l receptors 

i n the s k i n ( r e f , 3 0 ) , Sensible p e r s p i r a t i o n i s the a c t i o n 

of the sweat glands which i s both c o n t r o l l e d and not iced , 

producing a wetted s k i n s u r f a c e . I n s e n s i b l e p e r s p i r a t i o n 

Occurs constantly and i.s unnoticed, being the r e s u l t of 

d i f f u s i o n of v/ater vapour through the s k i n ( r e f . 1) and 

evaporation of v/ater from the lungs . 

The a c t i o n of the sweating response, as s t imulated by 

the s k i n receptors , i s i l l u s t r a t e d i n F igure 2 . 7 . 2 , where 

r e g r e s s i o n l i n e s are drawn through data obtained by Sto lv / i jk 

and Hardy ( r e f . 3 1 ) . Evaporat ive heat l o s s from the body i s 

p lot ted against s k i n temperature. 

Hov/ever, Benzinger ( r e f . 29) has shown condit ions under 

which t h i s dependence of evaporat ive heat lo s s on s k i n 

temperature breaks down and he a t t r i b u t e s the response to 

contro l by the hypothalamus. F i g u r e 2 . 7 . 3 i l l u s t r a t e s h i s 

condi t ions . A i r temperature i s held constant but the 
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5>2. d o 4̂-

i<igure 2.7.2 Evaporative heat l o s s as a fiinction of average 
s k i n temperature, from S t o l w i j k and Hardy ( r e f . 51) 
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Kigure 2.7.3 Evaporative heat l o s s and as s o c i a t e d i n t e r n a l 
and s k i n temperatures on ingestion of i c e , from 
Benzinger ( r e f . 29) 
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i n t e r n a l temperature of the s u b j e c t ' s body i s lowered by 

the inges t ion of i c e . The ra te of evaporative heat lo s s 

drops v/ith a drop i n i n t e r n a l temperature w M l e s k i n 

temperature r i s e s . 

Vasomotor response i s the a c t i o n of the v a s c u l a r 

nerves i n c o n t r o l l i n g blood f low. The muscles which c o n t r o l 

c o n t r a c t i o n and r e l a x a t i o n of the a r t e r i e s remain i n a s ta te 

of p a r t i a l contract ion known as * tone* . The heat produced 

i n the body by metabolic a c t i o n can only pass to the surface 

of the body to be d i s s i p a t e d from the s u r f a c e , i f the 

surface i s a t a higher temperature than i t s immediate 

environment (normally a i r ) . Blood f low i s one of the means 

by which the body contro l s t h i s temperature grad ient , by 

conveying heat from the core to the per iphery . 

V/hen st imulated by co ld , the v a s o c o n s t r i c t i o n nerves 

contrac t the blood v e s s e l s , so reducing blood flow and 

therefore heat flow to the s u r f a c e , reducing heat l o s s . 

V/hen stimulated by warmth the vasod i la tor nerves widen the 

v e s s e l s , so increas ing blood flov/ and heat flov/ to the 

s u r f a c e , increas ing heat loss ( r e f . 3 0 ) . 

I n considering the temperature regu la t ing system of the 

body, i t i s convenient to postu late three zones of env iron­

mental thermal condit ions st imulat ir ig the d i f f e r e n t responses; 

the thermally neutra l zone (vasomotor response) ; the hot zone 

(sudomotor and vasod i la t io n re sponses ) ; and the cold zone 

(metabolic and v a s o c o n s t r i c t i o n r e s p o n s e s ) . 

The thermally neutra l zone, as determined i n the c l imate 

chamber, i s for a man ly ing quie t ly without a c t i v i t y or food 

( i . e . basa l metabolic stat?!^) between 28 and S l ^ c . This zone 
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i s charac ter i s ed by vasomotor c o n t r o l . On prolonged 

exposure, there i s no sh iver ing or sv/eating, a l i g h t 

sensations of warmth, coolness and absence of s e n s a t i o n . 

Heat i s being l o s t constant ly from the body by i n s e n s i b l e 

p e r s p i r a t i o n but contro l of heat loss i s by s l i g h t 

c o n s t r i c t i o n and d i l a t i o n of the blood v e s s e l s ( r e f . 3 2 ) . 

The body*s thermal r e c e p t o r s , i n the hypothalamus, 

s k i n , r e s p i r a t o r y t r a c t and i n other t i s s u e s a c t i n the 

thermoregulatory system but vasomotor c o n t r o l i s s t imulated 

p r i m a r i l y by receptors i n the s k i n ( r e f . 3 2 ) . The 

receptors detect s l i g h t cool ing of the s k i n and c o n s t r i c t i o n 

occiJ^^a with a consequent r i s e of s k i n temperature due to a 

decrease i n the r a t e of heat l o s s . The receptors de tec t 

th i s temperature r i s e , r e s u l t i n g i n d i l a t i o n , i n c r e a s e i n 

the r a t e of heat loss and decrease of temperature. 

The cold zone which f o r a nude man can be experienced 

on sudden exposure to mild cold (10 - I S O Q . ) i s c h a r a c t e r ­

i sed by both metabolic and vasomotor responses . On 

experiencing the cold , the p e r i p h e r a l receptors of the 

r e s p i r a t o r y t r a c t and s k i n de tec t a change of a i r tempera­

ture and s k i n temperature r e s p e c t i v e l y , s t imula t ing both 

c o n s t r i c t i o n of the blood v e s s e l s , decreas ing heat l o s s , and 

per iod ic s h i v e r i n g , i n c r e a s i n g metabolic r a t e by as much as 

three times normal l e v e l . The steady s ta te between heat 

production and heat l o s s i s reached a f t e r three to twelve 

hours, depending on the i n d i v i d u a l . 
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I f exposure to the cold i s gradual , the receptors i n 

the s k i n may not be s t imulated . I n t e r n a l temperature may 

continue to f a l l u n t i l the hypothalamus s t imula tes 

s h i v e r i n g . 

Sensation can be regarded as an important output from 

the thermoregulatory system, a c t i v e i n s t i m u l a t i n g the 

behavioural responses of adding more c lo th ing and e x e r c i s i n g . 

Where e x e r c i s i n g may not be p o s s i b l e , a posture may be 

adopted which r e s t r i c t s heat loss from the body, limbs being 

kept c lose to reduce e f f e c t i v e surface a r e a . The use of 

exerc i se i s , however, not aa e f f i c i e n t as s h i v e r i n g a t 

decreasing heat loss because the body a c t i v i t y involved 

increases a i r movement and consequently convect ive heat l o s s . 

The sensat ion of cold st imulates s h i v e r i n g which, i n 

turn, causes a r i s e i n s k i n temperature and a f e e l i n g of 

warmth. Heat loss i s increased and s h i v e r i n g aga in s t imu­

l a t e d . I n t e r n a l body temperature may drop to a l e v e l where 

sh iver ing i s continuous and equi l ibr ium i s reached i f the 

body does not become exhausted and can generate , by metabol­

ism, the required heat . I f t h i s i s not p o s s i b l e then the 

body can be regarded as being i n a zone of i n e v i t a b l e cool ing 

which, continued, w i l l r e s u l t i n co l lapse due to hypothermia. 

There i s a lso evidence that , i n extreme c o l d , vaso­

d i l a t i o n takes place wi th the adverse e f f e c t of i n c r e a s i n g 

body heat loss ( r e f . 3 3 ) . 

On exposure of a r e s t i n g man to the change from a 

n e u t r a l to a warm environment, sk in temperature r i s e s . 
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s t i m u l a t i n g the warmth r e c e p t o r s i n the s k i n w h i c h i n i t i a t e 
v a s o d i l a t i o n and sweating. As the sweat evaporates the 
s k i n i s cooled, decreasing s t i m u l a t i o n o f the r e c e p t o r s 
u n t i l the sweat d r i e s s u f f i c i e n t l y and s k i n temperature 
r i s e s again. I f the man remains r e s t i n g and the v/armth i s 
very m i l d ( 3 1 - 330c.) t h i s a c t i o n would be s u f f i c i e n t t o 
m a i n t a i n e q u i l i b r i u m which i s u s u a l l y e s t a b l i s h e d i n l e s s 
than an hour ( r e f . 3 2 ) . 

On exposure to a warm environment from a c o l d one vaso­
c o n s t r i c t i o n i s released, w i t h a consequent l o w e r i n g o f 
I n t e r n a l temperature, p o s s i b l y s t i m u l a t i n g s h i v e r i n g . As 
the body temperature r i s e s v a s o d i l a t i o n occurs and sweating 
begins. The sensation o f warmth, l i k e the s e n s a t i o n o f 
c o l d , i s a c t i v e i n s t i m u l a t i n g b e h a v i o u r a l responses such as 
removal of c l o t h e s and a r e l a x e d posture ( r e f . 3 4 ) , 
i n c r e a s i n g e f f e c t i v e s u rface area. 

To the extreme of t h i s h o t zone, i s a zone o f i n e v i t a b l e 
h e a t i n g . Sv/eat 3eci:'etion may continue w i t h r i s i n g i n t e r n a l 
temperature but ev a p o r a t i o n from the s k i n s u r f a c e has become 
i n e f f e c t i v e , due to the inci^easing area o f v/etted s k i n . The 
t h e o r e t i c a l maximum value f o r s k i n v/ettedness i s u n i t y b u t 
the c r i t i c a l p o i n t o f f a i l u r e . i s when the s k i n i s about 80 
per cent covered w i t h sv;eat ( r e f . 35). 

2.8 Laboratory Studies of Thermal T r a n s i e n t s 

The p h y s i o l o g i c a l study o f the.mechanisms o f human 
thermal c o n t r o l has led to a number o f l a b o r a t o r y experiments 
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I n v e s t i g a t i n g adjustments o f the human body to changes i n 
the thermal environment. Gaining support from the American 
space and h e a t i n g , v e n t i l a t i n g and a i r c o n d i t i o n i n g 
i n d u s t r i e s , these s t u d i e s have noted the e f f e c t s on normal 
and diseased people o f environments more extreme than 
normally encountered i n b u i l d i n g s i n the B r i t i s h c l i m a t e . 
However they do pr o v i d e q u a n t i t a t i v e evidence f o r the 
r e g u l a t o r y mechanisms o u t l i n e d i n s e c t i o n 2.7, 

GltUckman and colleagues conducted a s e r i e s o f c l i m a t e 
chamber experiments i n which s u b j e c t s set i n a room f o r one 
hour, moved i n t o a second room and sat f o r one o r two hours, 
then r e t u r n e d to the f i r s t room and s a t f o r another hour. 
Room 1 was maintained a t a dry btilb temperature o f 76^F, - 0,5 
(24.4^0. * 0.3), globe thermometer temperature r a n g i n g 
between 76.2 and 76.60F. (24.6 and 24.80c«), one o f th r e e 
r e l a t i v e h u m i d i t i e s , 50, 60 or 80 per cent and c o n s t a n t a i r 
v e l o c i t y of 25 f t . / m i n . (0.13 m/s). This room v/as designated 
'comfortable'. Room 2, designated ' h o t ' , v/as maintained a t 
98.5 - l ^ F . (36 . 9 0 c . - 0.6) a i r temperature, globe tempera­
t u r e between 97.2 and 98.8°F. (36.2 and 37,1) and r e l a t i v e 
h umidity 66 per cent. A i r v e l o c i t y was the same as the 
' comfortable' room. 

F i g u r e 2.8.1 i s a r e p l o t o f some o f t h e i r data ( r e f , 36) 
i l l u s t r a t i n g the r i s e i n average s k i n temperature v/hich i s 
seen to be almost complete a f t e r the f i r s t t e n minutes. 
There i s a corresponding drop i n i n t e r n a l temperature, w i t h a 
maximum value of O.e^F. (0.53Oc-) f o r which they g i v e the 
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Figure 2.8,1 Replot of data from Glickman and colleagues 
( r e f . 3 6 ) . Changes i n i n t e r n a l and s k i n temperatures 
on moving from a comfortable to a hot room 
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f o l l o w i n g e x p l a n a t i o n . On e n t e r i n g the h o t room, d i l a t i o n 
ocĉ JC's r e s u l t i n g i n r a p i d r e d i s t r i b u t i o n of blood and 
consequentl;y a t r a n s f e r of heat from the deep to the super­
f i c i a l t i s s u e s . This r a i s e s s k i n temperature, s t i m u l a t i n g 
a c t i v i t y o f the sweat glands and i n c r e a s i n g heat l o s s . 

On r e t u r n to room 1, the o p p o s i t e e f f e c t v/as found. 
V / i t h i n the f i r s t t e n minutes, i n t e r n a l temperature increased 
(a majtimum value of 0,5'^F., 0,28OC-), i n d i c a t i n g the 
temporar:; storage o f heat due to c o n s t r i c t i o n and reduced 
blood f l o w . 

I n s e c t i o n 2.7 the a c t i o n o f sweating was a s s o c i a t e d 
w i t h s k i n temperature and i n t e r n a l temperature, Glickman 
end colleagues observed the o n s e t o f sweatir^g i n t h i s s e r i e s 
of experiments when the su b j e c t s moved from the ' c o m f o r t a b l e ' 
room to the 'hot* room. Dressed i n u n i o n s u i t s , men were 
found to s t a r t sweating, on average, about 10 minutes a f t e r 
e n t r y t o the h o t room, w h i l s t women s t a r t e d a t an average o f 
20 minutes. However, s k i n temperature l e v e l s a t t a i n e d i n 
10 minutes were the same f o r b o t h sexes ( r e f . 3 7 ) . Al t h o u g h 
the d i f f e r e n c e i n s t a r t i n g times i s s i g n i f i c a n t , i t i s v/orth 
n o t i n g t h a t there was a l a r g e v a r i a t i o n between s u b j e c t s and 
v / i t h i n s u b j e c t s bet^veen experiments. I n the study on men, 
the e a r l i e s t t h a t p e r s p i r a t i o n was r o t i c e d was 2^ minutes 
and the l a t e s t 29 minutes. One s u b j e c t p e r s p i r e d between 
2-|- and 4% minutes throughout s i x experiments w h i l s t another 
p e r s p i r e d as e a r l y as 10 minutes and as l a t e as 29 minutes 
( r e f . 3 6 ) . 
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The r o l e of thf-; hypothalamus i n s t i m u l a t i n g sweating 
was dldcussed i n s e c t i o n 2,7. Hardy and Stolv/i.jk ( r e f . 38) 
pr o v i d e evidence f o r the r o l e o f the hypothalamus i n s t i m u l ­
a t i n g s h i v e r i n g . F i g ure 2,6.2 shows t h e i r data f o r a f o u r 
hour exposure a t 13*̂ G. S h i v e r i n g i s i n d i c a t e d by the sharp 
increase of metabolism a t about the 180^^^ minute. A t t h i s 
p o i n t , no change i s r e g i s t e r e d i n s k i n temperature or r e c t a l 
temperature. Hov/ever, there i s a f a l l i n tympanic tempera­
t u r e of about IOQ. Although no c a u s a t i o n i s n e c e s s a r i l y 
i m p l i e d by the behaviour of these two c'-irves, i t i s d i f f i c u l t 
to a t t r i b u t e the changes of metabolism to o t h e r causes. 

I f we sijppose t h a t aa the s k i n temperature has been 
f a l l i n g g r a d u a l l y throughout the experiment ( F i g , 2,8.2) i t 
has reached a p a r t i c u l a r temperature a f t e r 5 hours v/hich 
s t i m u l a t e s s k i n r e c e p t o r s , t r i g g e r i n g the increase i n meta­
bolism ( s h i v e r i n g ) , then v/e would expect t h a t as the s k i n 
temperature continues to f a l l , m e t a b o l i c r a t e would c o n t i n u e 
to r i s e . This i s r o t the case. A t about the 200"*̂ ^ minute, 
metabolic r a t e i s shown to decrease and a corresponding 
increase i n tympanic temperature i s observed. R e c t a l temper­
a t u r e behaves i n much the same way as does a k i n temperature 
and a s i m i l a r a n a l y s i s could be a p p l i e d . 

The r a p i d i t y w i t h which the body r e g u l a t e s the heat 
losses and gains i s i n d i c a t e d by F i g u r e 2.8.3, taken from 
Hardy and S t o l w i j k ( r e f . 3 8 ) . The arrows i n d i c a t e the time 
a t which a change o f environment v/a.s made. The symbols r e f e r 
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Figure 2.8.2 Averaged data f o r 1-hr exposure a t 13 deg. C 
and si n g l e 4-hr exposure at 1? deg. C. Taken 
from Hardy, and S t o l w i j k ( r e f . 38) 
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to temperatures i n the t e s t rooms. Values o f energy exchange 
are determined from the d i f f e r e n c e s between the r a t e s o f heat 
p r o d u c t i o n and l o s s . 

When the subjects moved from col d c o n d i t i o n s ( r a t e of 
energy exchange i s about -40 w/m^, r e p r e s e n t i n g a c o n t i n u i n g 
heat l o s s ) to the h o t c o n d i t i o n s , a r a p i d storage of he a t 
takes place> decreaslrig r a p i d l y a t f i r s t and bro u g h t t o 
minimum l e v e l s a f t e r the 2 hour p e r i o d . 

The change from hot environments (energy exchange 
approximately zero) to c o l d ones causes a r a p i d l o s s o f body 
heat f o l l o w e d by a sharp and then more gradual decrease o f 
heat l o s s . The sharp dec^^ease i s a t t r i b u t e d to v a s c u l a r 
c o n s t r i c t i o n . Hov/ever, t h e heat losses are s t i l l e v i d e n t 
( a t about -30 to -40 w/m^)' a f t e r the 2 hour p e r i o d . I n these 
experiments the body appears b e t t e r f i t t e d to r e s t o r i n g heat 
balance i n the hot environments than i n the c o l d ones. 

2.9 concluding Remarks 

Psychophysical scales have been used v/hich a l l o w us to 
rec o r d and analyse people's thermal sensations ( o r s t a t e of 
c o m f o r t ) . I t i s also p o s s i b l e to make numerical p r e d i c t i o n s 
which can be r e l a t e d to these scales and, t h e r e f o r e , a l l o w us 
to make p r e d i c t i o n s about people's thermal sensations ( o r 
s t a t e of c o m f o r t ) . 

These numerical p r e d i c t i o n s must r e l a t e t o a person' s 
i n t e r a c t i o n w i t h the thermal enviroiiment, which i s complex 
and i n v o l v e s many f a c t o r s . The major environmental and 
p h y s i o l o g i c a l f a c t o r s have been discussed. 
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The f a c t o r s which must be taken i n t o account when 
co n s i d e r i n g the e f f e c t of a changing thermal environment on 
a person's sensations are: 

The dynamic r e g u l a t o r y mechanisms o f the body 
I n t e r n a l heat p r o d u c t i o n o f the body 
C l o t h i n g 
A i r temperature 
A i r v e l o c i t y 
A i r humidity 

R a d i a t i o n from surrounding surfaces 
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3. Modelling the Human Thermal S:>'stem 

5.1 c o n t r o l Systems 

I n e a r l y attempts a t computer s i m u l a t i o n o f the human 
thermal system i t was seen t h a t the heat exchange, between 
the body and i t s environment i s r e g u l a t e d by the p h y s i o l o ­
g i c a l mechanisms o u t l i n e d i n s e c t i o n 2.7, i n an a t t e m p t to 
m a i n t a i n constant deep body temperature ( r e f . 1 ) . On the 
assumption t h a t the body's methods of heat p r o d u c t i o n and 
l o s s are r e g u l a t e d about a ' s e t p o i n t ' , w i t h t h i s aim, the 
technology o f c o n t r o l systems has been a p p l i e d to s i m u l a t ­
i n g the thermoregulatory system. 

Hardy o u t l i n e s f o u r b a s i c types o f ' c l o s e d loop' 
c o n t r o l systems ( r e f . 2 ) . c l o s e d loop c o n t r o l systems 
have the c h a r a c t e r i s t i c o f u s i n g feedback ( t h e use of o u t ­
p u t from the system to a f f e c t i n p u t ) , i n an a t t e m p t to 
c o n t r o l the system w i t h i n a presci^ibed d e v i a t i o n from the 
s e t p o i n t . Figure 3.1.1 i l l u s t r a t e s the t h e o r e t i c a l 
temperature of a system due to f o u r types o f c o n t r o l . 

The'on/off r e g u l a t o r i s one o f the s i m p l e s t r e g u l a t o r s , 
c h a r a c t e r i s e d by an a l l or n o t h i n g response ( F i g . 3.1.1a). 
The normal thermostat i s an example of the o n / o f f 
r e g u l a t o r which switches on w i t h d e v i a t i o n from the d e s i r e d 
temperature. The g r e a t e r the thermal load, the longer the 
'on' p e r i o d of the r e g u l a t o r and the g r e a t e r the value of 
the c o n t r o l l e r o u t p u t , the g r e a t e r the a b i l i t y o f the 
system i n c o n t r o l l i n g heat loss or g a i n . 
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This response can p o s s i b l y be seen, i n the thermo­
r e g u l a t o r y system, i n c o n t r o l l i n g s h i v e r i n g w h i c h can occur 
i n b u r s t s . The l e n g t h o f time spent s h i v e r i n g w i l l 
i n c r e a s e w i t h the c o o l i n g load and the 'on' p e r i o d s may 
fuse i n t o a continuous e f f o r t . By a c c l i m a t i s a t i o n , the 
ca p a c i t y of the r e g u l a t i n g system, and hence i t s a b i l i t y 
to r e g u l a t e , may be increased. 

Vifith o n / o f f r e g u l a t o r s , due to thermal l a g s i n a 
system, there must always be o s c i l l a t i o n s i n temperature 
about the set p o i n t . Where c l o s e c o n t r o l i s r e q u i r e d , 
t h i s may be unacceptable. 

A s t a b l e type of r e g u l a t i o n i s 'continuous propor­
t i o n a l c o n t r o l ' (Fig.. 3.1.1b). I n a thermal system t h i s 
i s c h a r a c t e r i s e d by a r e l a t i o n s h i p between the c o n t r o l l e d 
temperature e r r o r , the d e v i a t i o n from the set p o i n t ( i n p u t ) , 
and the maghitude of e f f e c t o r a c t i o n ( o u t p u t ) . This type 
of c o n t r o l i s i l l u s t r a t e d by the f a c t t h a t body temperature 
(and t h e r e f o r e the c o o l i n g load o f the system) r i s e s i n 
p r o p o r t i o n to e x o r c i s e , over a range o f c o l d and warm 
environments, the c o o l i n g system t h e r e f o r e being d r i v e n i n 
p r o p o r t i o n to the d i f f e r e n c e between body temperature i n 
ex e r c i s e and the body temperature a t r e s t , 

A t h i r d type of c o n t r o l i s ' r a t e c o n t r o l ' ( F i g . 3.1.1c), 
c h a r a c t e r i s e d by a r e l a t i o n s h i p between*the r a t e o f change 
of temperature and the magnitude of e f f e c t o r a c t i o n . I t 
can be seen t h a t t h i s type of r e g u l a t o r w i l l q u i cken the 
response of a system b u t n o t r e g u l a t e temperature a t a f i x e d 
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l e v e l . This type o f c P n t r o l , being responsive t o r a t e , can 
be s a i d to * recognise' , a t once, the magnitude o f a thermal 
loa d and i s sometimes c a l l e d ' a n t i c i p a t o r y ' , p o s s i b l y p r o ­
ducing what niay appear as over c o r r e c t i o n s . I t i s o f t e n 
combined w i t h p r o p o r t i o n a l c o n t r o l , p r o v i d i n g a more r a p i d l y 
responding system. 

S t o l w i j k and Hardy have suggested t h a t the r a p i d 
response o f the body i n r e s t o r i n g the heat balance v/hen the 
environment changes from 280 to 380c. compared w i t h a much 
slower response, when the change i s from 280 to 330c. 

( F i g . 3.1.2) may i n d i c a t e t h a t the therm o r e g u l a t o r y system 
has a s i g n i f i c a n t degree of r a t e c o n t r o l ( r e f . o ) . 

I t has been suggested t h a t t h i s s i m p l i f i e d viev/ of the 
thermoregulatory system, as a t y p i c a l n e g a t i v e feedback 
loop, d i f f e r s i n severa l p a r t i c u l a r s from the b i o l o g i c a l 
c o n t r o l system t h a t i t i s ( r e f . 4 ) . Hov/ever, models of 
p h y s i o l o g i c a l temperature r e g u l a t i o n i n man have been 
produced. 

c o n t r o l systems alone do not d e s c r i b e the body's thermal 
r e g u l a t i n g system. Equations d e s c r i b i n g body temperature 
e q u i l i b r i u m ( t h e set p o i n t s ) and body heat t r a n s f e r ( t h e 
passive system) together w i t h c o n t r o l systems p r o v i d e a more 
complete d e s c r i p t i o n . 

3.2 The Development of Mathematical Models of Temperature 
R e g u l a t i o n 

One o f the e a r l i e s t (fiodels o f the human thermal system 
was a model of the human forearm, developed by Pennes ( r e f . 5) 
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A d e s c r i p t i o n o f t h i s mode l i s n o t n e c e s s a r y h e r e b u t i t 

i s w o r t h n o t i n g t h a t a n i m p o r t a n t a s p e c t o f t h e m o d e l was 

i t s s i m p l i f i c a t i o n o f t he g e o m e t r y o f t h e a rm , a p p r o x i m a t i n g 

i t t o a c y l i n d e r . 

Mach le and H a t c h p r e s e n t e d t h e f o l l o w i n g m o d e l as t h e 

b a s i c e q u a t i o n o f h e a t b a l a n c e and i n t r o d u c e d t h e c o n c e p t 

o f c o n c e n t r i c s h e l l s , r e f e r r i n g t o t h e c o r e and s h e l l o f 

t h e body ( r e f . 6 ) . 

M + D - V = R + C + E w a t t s 3 . 2 . 1 

where M ^ m e t a b o l i c r a t e 
D - r a t e o f change o f body h e a t c o n t e n t 
V = r a t e o f h e a t l o s s by r e s p i r a t i o n 
R = r a t e o f h e a t exchange v/ i t h t h e e n v i r o n m e n t 

due t o r a d i a t i o n 
C = r a t e o f h e a t exchange w i t h t h e e n v i r o n m e n t 

due t o c o n v e c t i o n 
E - r a t e o f h e a t exchange v / i t h t h e e n v i r o n m e n t 

due t o e v a p o r a t i o n 

C r o s b i e and c o l l e a g u e s c o n s i d e r e d h e a t t r a n s f e r t h r o u g h 

t h e human body i n a model o f e v e n more s i m p l e g e o m e t r y , t h a t 

o f a s l a b ( F i g . 3 . 2 . 1 ) , However , t h e y made a n i m p o r t a n t 

advance by i n c l u d i n g t h e r e g u l a t o r y mechanisms o f t e m p e r a t u r e 

c o n t r o l ( r e f . 7 ) . 

The s l a b ' s c r o s s s e c t i o n i s d i v i d e d i n t o t h r e e l a y e r s , 

o f a p p r o p r i a t e t h i c k n e s s , r e p r e s e n t i n g t h e b o d y ' s s k i n l a y e r , 

m u s c l e l a y e r and c o r e . Each l a y e r i s assumed t o have u n i f o r m 

t h e r m a l p r o p e r t i e s and each l a y e r v / i l l l o s e h e a t t o o r g a i n 

h e a t f r o m i t s a d j a c e n t l a y e r , i n p r o p o r t i o n t o t h e t e m p e r a t u r e 

75 



C O R E LAYER 3.2 cm 

MUSCLE LAYER 1-6 cm 

SKiN L A Y E R O-Scm 

E N V I R O N M E N T 

J^igure 5.2.1 Diagrammatic representa t ion o f heat flo'.v from 
I n t e r i o r o f "body to sk in surface , i n the model 
o f phys io log ica l temperature r e g u l a t i o n by 
Crosbie and colleagues ( r e f . 7) 
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d i f f e r e n c e b e t w e e n j t and i t s a d j a c e n t l a^^^ j r . The h e a t f l o w 

i s u n i d i r e c t i o n a l ( f r o m c o r e t o s u r f a c e ) and t h e c o r e i s 

i d e a l l y i n s u l a t e d e^ccept f o r h e a t f l o w t o t h e s u r f a c e . 

The h e a t t r a n s f e r , f o r t h e w h o l e m o d e l , i s g i v e n by 

e q u a t i o n 3 . 2 . 2 ( s y m b o l s f o r e q u a t i o n s a r e g i v e n i n 

A p p e n d i x A ) . 

E q u a t i o n 3 . 2 . 2 s t a t e s t h a t t h e r a t e o f t h e r m a l e n e r g y 

s t o r e d , i n a u n i t v o l u m e , i s e q u a l t o t h e r a t e o f h e a t 

c o n d u c t e d i n t o the s y s t e m , p l u s t h e r a t e o f h e a t g e n e r a t e d 

by m e t a b o l i s m , minus t h e r a t e o f h e a t l o s s , by r a d i a t i o n 

and c o n v e c t i o n R ' , minus t h e r a t e o f h e a t l o s s by v a p o r i s a ­

t i o n V* . Ci: 'osbie and c o l l e a g u e s a p p r o z i m e t e d e q u a t i o n 

3 , 2 . 2 by w r i t i n g h e a t b a l a n c e e q u a t i o n s f o r e a c h l a y e r . 

T h u s , e q u a t i o n s 3 . 2 , 3 , 3 . 2 , 4 and 3 . 2 . 5 g i v e t h e amount o f 

h e a t s t o r e d p e r u n i t t i m e , p e r u n i t c i ' o s s s e c t i o n a l a r e a , i n 

t h e o u t e r , m i d d l e and c o r e l a y e r s r e s p e c t i v e l y . 

The P a s s i v e System 

/ > c A X s - ^ = JS C T , - T O - ' w ( T r ^ ) - ' v ^ 3 . 2 . 3 
d. t A X s , 

3 . 2 . 4 
5 I 

3 . 2 . 5 
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We can see f r o m t h e above e q u a t i o n s how t h e t h e r m a l 

sys tem i s r e p r e s e n t e d . h ( T g - T^)> h e a t l o s s by r a d i a t i o n 

and c o n v e c t i o n and V , h e a t l o s s by v a p o r i s a t i o n , a r e 

s u r f a c e e f f e c t s o n l y . A M, a d d i t i o n a l m e t a b o l i c h e a t , i s 

g e n e r a t e d i n t h e m u s c l e l a y e r , due t o s h i v e r i n g and e5?erc i se . 

Mo, b a s a l m e t a b o l i s m , i s a p r o p e r t y o f t h e c o r e . 

The s y s t e m , as r e p r e s e n t e d so f a r , i n t e r m s o f c o n t r o l 

s y s t e m s , i s a n ' o p e n l o o p ' . T h e r e i s no f e e d b a c k t o t h e 

c o n t r o l l i n g s y s t e m ; change o f m e t a b o l i s m , c o n d u c t a n c e and 

v a p o r i s a t i o n . P h y s i o l o g i c a l l y t h e s e r e p r e s e n t m u s c l e 

t e n s i o n , s h i v e r i n g and e x e r c i s e ; v a s o m o t o r a c t i v i t y ; and 

sudomotor a c t i v i t y r e s p e c t i v e l y . 

The ave rage body t e m p e r a t u r e i s c a l c u l a t e d o n a w e i g h t e d 

b a s i s a c c o r d i n g t o l a y e r t h i c k n e s s , as i n e q u a t i o n 3 , 2 . 6 . 

The Set P o i n t 

= A X s Tsa -̂  A X i Tm -t A X ^ T ^ o 3 . 2 . 6 
A X » f- A X , t A X i 

B a s a l a v e r a g e body t e m p e r a t u r e r e p r e s e n t s t h e s e t 

p o i n t o f t>ie s y s t e m . Changes i n body t e m p e r a t u r e cause 

changes i n t h e c o n t r o l l i n g s y s t e m , as d e s c r i b e d by e q u a t i o n s 

3 . 2 . 7 and 3 . 2 . 8 . 

The c o n t r o l l i n g System 

I f body t e m p e r a t u r e i s g r e a t e r t h a n b a s a l : 

d fc 

A M = E. ' LMfcTA&oUc R£iroM5.fc] 3 . 2 . 7 

V - Vo -f (X\^AT& -f X v A l a ' * ' ) [50l»M0TDi? RtifDMst^ 
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I f body t e m p e r a t u r e I s l e s s t h a n b a s a l 

A M = - ^ ^ A T B -^ £ [MtTABOUC R£5lO«it "J \ 3 . 2 . 8 

C r o s b i e and c o l l e a g u e s used a n a n a l o g u e c o m p u t e r t o 

s o l v e t h e e q u a t i o n s d e s c r i b i n g t h e m o d e l and made p r e d i c t i o n s 

f o r v a r i o u s t r a n s i e n t s i t u a t i o n s . F i g u r e 3 . 2 . 2 shov/s t h e 

case where a p e r s o n i s s u d d e n l y moved f r o m a warm e n v i r o n m e n t , 

32*^C. a i r t e m p e r a t u r e , t o a c o l d one a t 1 6 ° C . ( r e f . 7 ) . 

s u p e r i m p o s e d o n t h e s e p r e d i c t i o n s a r e d a t a f r o m o n e a r l i e r 

e x p e r i m e n t by Hardy (ref*« 8 ) . P r e d i c t i o n s o f s k i n t e m p e r a ­

t u r e and r e c t a l t e m p e r a t u r e c o r r e l a t e v / e l l v / i t h d a t a . H e a t 

l o s s and m e t a b o l i c r a t e do n o t c o r r e l a t e so w e l l , . 

The c u r v e s p r e d i c t e d by t h e mode l a r e shov/n a g a i n i n 

F i g u r e 5 . 2 . 3 . ^ j p e r i m p o s e d o n t h e s e c u r v e s a r e c u r v e s t a k e n 

f r o m o t h e r d a t a by Hardy and S t o l v / i j k ( r e f . 9 ) , f o r tv/o 

s i m i l a r c o n d i t i o n s . The c u r v e s f o r s k i n and r e c t a l t e m p e r a ­

t u r e i l l u s t r a t e changes f r o m 2 B ^ c . t o 18*^0- and f r o m 430c. 

t o 1 7 ^ c . The p r e d i c t e d c u r v e o f r e c t a l t e m p e r a t u r e changes 

more s l o w l y w i t h r e s p e c t t o t i m e and i s h i g h e r t h a n b o t h 

t h e s e c u r v e s , f o r t he f i r s t t'.vo h o u r s , a l t h o u g h t h e c u r v e s 

a r e w i t h i n t h e r a n g e t o be e x p e c t e d b e t w e e n i n d i v i d u a l s 

( r e f . 9 ) . S i m i l a r l y , t h e p r e d i c t e d c u r v e o f s k i n t e m p e r a t u r e 

changes more s l o v / l y t h a n c u r v e s f i t t e d t o d a t a , a l t h o u g h 

t h e s e t o o a r e w i t h i n t h e r a n g e e x p e c t e d b e t w e e n i n d i v i d u a l s . 
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WARM RDOM 
3 2 ° C 

C O L D ROOM 
18 ° C 
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METABOLISM 
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TIME IN HOURS 

Figure 3 .2 .2 P r e d i c t i o n s by Urosbie of t r a n s i e n t response, 
when moved from a warm room to a c o l d room, v;lth 
data from Hardy ( r e f . 8) f i r the f i r s t 3 h r s 
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WARM ROOM 
32 ° C 

C O L D ROOM 
, I80C 
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Figure 3 .2 .3 P r e d i c t i o n s by Crosbie for thermal t r a n s i e n t s 
compared with data f o r f i r s t 3 h r s from Hardy 
and Sto l w i j k ( r e f . 9) 
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The c u r v e s f o r m e t a b o l i c r a t e a r e f i t t e d t o daba f o r 

t he same t r a n s i e n t c o n d i t i o n s . The h e a t l o s s c u r v e i s 

f i t t e d t o d a t a f o r the t r a n s i e n t c o n d i t i o n s 29^0. t o 1 7 ^ 0 . 

and 4 3 ^ 0 . t o I B ^ c . 

The p r e d i c t e d c u r v e shows a n i m m e d i a t e i n c r e a s e i n h e a t 

l o s s f a l l i n g s h a r p l y f o r t h e f i r s t h o u r and h a v i n g a l m o s t 

l e v e l l e d o f f a f t e r t h e second hour t o an a l m o s t s t e a d y v a l u e 

o f 95 w / m ^ ( h e a t l o s s ) . I n c o n t r a s t , c u r v e s f i t t e d t o t h e 

d a t a a r e n o t so s t e e p i n t h e i n c r e a s e o f h e a t l o s s v / i t h i n 

t h e f i r s t t e n m i n u t e s , b u t a f t e r t.vo h o u r s have r e d u c e d t o 

an a l m o s t s t eady v a l u e o f 45 w / m ^ . The d i f f e r e n c e b e t w e e n 

t h e p r e d i c t i o n s and d a t a i s o u t s i d e t h e l i m i t s t o be 

e x p e c t e d . 

The i n c r e a s e o f m e t a b o l i c r a t e w h i c h t h e mode l p r e d i c t s 

as a f u n c t i o n o f body t e m p e r a t u r e i n an a t t e m p t t o b a l a n c e 

t h e p r e d i c t e d h e a t l o s s i s c o n s i s t e n t w i t h i n t h e mode l 

( m e t a b o l i c r a t e f i n a l l y r e a c h e s t h e same v a l u e as h e a t l o s s ) 

b u t u n r e a l i s t i c when compared w i t h t h e d a t a . 

The d a t a show t h a t w i t h o n l y s m a l l f l u c t u a t i o n s , m e t a ­

b o l i c r a t e i s seen to d r o p s l i g h t l y o v e r t h e two h o u r p e r i o d 

r e c o r d e d . The g e n e r a l l e v e l i s a r o u n d 45 w / m ^ , b a l a n c i n g 

a g a i n s t t h e 45 w/m^ h e a t l o s s . The d i f f e r e n c e b e t w e e n t h e 

p r e d i c t i o n o f m e t a b o l i s m and t h a t t a k e n f r o m d a t a i s w e l l 

o u t s i d e t h e e x p e c t e d l i m i t s ( a r a n g e o f 40 t o 5B w / m ^ a t 

1 7 ^ 0 . ) , 

R e t u r n i n g t o F i g u r e 2 . B . 2 w h i c h shows t h e m e t a b o l i c 

i n c r e a s e t a k e n f r o m Hardy a n d S t o l w i j k f o r more s e v e r e c o l d 

c o n d i t i o n s , we c a n see t h a t o v e r a f o u r h o u r p e r i o d , t h e r e 

i s a s l i g h t r i s e i n m e t a b o l i c r a t e ( f r o m 52 t o 8 1 w / m ^ , w i t h 

a s h o r t peak a t 95 v / / m ^ ) . 
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As n o t e d e a r l i e r , t h i s c u r v e o f m e t a b o l i c r a t e shows a 

c l o s e r e c i p r o c a l r e l a t i o n s h i p w i t h t h e c u r v e o f t y m p a n i c 

t e m p e r a t u r e , i n d i c a t i n g t he a c t i o n o f t h e h y p o t h a l a m u s . 

T h i s s u g g e s t s t h a t c r o s b i e * s e q u a t i o n f o r m e t a b o l i c r a t e 

c o n t r o l 3 . 2 . 9 w o u l d be b e t t e r f o u n d e d as a f u n c t i o n o f 

i n t e r n a l t e m p e r a t u r e r a t h e r t h a n w h o l e body t e m p e r a t u r e , 

w i t h i t s o v e r - e m p h a s i s o n s k i n t e m p e r a t u r e . 

Z i M = - o t / » i ATB -t E. 3 . 2 . 9 

T h i s i s i n d i c a t e d by c r o s b i e ' s p r e d i c t i o n a l s o . F i g u r e 

3 . 2 . 3 shows a s i m i l a r r e c i p f ^ o ^ a i r e l a t i o n s h i p b e t w e e n t h e 

p r e d i c t e d r e c t a l t e m p e r a t u r e and m e t a b o l i c r a t e d a t a o v e r 

t h e f i r s t two h o u r s . 

A model d e v i s e d by S t o l v / i j k end Hardy ( r e f . 10 ) makes 

s e v e r a l advances o n t h i s m o d e l . As c r o s b i e and c o l l e a g u e s 

r e a l i s e d , t h e body c o u l d be b e t t e r r e p r e s e n t e d by a 

c y l i n d e r and t h e model by S t o l w i j k end Hardy p r o p o s e s a 

s e r i e s o f t h r e e c y l i n d e r s t o r e p r e s e n t t h e human body ( F i g . 

3 . 2 . 4 ) . The model c o n t a i n s a n o t h e r i m p o r t a n t a d d i t i o n , i n 

t a k i n g i n t o a c c o u n t b l o o d f l o w and c o n t a i n i n g a c e n t r a l 

b l o o d p o o l ( c o n t a i n e d w i t h i n t h e t r u n k ) . Each c y l i n d e r 

l o s e s h e a t t o t h e e n v i r o n m e n t r a d i a l l y and h e a t i s 

t r a n s f e r r e d b e t w e e n c y l i n d e r s v i a t h e b l o o d . 

The head i s r e p r e s e n t e d by tv/o c o n c e n t r i c c y l i n d e r s 

( c o r e and s k i n ) ; t h e e x t r e m i t i e s a r e s i m i l a r l y r e p r e s e n t e d 

by two c o n c e n t r i c c y l i n d e r s ; and t h e t r u n k . i s r e p r e s e n t e d 

by t h r e e c o n c e n t r i c c y l i n d e r s ( c o r e , musc l e and s k i n ) . 
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HEAD TRUNK E X T R E M I T I E S 

SKIN L A Y E R 
MUSCLE L A Y E R 
C O R E 
CEMTRAL BLOOD COMfWTMENT 

Figure 5.2.4 Block diagram of thermal model of man, showing 
heat exchanges (^arrov/s), as proposed by S t o l w i j k 
and Hardy 
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The v/hole sys tem i s a g a i n s een as c o m p r i s i n g two p a r t s , 

t h e p a s s i v e sys t em and t h e c o n t r o l l i n g s y s t e m . The p a s s i v e 

s y s t e m does n o t e x h i b i t c o n t r o l c h a r a c t e r i s t i c s b u t 

r e p r e s e n t s a comple>j t r a n s f e r f u n c t i o n betv/een c o n t r o l l e r 

and d i s t u r b a n c e ( r e g u l a t o r y r e s p o n s e and r e c e p t o r m e s s a g e ) . 

The c o n t r o l l i n g sys tem a c c e p t s s i g n a l s , f r o m t h e p a s s i v e 

sys t em ( r e c e p t o r message) and e x e r t s c o r r e c t i v e a c t i o n s o n 

t h e p a s s i v e sys t em, i f t h e r e c e p t o r message i n d i c a t e s 

d e v i a t i o n f r o m p r e f e r r e d c o n d i t i o n s ( s e t p o i n t ( s ) ) . 

A s e r i e s o f h e a t f l c v / e q u a t i o n s , 3 . 2 . 1 0 t o 3 . 2 . 1 7 , one 

f o r e a c h l a y e r , deaci^ibes t he p a s s i v e s y s t e m . 

The P a s s i v e System 

Hea t f l o w t h r o u g h I jead c o r e 

CHC- = CK.HC qc X ^.%(%&-Ttic^ i- h^^ffc -t- O'Oif. AM 3 . 2 . 1 0 

Hea t f l o w t h r o u g h head a k i n 

COfitiUCp\/S: (FfSMcaftS) M E M S O C / S M P6fiiPtRMloN eVAf»0>i«t7"/0.M 

C H S - ^ J ^ = KHCHS CZic-Tn^) t MoHs - o-ostvofis - o c ^ E v 3 . 2 . 1 1 
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Heat f l o w t h r o u g h c o r e o f e x t r e m i t i e s 

CONVLCTIVL i^U>ai>) CWMcji^a (To SLUM'S 

c £C oC£c qc K o.57Maf (7l6-7kc)- /^£ccs (7ec - Tss) 3 . 2 . 1 2 

i- 0-58 AM i- 0-58 £ 

Hea t f l o w t t i r o u g h s k i n o f e x t r e m i t i e s 

CB S • - i l ^ = Kxx £5 (7£c - T«') ' - ^/fs £^0 - ^ 3 . 2 . 1 3 
cLt 

Heat f l o w t h r o u g h co re o f t r u n k 

C7. ±Il±. 
BASH , 

^ —•'V, 

Â ftTc -f (cn. <ic X zio (Jc&'7T<,) - KrcfM^TTc-TTM^ 3 , 2 . 1 ^ 

£vTc 

Hea t f l o w t h r o u g h t r u n k m u s c l e s 

C7« 1 
( I t 

^frM60i./5M mn/BRiMCf CXCAC/SC Ct>hJttOC--rt\fe CTO iKiN ^ 

= MOTM •/• o-3aaM o-3s^ - Kr«r5 ( 7 " T « - TVSJ 3 . 2 . 1 5 

e<Tn K O ^SM6F(^ Tea -Trt-i) -t Kr<^ TM ( TTC - TTMJ 
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Heat f l o w t h r o u g h t r u n k s k i n 

Cre tin . ^ MoT^ KT^rsLTTM-U) - ^TEZ - ^^TE^ 3 . 2 . 1 6 

Hea t f l o w t h r o u g h c e n t r a l b l o o d c o m p a r t m e n t 

, eiTca ^ — 
^''^ = qc ): tTco-TJ/c^ - PC //c 9c x o /iSjBF x 3 . 2 . 1 7 

C r o s b i e ' s mode l used b a s a l a v e r a g e body t e m p e r a t u r e 

as t h e s e t p o i n t . S t o l v / i j k and Hardy use t h r e e s e t p o i n t s 

The Se t P o i n t s 

n 

The c h o i c e o f s e t p o i n t s i s based o n t h e a s s u m p t i o n 

t h a t r e c e p t o r s a r e l o c a t e d i n t h e head c o r e ( b r a i n ) , i n t h e 

musc l e s and e v e n l y d i s t r i b u t e d a b o u t t h e s k i n . The f o l l o w i n g 

f o u r e q u a t i o n s 3 . 2 . 1 8 t o 3 . 2 . 2 1 d e s c r i b e t h e sys t em r e s p o n s e s . 
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The c o n t r o l l i n g System 

Ev = (THc-'^(>i>)C%-2>ifi)6$ -h (TA,-^5-8ajCr*/c-3fe i)zoo . 5 . 2 . 1 8 

S5f 

/? ^ / ( 4 M ^ B-^M£fu,)dt + (T^-^H-O^'^ 3 . 2 . 2 0 
- / f r i 

^ 6oCrff-i-36-6^(;7i -•5'^ 0 3 . 2 . 2 1 

E q u a t i o n 3 . 2 . 1 8 i s t h e c o m p l e t e e x p r e s s i o n f o r e v a p o ­

r a t i v e h e a t l o s s c o n t r o l ( s u d o m o t o r a c t i v i t y ) . The v a l u e 

o f t h e e q u a t i o n i s s e t to z e r o i f T ^ ^ i s b e l o w t h e s e t 

p o i n t ( 3 6 . 6 * ^ 0 . ) t o p r e v e n t a n e g a t i v e e v a p o r a t i v e h e a t l o s s . 

The t e r m i n c l u d e s ave rage s k i n t e m p e r a t u r e (T<.) and a v e r a g e 

musc le t e m p e r a t u r e ( T j ^ ) , t o t a k e i n t o a c c o u n t b o t h r e s t i n g 

and e x e r c i s i n g s t a t e s . 

Vasomoto r r e s p o n s e i s d e s c r i b e d by e q u a t i o n 3 . 2 . 1 9 and 

c a n be seen t o i n c r e a s e o r d e c r e a s e v / i t h t h e f l u c t u a t i o n o f 

a k i n t e m p e r a t u r e above o r b e l o w i t s s e t p o i n t , 3 4 . 1 ^ 0 . S k i n 

b l o o d f l o w i s s e t t o z e r o i f t h e t e r m s o f t h e e q u a t i o n a r e 

n e g a t i v e . 

M u s c l e b l o o d f l o w , as g i v e n i n e q u a t i o n 3 . 2 . 2 0 , i s seen 

to be unde r t h e c o n t r o l o f m e t a b o l i c a c t i v i t y ( e i t h e r 

s h i v e r i n g o r e x e r c i s e ) and i s r e s p o n s i v e to t h e r a t e o f 

change o f m e t a b o l i s m . 
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Muscle b lood f l o w i s a l s o under t he c o n t r o l o f average 

s k i n tempera ture and i s se t to zero i f the va lue o f the 

e q u a t i o n i s n e g a t i v e . M e t a b o l i c response i s g i v e n by 

e q u a t i o n 3 . 2 . 2 1 and c o n t r o l l e d by r e c e p t o r s i n the b r a i n and 

s k i n . 

c o n d i t i o n s f o r the above c o n t r o l l i n g e q u a t i o n a re t h a t 

M^O and (TJ^Q - 3 6 . 6 ) ^ 0 , assuming t h a t the b r a i n c o n t a i n s 

the major c o l d r e c e p t o r s , f o r the s t i m u l a t i o n o f s h i v e r i n g . 

S t o l v / i j k and Hardy compared p r e d i c t i o n s by t h i s model 

w i t h e x p e r i m e n t a l data f r o m e a r l i e r e x p e r i m e n t s . F i g u r e 

3 . 2 . 5 shows a comparison o f t h e i r p r e d i c t i o n s w i t h da ta f r o m 

Hardy and S t o l w i j k ( r e f . 9 ) , t he same data as used f o r my 

comparison w i t h CJ^'osbie's model . S k i n and i n t e r n a l tempera­

t u r e are a g a i n c l o s e l y p r e d i c t e d . M e t a b o l i c r a t e i s a l so 

w e l l i n accord w i t h da t a , a l t h o u g h t h e r e i s a s h o r t p e r i o d 

o f s h i v e r i n g p r e d i c t e d . The i r p r e d i c t i o n o f i n t e r n a l 

temperature i s f o r tympanic tempera ture (head core tempera­

t u r e ) w h i c h now p lays a p a r t i n c o n t r o l o f m e t a b o l i c r a t e 

( e q u a t i o n 3 . 2 . 2 1 ) . F u r t h e r v a l i d a t i o n o f t h i s c o n t r o l l e r i s 

p r o v i d e d by the a b i l i t y o f the model to s i m u l a t e the i c e 

i n g e s t i o n exper iment (see S e c t l o n - 2 . 7 and F i g u r e 2 . 7 . 3 ) , 

F i g u r e 3 . 2 . 6 . 

This model by S t o l w i j k and Hardy was m o d i f i e d by 

Kuznetz ( r e f , 1 1 ) , hav ing a t o t a l o f 1 4 l a y e r s o r nodes 

(each e q u a t i o n i n the pass ive system r e p r e s e n t s a l a y e r o r 

node) and was compared by W i s s l e r ( r e f . 1 2 ) to h i s 2 5 0 node 
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Figure 5.2.5 Theoretical and experimental results compared 
for conditions-of thermal transient. Te, tympanic 
temperature, Ts, mean skin temperature, E V, 
evaporative heat loss and M, metabolic rate. Data 
i s from Hardy and Stolwijk (ref. 9) 
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Pifiure 3.2.6 Effect of ingestion of ice cream on evaporative 
heat loss (Ev), mean skin temperature (Ts) and 
tympanic temperature'^Te ) during heat exposure. 
Room temperature 42 deg C. Data.from Stolvrijk 
and Hardy (ref. 10) 
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model ( F i g . 3 . 2 , 7 ) , V / i s s l c r ' 3 model c o n t a i n e d o n l y the 

pass ive system b u t he proved what c i ' osb ie ( r e f . 7 ) had 

p r e v i o u s l y s t a t e d , t h a t the more l a y e r s the model c o n t a i n s 

( t h e more each l a y e r approaches the i n f i n i t e s i m a l l y s m a l l ) 

the more accura te the model w i l l be, 

W i s s l e r f o r m u l a t e s a t he rma l energy ba lance f o r an 

i n f i n i t e s i m a l element o f t i s s u e by e q u a t i o n S . 2 . 2 2 . 

c 
3 t 

3 . 2 . 2 2 

V/hen an element i s d i v i d e d i n t o r a d i a l s h e l l s , e q u a t i o n 

3;,2.22 i s i n t e g r a t e d over a g i v e n s h e l l . For say the t h i r d 

s h e l l one o b t a i n s e q u a t i o n 3 . 2 . 2 3 . 

3 . 2 . 2 3 

(Ta^-T^, ) and ( Tvi - T 3 ) a re the mean the rma l d i f f e r e n c e s 

f o r computing r a t e s o f heat t r a n s f e r f r o m b lood to t i s s u e . 
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Each element i s divided 
into 15 - 21 radial., shells 
each containing an arterial 
and venous pool 

Kigure 5.2.7 Schematic diagram of the human thermal system, 
i t s elements and circulatory system, as proposed 
by Wissler 
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Hov/ever, F i g u r e 5 .2 .8 shows two d i f f e r e n t cemperature 

p r o f i l e s wh ich do have equal means f o r a d j a c e n t s h e l l s , n 

and n -f 1 . 

curve 1 i s t y p i c a l o f a steady s t a t e p r o f i l e and 

curve 2 i s more r e p r e s e n t a t i v e o f a t r a n s i e n t s t a t e gene­

r a t e d d u r i n g c o o l i n g ( r e f . 1 2 ) . A l t h o u g h (T^^2. " ^n^ 

i d e n t i c a l f o r bo th p r o f i l e s , the the rma l f l u x f o r curve 1 

i s g r e a t e r than f o r curve 2 . The magnitude o f t h i s problem 

d i m i n i s h e s as the s ize o f the elements i a r educed , 

W i s s l e r concluded t h a t the use o f s imple models i s 

p robab ly j u s t i f i e d i n c£ises o f pronounced v a s o d i l a t i o n 

( cu rve 2 i n F i g u r e 3 . 2 . 8 r ep re sen t s the case where va scu l a r 

c o n s t r i c t i o n i s t a k i n g p l a c e ) and sma l l d i f f e r e n c e s between 

c e n t r a l end su r f ace tempera tures ( i . e . moderate c o n d i t i o n s ) . 

The models o f c^osbie and co l l eagues end S t o l w i j k and 

Hardy were implemented o n analogue computers . S t o l w i j k 

advanced on the model by S t o l w i j k and Hardy and implemented 

i t o n a d i g i t a l computer. The program descJr^ibing the model 
m 

v/as writtenjFORTR/vN ( r e f . 1 3 ) . Equat ions e re here g i v e n i n 

FORTR/iN n o t a t i o n . 

The model d i f f e r s i n s e v e r a l r e spec t s f r o m i t s p r e ­

decessor , S t o l w i j k ' s model approx imates , g e o m e t r i c a l l y , 

more c l o s e l y to the human body ( F i g . 3 . 2 . 9 ) . The head i s 

r ep resen ted as a sphere and the e x t r e m i t i e s are r ep resen ted 

by f o u r elements; arms, hands, legs and f e e t . c^osbie had 

represen ted the body as hav ing th ree l a y e r s or nodes, 

S t o l w i j k and Hardy ' s model had t̂ vo or t h r e e iiodes i n each 
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Figure 5.2.8 Two possible temperature profiles having 
identical means 
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ARMS HANDS 

HEAD TRUNK 
I 

1 

SKIN L A Y E R 
FAT L A Y E R 
M U S C L E L A Y E R 
C O R E 
CENTRAL BIDOD COMR^FOTvCNT 

Figure 3.2.9 JJiagrammatic representation of the mathematical 
model of physiological temperature regulation 
in man by Stolwijk 
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body e lement . S t o l w i j k * s model c o n t a i n s f o u r nodes, i n 

each e lement , r e p r e s e n t i n g the c o r e , muscle , f a t and s k i n 

l a y e r s . The e a r l i e r model c o n t a i n e d thi 'ee se t p o i n t s , f o r 

the c o n t r o l l i n g system, p o s i t i o n e d i n the b r a i n ^ s k i n end 

muscles , w h i l e i n the l a t e r model s e t p o i n t s a re ass igned 

to each node. Each node i s a l s o ass igned i t s ov/n b a s a l 

metabol ism and b lood f l o w r a t e . 

One of the reasons f o r p r o d u c i n g models o f the human 

the rma l system has been to develop a more d e t a i l e d knowledge 

o f the c o n t r o l l i n g system. For t h i s purpose, S t o l v / i j k * s 

model subd iv ides the c o n t r o l l i n g system i n t o t h r e e d i s t i n c t 

p a r t s . The f i r s t p a r t con t a in s the sensing mechanisms, 

w h i c h r ecogn i se the the rmal s t a t e o f the pa s s ive system. 

The second p a r t r ece ives i n f o r m a t i o n r e g a r d i n g the the rma l 

s t a t e , i n t e g r a t e s i t and sends o u t a p p r o p r i a t e commands to 

the e f f e c t o r systems (me tabo l i sm, vasomotor and sudomotor 

r e sponses ) . The t h i r d p a r t o f the c o n t r o l l i n g system r e c e i v e s 

the e f f e c t o r commands- and, i f a p p r o p r i a t e , m o d i f i e s them 

a c c o r d i n g to the c o n d i t i o n s a t the p e r i p h e r y o f the body, 

b e f o r e t r a n s l a t i n g the commands i n t o a c t i o n . 

I n the model, the rmal r e c e p t o r s ere i n a l l l a y e r s . The 

r e c e p t o r s i g n a l I s g i v e n as the d e v i a t i o n f r o m the se t p o i n t , 

p l u s a term d e s c r i b i n g the dynamic, s e n s i t i v i t y o f the 

r e c e p t o r ( i f knov/n). c e n t r a l r e c e p t o r s ' a r e assumed to be i n 

the b r a i n . 

The equa t ions d e s c r i b i n g the pass ive system and the con­

t r o l l i n g system are g i v e n i n equa t ions 3 . 2 . 2 4 - 3 . 2 . 3 0 and 

3 . 2 . 3 1 - 3 . 2 . 3 9 . 
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The Passive stem 

B C ( K ) B P ( K ) « ( T ( K ) - T ( 2 5 ) ) 3 . 2 . 2 4 

TDiK) = T C ( K ) « { T { K ) - T ( K - ^ l ) ) 3 . 2 . 2 5 

K P ( K ) = Q ( K ) - E ( K ) - B C ( K ) - T D ( K ) 3 . 2 . 2 6 

I i P ( K + l ) = Q ( K + 1 ) - B C ( K + 1 ) + T D ( K ) - T D ( K + 1 ) 3 . 2 . 2 7 

H F ( K + 2 ) = Q ( K + 2 ) - B c { K + 2 ) + T D ( K + l ) - T D ( K + 2 ) 3 . 2 . 2 8 

H F ( K + 3 ) = Q ( K + 3 ) - B C ( K + 3 ) - E ( K + 3 ) + T D ( K + 2 ) - H ( I ) » 
( T ( K + 3 ) - T A I R ) 3 . 2 . 2 9 

H F ( 2 5 ) H F ' ( S 5 ) + B C ( K ) 3 . 2 . 3 0 

The c o n t r o l l i n g System 

E R R O R ( N ) 

C O L D ( K ) 

W A R M ( N ) 

WARMS 

COLDS 

S7EAT 

miAT 

S T R I C 

C H I L L 

( T ( N ) - T S E T ( N ) + R A T E ( N ) * ^ ^ ( N ) 

ERROR(N) i f n e g a t i v e 

ERHOR(N) o t h e r w i s e 

V/ARMS+V/ARM(K)^SKINR( I ) 

COLDS+COLD(K) ̂  aCINR( I ) 

CaV^^ERRORCD+SS-^^CWARMS-cOLDS) 
+P aV^'^A RM ( 1 ) ^'.VA RM S 

CDIL '*EHR0R( 1 ) + S D I L ^ ( WARMS-cOLDS) 
+PDiL^v/ARM( 1 ) ^ ; ; A R M S 

CG0N'*ERR0R( 1 ) - SCON^(V;ARMS-COIDS) 
+PCON^COLD(ij^COLDS 

CGHIL^ERROR( 1 ) 'SCHIL^{ \VA RMS-COLDS) 
+PCinL^COLD( D^COLDS 

3 . 2 . 3 1 

3 ; 2 . 3 2 

3 . 2 . 3 3 

3 . 2 , 3 4 

3 . 2 . 3 6 

3 . 2 . 3 6 

3 . 2 . 3 7 

3 . 2 . 3 8 

3 . 2 . 3 9 
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s t o l w i j k compared p r e d i c t i o n s by the node l w i t h da ta 

f r o m e a r l i e r e^^neriments ( r e f s . 3 and 9 ) . F i g u r e 3 , 2 . 1 0 

I l l u s t r a t e s the comparison. P r e d i c t e d s k i n t empera tu re 

and e v a p o r a t i v e hea t loss c o r r e l a t e w e l l w i t h t h e da ta b u t 

a g a i n m e t a b o l i c r a t e , p r e d i c t e d by the model , i s too h i g h 

a f t e r a p e r i o d of about 45 minutes i n the c o l d (a p r e d i c t e d 

bout o f s h i v e r i n g ) w i t h a c o r r e s p o n d i n g drop i n i n t e r n a l 

t empera ture a t t h i s p o i n t , 

S t o l w i j k a t t r i b u t e s t h i s . e r r o r to the e f f e c t d e s c r i b e d 

above by I 7 i s s l e r . "Since each o f the segments i n the 

c o n t r o l l e d system cons i s t s o f o n l y 4 l a y e r s , t h e r e w i l l he 

e r r o r s i n the f i n i t e d i f f e r e n c e method o f s o l u t i o n d u r i n g 

the development o f nev/ g r a d i e n t s i n the r e l a t i v e l y t h i c k 
c 

f 

c 
musile and core l a y e r s . " ( r e f . 13) 

D u r i n g heat s t r e s s , c o n v e c t i v e hea t t r a n s f e r i n the 

c i r c u l a t o r y system reduces these g r a d i e n t s but i n the c o l d 

t h i s c o n v e c t i v e heat t r a n s f e r l a r g e l y d i sappea r s due to 

c o n s t r i c t i o n and g r a d i e n t s appear . The remedy i s to use 

molr̂ e l a y e r s . 

3 .3 Gagge's Model 

The models desc r ibed so f a r have been concerned w i t h 

p r e d i c t i n g the response o f the p h y s i o l o g i c a l system and 

have been v a l i d a t e d a g a i n s t measured curves o f s k i n tempera­

t u r e , r e c t a l temperature and e v a p o r a t i v e hea t loss e t c . , 

produced by the model, w i t h curves produced f r o m e x p e r i m e n t a l 

r e s u l t s . 
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Figure 3.2.10 Comparison of predicted results of response to 
thermal transients with data. Predictions by model 
i.Stolwijk ref. IJ) and data from Hardy and Stolwijk 
(rcf . 9) 
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A model has been dev i sed by Gagge and c o l l e a g u e s 

( r e f . 1 4 ) , based on e a r l i e r models by Gagge and co l l eagues 

( r e f . 1 5 ) and S t o l w i j k and Hardy ( r e f , 1 0 ) , w h i c h r e l a t e s 

the human the rmoregu la to ry system to the rma l d i s c o m f o r t 

and the rma l s e n s a t i o n . 

As t h i s model fo rms the bas i s o f a model d e v i s e d l a t e r 

f o r the p r e d i c t i o n of the t r a n s i e n t exper ience o f a pe r son 

moving t h r o u g h d i f f e r e n t e n v i r o n m e n t a l c o n d i t i o i i s , some o f 

i t s main f a c t o r s ere \wDrth n o t i n g . 

The model i s o f simple geometry ( F i g . 3 . 3 . 1 ) , r e p r e ­

s e n t i n g the human body as a s i n g l e c y l i n d e r , h a v i n g a core 

and a s h e l l ( 2 nodes) . The s h e l l l a y e r c o n t a i n s an 

i m p o r t a n t a d d i t i o n i n c l o t h i n g . 

Thermoreceptors are assumed to be i n the s k i n and core 

and the se t p o i n t s are g i v e n i n equa t ions 3 . 3 . 1 and 3 . 3 . 2 . 

The Set Po in t s 

TSK = 3 4 . 0 3 . 3 . 1 

TCR = 3 7 . 0 3 . 3 . 2 

The equat ions d e o c i ' i b i n g the pas s ive system and the 

c o n t r o l l i n g system are g i v e n by equa t ions 3 . 3 , 3 and 3 . 3 . 4 

and 3 . 3 . 5 to 3 . 3 . 7 r e s p e c t i v e l y . 

The Passive System 

HFCR = R M ' E R E S ' C R E S - \ V K - ( 5 . 2 8 + 1 . 1 6 3 K S K B F ) H ( T C R - T S K ) 3 . 3 . 3 
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SKIN SHELL 

CORE 

Figure 3.5.1 iJiagranmatic representation of simple concentric 
shell model of man and his environment, by 
Gagge and colleagues 
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Hf'SK = ( 5 . 2 8 + 1 C 1 6 3 « S K B F ) H ( T C R - T S K ) - D R Y - ( E V - E R E S ) 3 . 3 . 4 

The c o n t r o l l i n g System 

REGSV ^ 2 5 0 H ( A L P H A « S K S I G - * - ( 1 - A L P H A ) « C R S I G ) H E X P 
( S K S I G / 1 0 . 7 ) 3 . 3 . 5 

SKBF = ( 6 . 3 + D I L / i T ) / ( H - S T R I C ) 3 . 3 . 6 

RM = MR+19.4 K cOLDSw cOLDC 3 , 3 . 7 

c o n s i d e r i n g now the p r e d i c t i o n o f t h e r m a l s e n s a t i o n , 

Gragge s t a t e s t h a t f o r any c o m b i n a t i o n o f independent e n v i r o n ­

mental v a r i a b l e s there i s a unique va lue f o r s k i n tempera ture 

( T S K ) and area o f s k i n covered by sweat ( Y / ) a t any p o i n t i n 

t i m e . These two v a r i a b l e s are p r e d i c t e d by the p h y s i o l o g i c a l 

model desc r ibed above. 

Humid o p e r a t i v e t empera ture i s d e f i n e d as the imaginary 

tempera ture a t wh ich the body w i l l l o se the same hea t as i t 

would by r a d i a t i o n , c o n v e c t i o n and e v a p o r a t i o n I n the a c t u a l 

env i ronment . Heat i s l o s t to the env i ronment f r o m the s k i n 

s u r f a c e . 

c o n s i d e r i n g the case o f e c j u i l i b r i u m , the hea t f l o w 

t h r o u g h the s k i n s u r f a c e i s dependent on the t empera ture 

d i f f e r e n c e between the s k i n and the o p e r a t i v e envi ronrnent . 

Msk = C [T,k - T O A ) 3 . 3 . 8 

C A -t B 
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A = KFd 

Toh by cUiaJuJiry 

7^ - (A . 7 . wB.T^eu^j I C 3 . 3 . 9 

Gagge compared p r e d i c t i o n s o f Toh f o r t h r e e va lues o f 

c l o t h i n g w i t h E . T , ( E f f e c t i v e Temperature) ( r e f . 15) and 

f o u n d c lose c o r r e l a t i o n between t he tv;o. The c l o s e s t 

c o r r e l a t i o n was v / i t h the 1 c l o p r e d i c t i o n , the c l o t h i n g 

va lue o f Houghten and Yag log lou*s o r i g i n a l s u b j e c t s , f o r 

the normal sca le ( r e f . 1 6 ) . 

On t h i s b a s i s , Gagge s t a t e s , " a l t h o u g h i t ( E , T . ) was 

c o n s t r u c t e d o r i g i n a l l y by e m p i r i c a l e x p e r i m e n t a t i o n i t can 

now be d e r i v e d on a p h y s i c a l and p h y s i o l o g i c a l bas is . '* . Th i s 

a l l o w s Gagge to r e v i s e the o l d E . T , i n terms o f 0 .6 c l o 

i n s t e a d o f 1 c l o , making i t T i o r e r e p r e s e n t a t i v e o f the types 

o f c l o t h i n g worn today . Th i s fo rms the bas i s o f the new 

E f f e c t i v e Temperature o r E.T.-^. T h i s i s however s t i l l 

expressed i n terms o f 100^ r e l a t i v e h u m i d i t y , a l e v e l o f 

s a t u r a t i o n n o t no rma l ly encountered i n b u i l d i n g s . 

compering the humid o p e r a t i v e t empera ture (100^ R . H . ) 

and s tandard hiimid o p e r a t i v e tempera ture ( 5 0 ^ ) , f o r the same 

mean s k i n t empera tu re , f o r the t o t a l heat exchange ( T o t a l ) , 

f r o m the s k i n s u r f a c e : 

• 

Total ^ C (Tsk - Tok) 

f r o m 3 . 3 . 8 
and 
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I t f o l l o w s t h a t Tsoh = Cc/Cs)To^ -t i i - o / C j j T i f e , 

w h e r e t h e s u f f i x s r e f e r s t o t h e s t a n d a r d ( 5 0 ^ R . H . ) 

e n v i r o n m e n t . 

F o r e ach v a l u e o f Ts<^ t h e r e i s a u n i q u e v a l u e o f 

( E . T . ^ t r e l a t e d t o a s t a n d a r d bO% R . H . e n v i r o n m e n t ) . 

T h i s c a n be d e t e r m i n e d by i t e r a t i o n f r o m e q u a t i o n 3 . 3 . 1 0 , 

= [ A s ( 5 . E . . T . « ) + w B i (o-5 / C 5 3 . 3 . 1 0 

d e r i v e d f r o m e q u a t i o n 3 . 3 , 9 f o r s t a n d a r d c o n d i t i o n s and 

s u b s t i t u t i n g S.E.T.** as t h e o p e r a t i v e t e m p e r a t u r e . 

Thus , h a v i n g e s t a b l i s h e d a n o p e r a t i v e t e m p e r a t u r e based 

o n e n v i r o n m e n t a l c o n d i t i o n s and phj? s i o l o g i c a l r e a c t i o n s a n 

E f f e c t i v e T e m p e r a t u r e i s e s t a b l i s h e d i n t e r m s o f e n v i r o n ­

m e n t a l c o n d i t i o n s o n l y . T h i s E f f e c t i v e T e m p e r a t u r e ( S . E . T . ' ^ ) 

i s now used t o p r e d i c t t h e r m a l s e n s a t i o n a . 

The m u l t i p l e r e g r e s s i o n e q u a t i o n d e r i v e d by R o h l e s and 

N e v i n s ( r e f . 17) f r o m d a t a o n more t h a n 1000 s u b j e c t s i s 

used t o p r e d i c t t h e r m a l s e n s a t i o n s . T h e i r e q u a t i o n i s : 

7^ - O Lv-sTk V- o*o33/c/p - 6 ^7/ 3 . 3 . 1 1 

Gagge s u b s t i t u t e s S.E.T,*^ f o r 7 k as t h e E f f e c t i v e 

T e m p e r a t u r e and t h e e q u a t i o n becomes: 
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Ts = 0 . i / / 5 5 £ r * -f- 0 - 0 3 2 ) ^ ^ r ^ - 6-4^7/ 3 . 3 . 1 2 

The p r e d i c t i o n o f t h e r m a l s e n s a t i o n , 7s , t h e r e f o r e 

t a k e s i n t o a c c o u n t t h e e n v i r o n m e n t a l v a r i a b l e s and t h e 

p h y s i o l o g i c a l r e sponses t o t h o s e v a r i a b l e s v i a t h e i n d e x 

S» E • T • ̂  • 

S.4 F a n g e r ' s Model 

Fange r has a l s o d e v e l o p e d a complex mode l based o n 

t h e ene rgy b a l a n c e e q u a t i o n ( r e f . I G ) . F a n g e r w r i t e s t h e 

h e a t b a l a n c e as s u c h : ^ 

H - Ed - Esw - Ere - L = K = R ^ C 3 . 4 . 1 

w h e r e H = i n t e r n a l h e a t o r o d u c t i o n 
Ed =* h e a t l o s s by w a t e r vapour d i f f u s i o n t h r o u g h s k i n 
Esv/ = h e a t l o s s b̂ - e v a p o r a t i o n o f s w e a t 
E r e ^ l a t e n t r e s p i r a t i o n h e a t l o s s 
L = d r y r e s o i i : * a t i o n h e a t l o s s 
K = h e a t t r a n s f e r f r o m s k i n t o o u t e r s u r f a c e 

o f t he c l o t h e d body 
R = K e a t l o s s by r a d i a t i o n f r o m o u t e r s u r f a c e 

o f t h e c l o t h e d body 
C = h e a t l o s s by c o n v e c t i o n f r o m o u t e r s u r f a c e 

o f t h e c l o t h e d body 
( a l l t e r m s i n k c a l / h r , x 1.163 = w a t t s ) 

E s s e n t i a l l y , w h a t Panger i s p r e s e n t i n g i s a complex 

p a s s i v e s y s t e m . The r e g u l a t o r y mechanisms o f s w e a t i n g , 

m e t a b o l i c r a t e and v a s c u l a r c o n t r o l a r e o m i t t e d o n t h e 

a s s u m p t i o n t h a t t h e s e can be n e g l e c t e d i n c o n d i t i o n s o f 
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c o m f o r t . Thua , h e a t i n p u t i n t o t h e body , a k i n t e m p e r a t u r e 

and e v a p o r a t i v e h e a t l o s a due t o s w e a t i n g a r e g i v e n as 

f u n c t i o n s o f a c t i v i t y o n l y . 

H 

I f Fanger o n l y c o n s i d e r s t h e c o m f o r t c o n d i t i o n , how 

does he p r e d i c t o t h e r t h e r m a l s e n s a t i o n s d e v i a t i n g f r o m 

t h i s c o n d i t i o n ? Panger a s s e r t s : " I t i s t h e r e f o r e r e a s o n ­

a b l e t o assume t h a t the deg ree o f d i s c o m f o r t i s g r e a t e r , 

t h e more t h e l o a d o n t h e e f f e c t o r mechanisms d e v i a t e s f ix^m 

t h e c o m f o r t c o n d i t i o n , " ( r e f . 1 8 ) . 

T h e r m a l s e n s s t i o n ( o r c o m f o r t as Fange r c a l l s i t ) a t 

a g i v e n a c t i v i t y i s t h e r e f o r e a f u n c t i o n o f t h e t h e r m a l 

l o a d o f t h e body o r t h e m e t a b o l i c inc i^ease needed t o r e s t o r e 

t h i s l o a d t o z e r o . T h e r m a l s e n s a t i o n Y i s g i v e n by t h e 

g e n e r a l e x p r e s s i o n ; 

y - / ( L J L ) 3 . 4 . 2 

where L i s g i v e n by 
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L - M 0 ~ t t ) - 0-55 i f ' b - OOhf M O — f l ) - pcL -

AiHj ^ A Ay 

M (/ - a ) - 60 - 0002.3 ^ (li-t^ - ^ - O'Ooitf-

1 -

fU,^c (U - U ) 3 . 4 . 3 

The e v i d e n c e i n s u p p o r t o f t h i s i s c o n f l i c t i n g , 

Humphreys ( r e f . 19) c J ^ i t l c i s e s t h e mode l f o r a dependence 

o n t e m p e r a t u r e w h i c h i s n o t i n p r a c t i c e e n c o u n t e r e d , o r o -

p o a i n g t h a t i n t h e absence o f s w e a t i n g a b e t t e r a g r e e m e n t 

Y/ould be be tween t h e r m a l s e n s a t i o n and change i n s k i n 

t e m p e r a t u r e r e q u i r e d t o r e s t o r e e q u i l i b r i u m . 

Inouye and c o l l e a g u e s ( r e f . 2 0 ) , i n a stud^/ o n t h e 

e f f e c t o f change o f e n v i r o n m e n t , f o u n d a f t e r a change f r o m 

c o m f o r t a b l e t o a h o t humid e n v i r o n m e n t , t h a t c o n t i n u e d 

i n c r e a s e s o f h e a t s t o r a g e o v e r a tvvo h o u r p e r i o d were n o t 

f o l l o w e d by a change o f t h e r m a l s e n s a t i o n . 

F a n g e r f i n a l l y d e r i v e s t h e f o l l o w i n g e q u a t i o n f o r t h e 

p r e d i c t i o n o f t h e r m a l s e n s a t i o n ( 7 = 0 i s n e u t r a l ) where 

L , t h e t h e r m a l l o a d , i s g i v e n by e q u a t i o n 3 . 4 . 3 . 
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3 . 4 . 4 

I n a s t u d y o f t h e r m a l t r a n s i e n t s Hardy and S t o l v / i j k 

( r e f . 9 ) p r o v i d e d a t a o n t h e ene rgy exchange ( t h e r m a l l o a d ) 

d u r i n g s t e a d y s t a t e s and t r a n s i e n t s ( F i g . 2 . 8 . 5 ) . I n 

a n o t h e r s t u d y o n t r a n s i e n t s ( r e f . . 2 1 ) , Gagge r e c o r d e d 

t h e r m a l s e n s a t i o n s f o r the same e n v i r o n m e n t a l c o n d i t i o n s 

( F i g . 3 . 4 . 1 ) . '.Ve can t h e r e f o r e compare t h i s d a t a v / i t h 

p r e d i c t i o n s u s i n g P a n g e r ' s e q u a t i o n ( 3 . 4 . 4 ) . 

T a b l e 3 . 4 . 1 g i v e s t he d a t a f o r c o m p a r i s o n , e x t r a c t e d 

f r o m F i g u r e s 2 . B . 3 and 3 . 4 . 1 , v / i t h t h e m e t a b o l i c d a t a f r o m 

Fange r t o g e t h e r w i t h t h e r e s u l t i n g p r e d i c t i o n s u s i n g 

e q u a t i o n 3 . 4 . 4 . F i g u r e 3 , 4 . 2 i s a p l o t o f t h e p r e d i c t e d 

v o t e s and v o t e s t a k e n f r o m t h e d a t a ( F i g . 3 . 4 . 1 ) . 

The dependence o f Panger* s p r e d i c t i o n s o n t h e ene rgy 

exchange ( t h e r m a l l o a d ) i s c l e a r . The g e n e r a l t r e n d o f t h e 

p r e d i c t e d v o t e f o l l o w s t h a t o f t h e d a t a and a f t e r a two 

h o u r p e r i o d t h e r e i s a d i f f e r e n c e o f 1 u n i t o n t h e t h e r m a l 

s e n s a t i o n s c a l e . However , d u r i n g t h e f i r s t m i n u t e s o f t h e 

t r a n s i e n t , Fanger* s model p r e d i c t s a much l o w e r v o t e t h a n 

d a t a , a d i f f e r e n c e o f 3 . 5 v o t e s , w e l l o u t s i d e a c c e p t a b l e 

l i m i t s . 
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Pig\u:e 3.4.1 Thermal sensations diiring thermal transients, 
iJata from Gagge (ref.- 21) 
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Gagge H a r d y / S t o I v / i j k Pange r F a n g e r 

Time v o t e L 
Du p r e d i c t e d 

k c a l / m ^ / h r w/m^ k c a l / m ^ / h r w / m ^ vo t e 

65 mins - 2 . 5 - 8 0 -93 50 58 -6 

70 mins -2 -55 -64 50 58 -4 

90 mins - 2 . 2 -45 - 5 2 50 ' 58 - 3 . 3 8 

120 mins - 2 . 3 -45 - 5 2 50 58 - 3 . 3 8 

180 mins - 2 . 3 -40 -47 50 58 -3 

T a b l e 3 . 4 . 1 

3 . 5 c o n c l u d i n g Remarks. 

I t i s p o s s i b l e , u s i n g c o n t r o l s y s t e m s , t o m o d e l t h e 

dynamic r e g u l a t o r y mechanisms o f t h e human t h e r m a l s y s t e m . 

T o g e t h e r w i t h a d e s c r i p t i o n o f h e a t t r a n s f e r t h r o u g h t h e • 

body and c ^ - o t h i n g t h e s e p r o v i d e a more c o m p l e t e d e s c r i p t i o n 

o f t h e human t h e r m a l s y s t e m . 

I have d i s c u s s e d a fev/ o f t h e many m o d e l s d e v e l o p e d t o 

I l l u s t r a t e t h e m a j o r f e a t u r e s o f t h e s e m o d e l s and some o f 

t h e i r r e l a t i v e m e r i t s . 

G'agge* s mode l ( r e f . 14) t a k e s u s a l m o s t f u l l c i s ^c l e 

back t o H o u g h t e n and Y a g l o g l o u ' s E . T . , a l t h o u g h t h i s i s now 

r e v i s e d and i s s u s c e p t i b l e t o p r e d i c t i o n u s i n g t h e 

p h y s i o l o g i c a l m o d e l . 

S t o l v / i j k ' 3 mode l ( r e f . 13 ) has t h e a d v a n t a g e t h a t i t 

c o n t a i n s a g r e a t e r number o f l a y e r s and r e p r e s e n t s t h e body 

more e x a c t l y a n d , t h e r e f o r e , s h o u l d have g r e a t e r a c c u r a c y 
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Figure 5.4.2 Comparison of predicted vote using Fanger'3 
equation v/ith data from Gagge ( r e f . 21) 
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o f p r e d i c t i o n . Whether such s o p h i s t i c a t i o n , i s needed 

r e q u i r e s c o n s i d e r a t i o n o f w h e t h e r t he d e s c r i p t i v e s c a l e s o f 

d i s c o m f o r t and s e n s a t i o n w a r r a n t s u c h a c c u r a c y . F u r t h e r m o r e , 

V / l s s l e r ( r e f . 12) has shov/n t h a t f o r m o d e r a t e c o n d i t i o n s t h e 

use o f s i m p l e models i s j u s t i f i e d . 

S t o l w i j k ' s mode l a l s o p r o v i d e s a b e t t e r a p p r o x i m a t i o n 

t o t h e human body a n d t h i s may p r o v i d e a b e t t e r d e s c r i p t i o n 

o f t h e t h e r m a l s t a t e o f t h e b o d y , f o r example v /he the r t h e 

hands a r e c o l d o r t h e f e e t h o t . 

Hov/ever, as a l l e x p e r i m e n t a l r e s u l t s f o r t h e r m a l 

s e n s a t i o n s a r e based o n mean r e s p o n s e s f o r t h e w h o l e body , 

r e p r e s e n t a t i o n o f t h e body as a s i n g l e c y l i n d e r may be 

j u s t i f i e d ( r e f . 2 2 ) . 

G a g g e ' 3 mode l has two a d v a n t a g e s . C l o t h i n g i n s u l a t i o n 

i s i n c l u d e d and i n most cases we v /ou ld w a n t t o s i m u l a t e 

c l o t h e d c o n d i t i o n s a l t h o u g h swimming b a t h s c o u l d be a n 

e x c e p t i o n . T h i s c a n i n p r i n c i p l e be i n c l u d e d i n S t o l v / i j k ' s 

mode l by m o d i f y i n g the s k i n l a y e r o f t h e p a s s i v e s y s t e m . 

S e c o n d l y , Gagge ' s model r e l a t e s p h y s i o l o g i c a l p r e d i c t i o n s 

t o t h e r m a l s e n s a t i o n u s i n g d a t a f r o m o v e r 1000 s u b j e c t s 

( r e f . 1 7 ) . 

F a n g e r ' 3 mode l has b e e n i n c l u d e d i n t h e a b o v e d i s c u s s i o n 

t o i l l u s t r a t e t h e d i f f i c u l t i e s i n t r y i n g t o p r e d i c t t h e r m a l 

s e n s a t i o n s v / i t h a mode l t h a t c o n t a i n s none o f t h e r e g u l a t o r y 

mechan isms . 
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Section Four. The Problem o f Motion 

4 , 1 D e s c r i p t i o n o f jMovement 

F o r c u r p r e s e n t p u r p o s e , we c a n c o n f i n e a d e s c r i p t i o n 

o f movement t o s p e c i f y i n g a r o u t e t h r o u g h a b u i l d i n g and 

modes o f p r o g r e s s i o n a l o n g t h e r o u t e . A s e r i e s o f p o i n t s , 

d e f i n e d by t h e i r 3 -D c o - o r d i n a t e s , i s s u f f i c i e n t t o 

desc i^ ibe the geomet ry o f t he r o u t e . Modes o f p r o g r e s s i o n , 

i n c l u d i n g tv/o s t a t i o n a r y modes, a r e c o n f i n e d t o s i t t i n g , 

s t a n d i n g , w a l k i n g slov/ and w a l k i n g f a s t . Slov/ w a l k i n g i s 

assumed to be a t a speed o f 3 . 2 k m / l i r ( 2 m . p . h . ) and f a s t 

w a l k i n g t o be a t a speed o f 6 . 4 k m / h r (4 m . p . h . ) . By 

r e f e r e n c e t o t h e s e f o u r modes and t o t h e c o - o r d i n a t e s y s t e m , 

t h e l i s t can be expanded t o t h e f o l l o v / i n g , i n T a b l e 4 . 1 . 1 , 

1 . S i t t i n g 

2 . S t a n d i n g 

3 . W a l k i n g s low 

4 , W a l k i n g f a s t 

5 . W a l k i n g s l o w u p s t a i r s \ 
6 . W a l k i n g f a s t u p s t a i r s 

7 . W a l k i n g s low d o w n s t a i r s 

8 . W a l k i n g f a s t d o w n s t a i r s J 

E x p l i c i t 

I m p l i c i t 

T a b l e 4 . 1 . 1 . Modes o f a c t i v i t y s h o w i n g e x p l i c i t and 
i m p l i c i t modes 

I f e i t h e r Mode 1 o r Mode 2 i s s p e c i f i e d , t h e n t h e 

s t a t i o n a r y p e r i o d mus t be s p e c i f i e d . F i g u r e 4 . 1 . 1 i s a 

t y p i c a l i n p u t s t a t e m e n t d e s c r i b i n g a r o u t e . F i g u r e s i n 

b r a c k e t s a r e n o t p a r t o f the i n o u t s t a t e m e n t b u t a r e t he 
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modes o f p r o g r e s s i o n r e f e r r e d t o i n T a b l e 4 . 1 . 1 . D i s t a n c e s 

a r e i n m e t r e s . 

Each mode o f p r o g r e s s i o n o r s t a t i o n a r y s t a t e i s 

r e p r e s e n t e d i n t h e mode l as a l e v e l o f a c t i v i t y . 

INPUT XYZ MODE . 0 . 0 0 . 0 0 . 0 3 (3f)' 

INPUT XYZ MODE 1 0 . 0 1 0 . 0 0 . 0 3 ( 5 ) 

INPUT XYZ MODE 1 0 . 0 1 3 . 0 3 . 0 4 ( 4 ) 

INPUT XTZ MODE 1 0 . 0 1 5 . 0 3 . 0 2 ( 2 ) 

TIME I N MINS AND MODE TO NEXT POINT 2 . 5 . 4 ( 4 ) 

INPUT XYZ MODE 8 . 0 1 5 . 0 3 . 0 10 ( « ) 

**NOTE mode 10 t e r m i n a t e s i n p u t 

F i g u r e 4 . 1 . 1 T y p i c a l i n p u t s t a t e m e n t f o r a r o u t e 

4 . 2 The P h y s i o l o g i c a l and P h y s i c a l V a r i a b l e s A s s o c i a t e d 
w i t h Movement 

Study o f t h e models d e s c r i b e d i n S e c t i o n 3 shov/s 

t h a t a change i n a c t i v i t y i n c u r s p o s s i b l e change i n t h e 

f o l l o w i n g i n d e p e n d e n t p h y s i o l o g i c a l v a r i a b l e s : 

M e t a b o l i c r a t e (MR) w / m ^ 

V/ork r a t e ( \7K) w / m ^ 

C o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t ( c H Q ) w /m^^C. 

and t h e R a t i o o f t h e body* s r a d i a t i n g s u r f a c e t o t h e 
s u r f a c e a r e a o f t h e w h o l e body (RTO) 
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T a b l e 4 , 2 , 1 shows the c o r r e s p o n d i n g v a l u e s g i v e n t o - i : 

e a c h v a r i a b l e f o r e a c h a c t i v i t y , w i t h r e f e r e n c e t o s o u r c e s 

The v a l u e s f o r Mode 1 have been c h o s e n t o a g r e e w i t h t h a t 

s p e c i f i e d by t h e Kansas S t a t e U n i v e r s i t y AST-FRAE p r o j e c t as 

b e i n g t h e one mos t d e s c r i p t i v e o f man* s t y p i c a l e v e r y d a y 

e n v i r o n m e n t ( r e f , 1 ) , 

MODE MR V/K CHC 

W M^ *̂ C 

RTO 

1 5 8 . 2 ( + ) OvO (^-) 2 . 9 ( - ) 0 , 6 9 6 ( + ) 

2 6 9 . 8 (^-) 0 . 0 ( ^ ) 3 . 1 ( « H ) 0 . 7 2 5 ( + ) 

3 116 .3 0 . 0 ( ^ ) 8 . 0 0 . 7 2 5 ( + ) 

4 2 2 1 . 0 ( O • 0 . 0 ( + ) 1 1 . 6 0 . 7 2 5 ( + ) 

5 4 2 2 . 8 5 ( - + ) 5 8 . 0 6 7 ( + + ) 8 . 0 0 . 7 2 5 ( O 

6 7 8 2 . 2 8 ( ^ ^ ) 5 8 , 7 2 +) 1 1 . 6 0 . 7 2 5 ( ^ ) 

7 199 .64 5 8 . 0 6 7 B.O 0 . 7 2 5 ( O 

8 3 6 9 , 3 3 5 8 . 7 2 1 1 . 6 0 . 7 2 5 ( ^ ) 

( + ) r e f . 2 , ( + + ) r e f . 3 , (K ) r e f . 1 , r e f . 4 

T a b l e 4 . 2 . 1 . Modes o f p r o g r e s s i o n and a s s o c i a t e d v a l u e s f o r 
i n d e p e n d e n t p h y s i o l o g i c a l v a r i a b l e s 

M e t a b o l i c r a t e i n c r e a s e s w i t h a c t i v i t y and f o r t h e 

p r e s e n t s t u d y t a k e s v a l u e s f r o m 5 8 . 2 t o 6 4 6 . 1 w / m ^ . A p o i n t 

o f n o t e i s t h a t w a l k i n g down s t a i r s (modes 7 and 8 ) i n c u r s a 

g r e a t e r m e t a b o l i c r a t e t h a n w a l k i n g o n t h e l e v e l a t b o t h 
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speeds (Modes 3 and 4 ) . T h i s i s i n a g r e e m e n t w i t h t h e 

r e s u l t s g i v e n by O r s i n i and Passmore ( r e f . 3 ) a n d as t h e y 

e x p l a i n i s due t o t h e e x t r a m u s c u l a r a c t i v i t y i n m a i n t a i n i n g 

body p o s t u r e w h i l s t l o w e r i n g t he b o d y . 

The v a l u e s f o r m e t a b o l i c r a t e a r e e x t r a p o l a t e d f r o m 

d a t a p r o v i d e d by O r s i n i and Passmore ( r e f . 3 ) . D a t a f r o m 

two s u b j e c t s , whose t o t a l l o a d was l i t t l e more t h a n t h e i r 

nude w e i g h t , was u s e d . S u b j e c t 1 had a v / e i g h t o f 63 k g and 

h e i g h t o f 1.82 m. T h e r e f o r e h i s body a r e a , a c c o r d i n g t o 

t h e D u b o i s f o r m u l a ( r e f . 5 ) f o r e s t i m a t i n g body a r e a f r o m 

h e i g h t and w e i g h t , was 1.817 m^ . S u b j e c t 2 had a w e i g h t o f 

77 kg and a h e i g h t o f 1.77 m. H i s body a r e a was t h e r e f o r e 

1.939 m^ . The m e t a b o l i c c o s t o f v / a l k i n g up and down s t a i r s , 

f o r t h e two s u b j e c t s , t a k e n f r o m O r s i n i and Passmore, i s 

g i v e n i n T a b l e 4 . 2 . 2 i n w a t t s , t o g e t h e r w i t h t h e c o s t p e r 

m^ body a r e a and f i n a l l y t h e t o t a l s and a v e r a g e m e t a b o l i c 

c o s t s c o n v e r t e d t o w / m ^ . 

S u b j e c t 
c o s t o f W a l k i n g 

S u b j e c t 
Up Down 

1 

2 

5 5 8 . 2 4 0 

6 2 8 . 0 2 0 

2 9 0 , 7 5 0 

2 6 7 . 4 9 
v / a t t s 

1 

2 

3 0 7 . 2 3 2 

3 2 3 . 8 8 9 

1 6 0 , 0 1 6 

137 .353 

T o t a l 6 3 1 . 1 2 1 2 9 7 . 9 6 9 
w / m ^ 

A v e r a g e 3 1 5 . 5 6 1 148 .985 
w / m ^ 

T a b l e 4 . 2 . 2 . M e t a b o l i c r a t e s f o r w a l k i n g U D a n d down s t a i r s 
a t speeds o f 2 , 2 3 k m / h i ' 
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F a n g e r ( r e f . 2 ) shows t h a t w a l k i n g up a g r a d i e n t o f 

2 5 ^ , v / i t h 100^ i n c r e a s e i n speed , m e t a b o l i c r a t e i n c r e a s e s 

by a p p r o x i m a t e l y 8 5 ^ . The d a t a g i v e n i n T a b l e 4 . 2 . 2 a p p l y 

t o a Y / a l k i n g speed o f 2 . 2 3 k m / h r . A n inc i^ease o f 1,07 

k m / h r ( s l o w w a l k i n g i s 3 . 2 k m / h r ) i s e q u a l t o a n i n c r e a s e 

o f 4 0 ^ i n m e t a b o l i c r a t e . The a v e r a g e v a l u e s f r o m T a b l e 

4 . 2 . 2 a r e t h e r e f o r e c o r r e c t e d f o r t h e slow speed by a 4 0 ^ 

i n c r e a s e and t h e s e v a l u e s c o r r e c t e d by a n i n c r e a s e o f 8 5 ^ 

f o r t h e f a s t speed . The new v a l u e s a r e g i v e n i n T a b l e 4 . 2 , 3 

Speed 

slov/ 

f a s t 

Up 

4 2 2 . 8 5 2 

7 8 2 . 2 7 6 

Down 

1 9 9 . 6 4 0 

3 6 9 . 3 3 4 
f / /m ' 

T a b l e 4 . 2 . 3 . F i n a l v a l u e s f o r m e t a b o l i c r a t e w a l k i n g up 
and down s t a i r s 

The v a l u e s o f work r a t e f o r t h e s e d e n t a r y modes and 

w a l k i n g o n t h e l e v e l (Modes I , 2 , 3 and 4 ) a r e d e r i v e d f r o m 

t h e e o u a t i o n : 

M 
( r e f . 2 ) 4 . 2 . 1 

where 

and 

rv 

M 

m e c h a n i c a l e f f i c i e n c y 
v/ork r a t e v//m2 
m e t a b o l i c r a t e w/m2 

The v a l u e s o f n. a r e g i v e n by Fange r as z e r o f o r t h e 

s e d e n t a r y s t a t e and l i g h t a c t i v i t i e s . 
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Work r a t e i nc t ' e aaea w i t h a c t i v i t y b u t i t c a n a l s o t a k e 

n e g a t i v e v a l u e s when e x t e r n a l w o r k i s t r a n s f e r r e d i n t o 

h e a t , f o r e^iample when w a l k i n g down h i l l o r s t a i r s . 

V a l u e s f o r v/ork r a t e when w a l k i n g up and down s t a i r s 

have been e x t r a p o l a t e d f r o m t h e O r a i n i and Passmore d a t a . 

F o r t h e two s u b j e c t s t he m e t a b o l i c r a t e s and w o r k r a t e s a r e 

g i v e n i n T a b l e 4 . 2 , 4 

S u b j e c t M e t a b o l i c r a t e Work r a t e 

1 5 5 8 . 2 4 9 5 . 3 6 6 

2 6 2 8 . 0 2 1 0 6 . 9 9 6 
v / a t t s 

T a b l e 4 . 2 . 4 . M e t a b o l i c r a t e s and w o r k r a t e s 

Fanger ( r e f . 2 ) shows t h a t a n i n c r e a s e o f 100^ i n 

w a l k i n g speed i s e q u a l t o an a p p r o x i m a t e i n c r e a s e i n 

m e c h a n i c a l e f f i c i e n c y o f \fo. U s i n g e q u a t i o n 4 . 2 . 1 we c a n 

d e r i v e t h e f o l l o w i n g v a l u e s f o r m e c h a n i c a l e f f i c i e n c y {l ) 

f r o m T a b l e 4 . 2 . 4 . 

& J b j e c t a 3 . 2 k m / h r 6 . 4 k m / h r 

1 0 . 1 7 0 0 . 1 7 1 0 . 173 

2 0 . 1 8 3 0 . 1 8 4 0 . 186 

R e - a r r a n g i n g e q u a t i o n 4 . 2 . 1 we c a n now d e t e r m i n e the 

f o l l o w i n g v a l u e s f o r w o r k r a t e (VV ) : 
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S u b j e c t VJ - Mri 

Z>.2 k m / h r 6.4 k m / h r 

1 9 5 . 4 5 9 96 .576 

2 115.556 116 .812 v/a t t s 

A v e r a g e 105.503 106.694 

58 ,067 . 5 8 . 7 2 

E x c e p t f o r Mode 1, a l l v a l u e s o f t h e c o n v e c t i v e h e a t 

t r a n s f e r c o e f f i c i e n t ( c H C ) , i n T a b l e 4 . 2 . 1 , have been t a k e n 

f r o m N i s h i and Gagge ( r e f . 4 ) who g i v e a c o m p a r i s o n o f 

measured v a l u e s o f t he c o e f f i c i e n t . Examples a r e q u o t e d o f 

b o t h h i g h e r and l o w e r v a l u e s o f t h e c o e f f i c i e n t , f o r 

v a r i o u s c o n d i t i o n s , and as t h e i r r e s u l t s f a l l i n b e t w e e n 

t h e ex t r emes i t w o u l d seem a p p r o p r i a t e t o use t h e m . 

The. v a l u e s o f cHC a r e d e r i v e d b^ d i r e c t measurement 

and r e l a t e d to t h e power f u n c t i o n : 

CHC AV B 4 . 2 . 2 

where f o r f r e e w a l k i n g i n s t i l l a i r A = 8 . 6 
V = w a l k i n g speed m/sec 
B = 0 ,531 

W a l k i n g speed d e t e r m i n e s t h e - r e l a t i v e v e l o c i t y o f a i r 

acJ^oso t h e body i n a n e n v i r o n m e n t o f s t i l l a i r . However , 

we can see f r o m the r e s u l t s o f N i s h and Gagge ( r e f 4 ) t h a t 

i t w o u l d be e r r o n e o u s t o d e c r e a s e t h e v a l u e o f V to z e r o 

when w a l k i n g i n t h e same d i r e c t i o n as t h e a i r movement a t 
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t h e same speed as t h e bod^^ i s n o t s i m p l y a r i g i d p l a n e 

moving i n one d i r e c t i o n , b u t c o n s i s t s o f l i m b s m o v i n g b o t h 

w i t h and a g a i n s t t h e g e n e r a l d i r e c t i o n o f body movement . 

I n t h i s case i t w o u l d be a p p r o p r i a t e t o ose t h e i r v a l u e s 

f o r t r e a d m i l l w a l k i n g , w h e r e , u s i n g e q u a t i o n 4 . 2 . 2 , 

A = 6 . 5 1 and B - 0 . 3 9 1 , 

The r a t i o o f t h e e f f e c t i v e a r e a o f t h e b o d y ' s r a d i a t i n g 

s u r f a c e t o t h e t o t a l s u r f a c e a r e a o f t h e body (RTO) has been 

shown by Fanger ( r e f . 2 ) t o d i f f e r w i t h a c t i v i t y . A v a l u e 

o f 0 . 6 9 6 v/as f o u n d f o r t h e s e d e n t a r y body and 0 . 7 2 f o r 

s t a n d i n g p o s t u r e . These v a l u e s were f o u n d t o be i n d e p e n d e n t 

o f s ex , w e i g h t , h e i g h t o r a r e a . 

A l l v a l u e s i n T a b l e 4 . 2 . 1 a r e mean v a l u e s and c o n ­

s i d e r a b l e d e v i a t i o n s c a n o c c " ^ . However , as a t e n t a t i v e 

t a b l e i t s h o u l d p r o v i d e r e a s o n a b l y a c c u r a t e v a l u e s f o r t h e 

e n v i r o n m e n t a l c o n d i t i o n s t o he s i m u l a t e d . 

The i n s u l a t i o n v a l u e o f c l o t h i n g c a n a l s o be a f f e c t e d 

by body movements (as w e l l as t a i l o r i n g and f i t ) . 

The i n s u l a t i o n v a l u e o f a p a r t i c u l a r c l o t h i n g ensemble 

(measured i n ' c l o ' u n i t s , 1 c l o = 0 . 1 5 5 m^ ^ c / v / ) i s 

d e p e n d e n t o n b o t h t h e c o n d u c t i v e r e s i s t a n c e o f t h e t e x t i l e 

i t s e l f and t h e l a y e r s o f a i r i n b e t w e e n t h e v a r i o u s 

t e x t i l e s . I t s r e d u c t i o n w o u l d be r e l a t e d t o r e l a t i v e a i r 

v e l o c i t y , p e r m e a b i l i t y o f t h e t e x t i l e s , l o o s e n e s s o f 

g a r m e n t s and v i g o u r o f movements . 

As y e t no d a t a a r e a v a i l a b l e f o r c l o v a l u e s o f c l o t h i n g 

ensembles o n m o v i n g b o d i e s and as a f i r s t a p p r o x i m a t i o n i t 
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i s p r o p o s e d t h a t a c l o t h i n g ensemble h a v i n g a v a l u e 0 . 6 c l o 

o r lov/er w i l l be a f f e c t e d by f a s t w a l k i n g and a r e d u c t i o n 

o f 25% w i l l t a k e p l a c e . 

No a c c o u n t i3 t a k e n o f t h e i n c r e a s e v / h i c h may o c c u r i n 

c l o v a l u e s , f o r example due t o s i t t i n g i n a v / e l l u p h o l s t e r e d 

c h a i r . 

4 . 3 F u r t h e r M o d i f i c a t i o n s 

The p h y s i o l o g i c a l mode l d e v i s e d by Gagge ( r e f . 6 , see 

s e c t i o n 3 . 3 ) was m o d i f i e d te) a l l o w change o f t h e a c t i v i t y 

v a r i a b l e s disc>33sed i n t h e p r e v i o u s s e c t i o n ( 4 . 2 ) . F u r t h e r 

m o d i f i c a t i o n s were a l s o made. 

The i n c r e a s e i n r a d i a t i o n a r ea o f t h e body , due t o 

c l o t h i n g ( F A c L ) i s g i v e n as 15%, Fanger ( r e f . 2 ) . However , 

a more r e c e n t s tudy has shown t h i s to be a p p r o x i m a t e l y 25%, 

based o n r o u g h measurements o f two u n i f o r m s ( r e f . 7 ) . . T h i s 

v a l u e has been i n c l u d e d i n t h e p r e s e n t m o d e l . 

The c o n s t a n t 70 (body w e i g h t i n k g o f a ' s t a n d a r d man* ) 

a f f e c t s b o t h the t h e r m a l c a p a c i t y o f t h e body c o r e and t h e 

t h e r m a l c a p a c i t y o f t he s k i n s h e l l . T h i s c o n s t a n t has been 

r e p l a c e d by t h e v a r i a b l e BDWJ i n t h e f o l l o v / i n g e q u a t i o n s 

( in 'FORTRAN n o t a t i o n ) : 

TCCR = 0 . 9 7 j t ( l . - A L P H A ) K 7 0 

and 

TcaC = . 0.97itALPFI/\}t70 
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where TCCR = T h e r m a l c a p a c i t y o f t h e c o r e ( v / h r / o c ) 
TCSK = T h e r m a l c a p a c i t y o f t h e s h e l l ( w h r / o c ) 

and ALPHA = R a t i o o f mass s k i n s h e l l t o mass c o r e 

The c o n s t a n t 1,8 ( b o d y a r e a i n m^ o f a s t a n d a r d man) 

a f f e c t s b o t h the r a t e o f change i n c o r e t e m p e r a t u r e and r a t e 

o f change i n s k i n s h e l l t e m p e r a t u r e . T h i s c o n s t a n t i a 

r e p l a c e d by t he v a r i a b l e BDYA i n the f o l l o v / i n g e q u a t i o n s : 

DTCR = (HF*CR»1.8 )/TCGR 

DTSK = (HF S K j i l . 8 ) /TCSK 

where DTcR = r a t e o f change i n c o r e t e m p e r a t u r e oc/hi* 
IIFCR = h e a t f l o w f r o m c o r e t o s h e l l O Q 
DTSC = r a t e o f change o f s k i n t e m p e r a t u r e o c / h r 
l iFS l = h e a t f l o w f r o m s k i n t o e n v i r o n m e n t O Q 

Body a r e a (BmA) i s n o t a c o n v e n i e n t t e r m f r o m a p r o g r a m 

u s e r ' a p o i n t o f v i e w . T h e r e f o r e BDYA i s d e t e r m i n e d by t h e 

D u b o i s f o r m u l a ( r e f . 5 ) : 

0 . 0 0 7 1 8 X VVO-425 ^ h'0-725 ( ^ 2 ) (^ef. 5 ) 

w h e r e A = s u r f a c e a r e a i n m^ 
V/ = body w e i g h t i n . k g 

and H ^ body h e i g h t i n cm 

As body h e i g h t and w e i g h t a r e now d e f i n e d as v a r i a b l e s , 

t h e p r o g r a m u s e r can v a r y t h e p h y s i q u e o f t h e m o d e l . 

No a t t e m p t has been made t o i n c l u d e o t h e r p e r s o n a l 

d i f f e r e n c e s such as sex and a g e . Fange r ( r e f . 2 ) , a f t e r 
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e x p e r i m e n t s w i t h D a n i s h and A m e r i c a n s u b j e c t s , shov/s no 

d i f f e r e n c e i n c o m f o r t c o n d i t i o n s b e t w e e n e l d e r l y and c o l l e g e 

age p e r s o n s and no s i g n i f i c a n t d i f f e r e n c e b e t w e e n males and 

f e m a l e s , e i t h e r c o u n t r y , c o l l e g e age o r e l d e r l y . More 

r e c e n t l y Humphreys ( r e f . 8 ) i n a s u r v e y o f f i e l d s t u d i e s 

f i n d s l i t t l e o r no s i g n i f i c a n t sex r e l a t e d d i f f e r e n c e i n 

t h i r t e e n s t u d i e s m e n t i o n e d . The t e n d e n c y i f any i s f o r 

women to f e e l s l i g h t l y c o o l e r i n t h e same e n v i r o n m e n t . 

R o h l e s end K e v i n s ( r e f . 9 ) f o u n d s i m i l a r r e s u l t s i n 

t h a t men a r e shown to d i f f e r f r o m women i n t h e i r r a t e o f 

a d a p t a t i o n , men b e i n g s i g n i f i c a n t l y warmer o v e r t h e f i r s t 

h o u r o f e x p o s u r e . They a l s o show t h a t t h e r e l a t i v e i m p o r t ­

ance o f t e m p e r a t u r e a.nd h u m i d i t y i s n o t t h e same f o r men as 

f o r women. 

No a t t e m p t has been made t o i n c l u d e d i f f e r e n c e s i n 

p e r s o n a l i t y . A l t h o u g h t h e r e i s some e v i d e n c e t h a t c o m f o r t 

r e q u i r e m e n t s may p a r t l y depend o n p e r s o n a l i t y f a c t o r s 

( r e f . 10) t h e r e i s none t o s u g g e s t t h a t o e r s o n a l i t y a f f e c t s 

t h e r m a l s e n s a t i o n s . 

Gcgge '3 mode l c o n t a i n s a r o u t i n e f o r n u m e r i c a l 

i n t e g r a t i o n ( F i g . 4 . 3 . 1 a ) i n w h i c h i t e r a t i o n t o s i m u l a t e 

r e g u l a t i o n i s a t one m i n u t e i n t e r v a l s o r by a change i n c o r e 

o r s k i n t e m p e r a t u r e o f n o t more t h a n 0,1*^C. Where we a r e 

c o n c e r n e d w i t h p r e d i c t i o n s o f t h e t h e r m a l s t a t e o f t h e body 

a t t i m e i n t e r v a l s o f l e s s t h a n one m i n u t e , say a t 5 s econds , 

t h i s t i m e i n t e r v a l o f one m i n u t e i s t o o l a r g e and s h o u l d be 

r e d u c e d . The r o u t i n e f o r i n t e g r a t i o n was t h e r e f o r e m o d i f i e d 
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a 

DTIM = 1 . / 6 0 

U ^ ABS(DTSK) 

I F ( U - 0 . 1 ) 5 , 1 0 , 1 0 

10 T>T1M = 0 . 1 ( U « 6 0 , ) 

5 CONTIOTE 

U ^ ABS(DTCR) 

I F ( U - 0 . 1 ) 1 0 5 , 110, 110 

110 D T M = 0 . l / ( U ? t 6 0 . ) 

105 CONTII>IUE 

VTIM = 6 0 . / T I N G 

DTIM = ( 1 . / 6 0 . ) V T I M 

U = ABS(DTSK) 

I F ( U - ( 0 . 1 / V T I P / ! ) ) 5 , 1 0 , 1 0 

10 DTIM = ( 0 . 1 / V T I M ) / ( U « 6 0 , ) 

5 CONTINUE 

U = ABS(DTCR) 

I F ( U - ( 0 . 1 / V T I M ) ) 1 0 5 , 1 1 0 , 1 1 0 

110 DTIM = ( 0 . 1 / V T I M ) / ( U 3 * 6 0 . ) 

105 CONTINUE 

DTIP.5 = i n c r e m e n t f o r n u m e r i c a l i n t e g r a t i o n , U i s a l o c a l 
v a r i a b l e , AB8( ) i s t h e FORTRAN a b s o l u t e f u n c t i o n , DTS^ = 
r a t e o f change i n s k i n t e m n e r a t u r e *^c /h r , DTcR = r a t e o f 
change o f c o r e t e m p e r a t u r e '^c/hr, T I N c = d e s i r e d p r i n t 
o u t i n t e r v a l and VTIM i s a l o c a l v a r i a b l e 

F i g u r e 4 . 3 , 1 . R o u t i n e s f o r n u m e r i c a l i n t e g r a t i o n 
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t o v a r y w i t h t h e t i m e i n t e r v a l ( p r i n t o u t i n t e r v a l ) d e s i r e d 

by t h e u s e r and o u t p u t a t say one m i n u t e i n t e r v a l s a l o n g 

t he r o u t e w i l l use a r e l a t i v e l y c o a r s e i n t e g r a t i o n w h i l s t 

o u t p u t a t say one second i n t e r v a l s v / i l l u se a r e l a t i v e l y 

f i n e i n t e g r a t i o n . 

The i n c i t e m e n t f o r n u m e r i c a l i n t e g r a t i o n (DTIM) i s s e t 

i n i t i a l l y a t t h e p r i n t o u t i n t e r v a l i n h o u r s , i n a g r e e m e n t 

w i t h S t o l v / i j k ( r e f . 1 1 ) . I f t h e change i n s k i n t e m p e r a t u r e 

i s g r e a t e r t h a n O . l / V T I M ( w h e r e VTIM i s 6 0 / p r i n t o u t i n t e r v a l 

i n s e c o n d s ) t h e n DTIM i s r e d u c e d . S i m i l a r l y , i f t h e change 

o f c o r e t e m p e r a t u r e i s g r e a t e r t h a n O . l / V T I M t h e n DTIM i s 

r e d u c e d , so t h a t f o r each i t e r a t i o n t h e maximum t e m p e r a t u r e 

change i n e i t h e r s k i n o r c o r e i s O . l / V T I M ( F i g . 4 . 3 . 1 b ) . 

I t c a n be seen t h a t a t A p r i n t o u t i n t e r v a l o f one 

m i n u t e t h e r o u t i n e i s i n a g r e e m e n t w i t h t h a t o f Gagge 

( r e f . 6 ) . 

The e n v i r o n m e n t a l v a r i a b l e s w i t h i n t h e mode l a r e TA 

( a i r t e m p e r a t u r e *^c) , TR (mean r a d i a n t t e m p e r a t u r e O Q ) and 

PPHG ( v a p o u r p r e s s u r e , mm m e r c u r y ) . A i r v e l o c i t y i s 

i m p l i c i t i n t h e e s t a b l i s h e d v a l u e f o r cHC ( c o n v e c t i v e h e a t 

t r a n s f e r c o e f f i c i e n t ) . 

The mode l p r e s e n t e d by Gagge i s s e t f o r p r e d i c t i o n o f 

v a l u e s a t 50% r e l a t i v e h u m i d i t y . The r e l a t i v e h u m i d i t y 

c o n s t a n t o c c u r s i n t h e e q u a t i o n s f o r l i n e a r dew t e m p e r a t u r e 

and t e m p e r a t u r e s e n s a t i o n , Gagge ( r e f , 6 ) . The c o n s t a n t 

has t h e r e f o r e been r e p l a c e d by t h e v a r i a b l e RH. R e l a t i v e 

h u m i d i t y i s a more common d e s c r i p t i o n o f t h e w a t e r vapour 
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c o n t e n t o f a i r and has b e e n c h o s e n t o r e p l a c e v a p o u r 

p r e s s u r e as t h e i n p u t v a r i a b l e . RH i s r e l a t e d t o v a p o u r 

p r e s s u r e w i t h i n t h e m o d e l by t he e q u a t i o n : 

PPHG = RH« SVP(TA) / lOO 

where PPHG- =- v a p o u r p r e s s u r e (mm m e r c u r y ) 
RH r e l a t i v e h u m i d i t y {%) 

and SVP(TA) = s a t u r a t e d vapour p r e s s u r e a t a i r 
t e m p e r a t u r e TA (*^c) 

A c o m p a r i s o n o f r e s u l t s f r o m t h e two mode l s i s g i v e n i n 

Table 4 . 3 . U A l s o i n c l u d e d a r e v a l u e s p r e d i c t e d by t h e 

r e g r e s s i o n e q u a t i o n o f R o h l e s and N e v i n s ( r e f . 9 ) a f t e r a 

su rvey o f o v e r 1000 s u b j e c t s . These a r e t a k e n as t h e b a s i s 

f o r c o m p a r i s o n . 

From Table 4«3.1» t h e g e n e r a l t r e n d i s f o r t h e p r e s e n t mode l 

t o be s l i g h t l y more a c c u r a t e a t r e l a t i v e h u m i d i t i e s o f 50% 

and 100% and s l i g h t l y l e s s a c c u r a t e a t 0%. 

The v a l u e s o f t h e r m a l s e n s a t i o n (TSENS) a r e g i v e n t o 

f o u r d e c i m a l p l a c e s t o i l l u s t r a t e t h e t r e n d . The f o u r 

d e c i m a l p l a c e s r e p r e s e n t t e n t h o u s a n d i n c r e m e n t a l s t e p s i n 

betv/een each c o n s e c u t i v e v e r b a l c a t e g o r y o n t h e TSENS s c a l e , 

f o r example b e t w e e n * s l i g h t l y - warm* and ' w a r m ' and t h e r e f o r e 

i t s h o u l d n o t be i n f e r r e d t h a t a change i n v a l u e r e p r e s e n t s 

a n o t i c e a b l e change i n s e n s a t i o n . V a l u e s f o r TSENS g i v e n by 

Roh le s and N e v i n s , TA ( a i r t e m p e r a t u r e s ) and PPHG ( v a p o u r 

p r e s s u r e ) have b e e n d e t e r m i n e d by eye f r o m t h e d a t a g i v e n by 

Gagge ( r e f . 6 ) . 
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TSENS TA = TR PPKG RH^ 

G - 0 . 0879 26 0 
. P - 0 . 0 9 3 0 26 0 
R , N 0 . 0 

G 1.3B57 32 0 
P 1 .3840 32 0 

R , N 1.7 

G 2 , 6 1 8 1 37 0 
P 2 . 6173 37 0 

R ,N 3 . 0 

G 4 . 7 9 9 0 46 0 
P 4 . 8 2 2 7 46 0 

R , N 

G 0 . 0 2 8 0 25 11 
P 0 . 0537 25 50 

R ,N 0 . 0 
50 

G 2 . 7 2 7 0 3 5 . 1 20 
P 2 . 8 4 3 3 3 5 , 1 50 

R , N 3 . 0 
50 

G 4 . 5 9 4 3 4 1 . 2 5 2 9 . 4 
P 4 .6156 4 1 . 2 5 50 

R , N 4 .7 

G 0 .3315 2 4 . 5 2 2 . 9 
P 0 . 3 3 4 6 100 

R ,N 0 , 2 
100 

G 1.6409 2 9 , 1 30 
P 1 .6581 2 9 . 1 100 

R , N 1.7 
100 

G 2 . 9 0 7 2 3 3 . 1 3 7 . 9 
P 2 . 0 1 2 8 3 3 . 1 100 

R , N 3 . 0 
100 

p r e s e n t m o d e l , R , N : Roh lea and G: Gagee ( 1 9 7 2 b ) , P; 
N e v i n s ( 1 9 7 1 ) . 
TSENS: t e m p e r a t u r e a e n s a t i o n , TA: a i r t e m o e r a t u r e , 
TR: mean r a d i a n t t e f n o e r a t u r e , PPHG: * vapour o r e a s u r e 
(mm m e r c u r y ) , RH: r e l a t i v e h u m i d i t y ' ' 

Table 4*3.1 c o m p a r i s o n o f r e s u l t s f o r a man o f ' S t a n d a r d 
C h a r a c t e r i s t i c s ' , s e d e n t a r y , w i t h c l o t h i n g v a l u e 
0 . 6 c l o a f t e r one h o u r e x p o s u r e ( S t a n d a r d 
C h a r a c t e r i s t i c s a r e body v / e i g h t , 70 k g , body 
s u r f a c e a r e a 1.8 m , r a t i o o f b o d y ' s r a d i a t i n g 
s u r f a c e t o t o t a l a r e a 0 . 7 2 , minimum s k i n 
c o n d u c t a n c e 5 .28 w/m^ OQ end n o r m a l a k i n b l o o d 
f l o w 6 . 3 L / m ^ h r ) , 
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4 . 4 The I n i t i a l S t a t e 

I n c l i m a t e chamber s t u d i e s , c a r e i s o f t e n t a k e n ifeb. t h a t 

s u b j e c t s s t a r t t h e e x p e r i m e n t i n a c o n d i t i o n c h a r a c t e r i s e d by 

b a s a l o r near b a s a l c o n d i t i o n s ( o f m e t a b o l i c r a t e and b l o o d 

f l o v / r a t e e t c . ) , by c o m f o r t and n e u t r a l t h e r m a l s e n s a t i o n s . 

However , someone e n t e r i n g a b u i l d i n g may have w a l k e d 

f o r some d i s t a n c e , c y c l e d even o r j u s t a l i g h t e d f r o m a bus 

o r c a r . 

The v a r i e t y i n a c t i v i t y , c l o t h i n g and c l i m a t i c c o n d i t i o n s 

c a n d e f i n e i n n u m e r a b l e c o n c 3 i t i o n s a f f e c t i n g o n e ' s t h e r m a l 

s t a t e unde r v / h i c h one may en te r , a b u i l d i n g . 

However , we may a l s o d e f i n e a p e r s o n ' s i n i t i a l t h e r m a l 

s t a t e i n t e rms o f h i s o r her t h e r m a l s e n s a t i o n , v / h i c h i f 

seen t o be e f f e c t i v e i n d e t e r m i n i n g l a t e r t h e r m a l s e n s a t i o n s , 

c a n be u s e f u l l y i n c o r p o r a t e d j . n a m o d e l f o r p r e d i c t i o n -

Gagge' s mode l assumes t h a t t h e i n i t i a l c o n d i t i o n i s one 

o f n e u t r a l t h e r m a l s e n s a t i o n s and b a s a l a c t i v i t y o f t h e 

p h y s i o l o g i c a l s y s t e m . S k i n t e m p e r a t u r e (TIHK), c o r e t e m p e r a ­

t u r e ( T C R ) , t h e r a d i a t i o n h e a t t r a n s f e r c o e f f i c i e n t ( c H R ) , 

e v a p o r a t i v e h e a t l o s s ( E V ) , t h e r a t i o o f t h e mass s k i n s h e l l 

t o t h e mass c o r e (ALPHA) and s k i n b l o o d f l o v / r a t e (SICEF) a r e 

p h y s i o l o g i c a l v a r i a b l e s v / h i c h a r e assumed t o be a t b a s a l 

l e v e l s f o r t he i n i t i a l s t a t e . F o r t h e s e d e n t a r y case t h e 

model was used to e s t a b l i s h v a l u e s f o r e ach o f t h e s e v a r i a b l e s 

c o r r e s p o n d i n g t o each t h e r m a l s e n s a t i o n o n t h e s e v e n p o i n t 

Scale u sed ( F i g . 2 . 4 . 2 ) . These v a l u e s , shown i n T a b l e 4 . 4 , 1 , 

a r e i n c o r p o r a t e d i n t o t h e p r o g r a m as a t a b l e and t h e i r 

s e l e c t i o n d e t e r m i n e d by t h e p r o g r a m u s e r ' s c h o i c e o f t h e • 

i n i t i a l t h e r m a l s e n s a t i o n o f t h e m o d e l . 
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TSK TCR ALPHA SKBF EV CHR TSENB 

3 5 . 7 8 7 9 3 7 . 1 5 7 5 0 . 0 5 5 9 2 9 , 9 2 6 0 5 6 . 7 3 7 8 5 . 3 3 4 0 3 H o t 

3 5 . 3 0 4 4 3 7 . 1 0 7 4 0 . 0 6 0 5 2 1 . 5 0 7 4 4 2 . 6 3 2 0 5 . 1 9 8 4 2 Warm 

3 4 . 6 9 2 5 3 7 , 0 5 6 2 0 , 0 6 7 6 15 ,0259 2 9 . 3 9 9 1 5 . 0 6 3 8 1 Sl ightr 
V/arm 

3 3 . 9 2 9 4 3 7 . 0 2 8 6 0 .0785 1 0 . 2 3 0 6 16 .2084 4 . 9 2 3 0 0 N e u t r a l 

3 1 . 8 7 5 4 3 7 . 0 1 7 2 0 , 1 2 5 9 4 . 3 0 7 4 1 2 . 6 3 8 8 4 . 7 6 4 2 - 1 S l i g h t l : 
c o o l 

3 0 , 1 9 9 9 36 .99B8 0 .2068 2 . 1 7 2 4 1 2 . 4 7 6 1 4 . 6 2 0 9 - 2 C o o l 

2 9 . 0 3 2 2 3 6 . 9 5 7 1 0 . 2 3 9 7 1 .8083 12 .5108 4 . 4 8 7 8 - 3 c o l d 

T a b l e 4 . 4 . 1 . V a l u e s f o r i n d e p e n d e n t p h y s i o l o g i c a l v a r i a b l . e s 
and a s s o c i a t e d i n i t i a l t h e r m a l s e n s a t i o n 
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4 . 5 c o n c l u d i n g Remarks 

A p h y s i o l o g i c a l m o d e l , d e s c r i b e d by Gagge ( r e f . 6 ) , 

d i s c u s s e d i n s e c t i o n 3 . 3 , has b e e n m o d i f i e d t o a l l o w p r e ­

d i c t i o n s t o be made o f t h e r m a l s e n s a t i o n s as t h e m o d e l 

s i m u l a t e s t h e a c t i v i t y o f w a l k i n g a b o u t ( o r s i t t i n g o r 

s t a n d i n g i n ) a s e r i e s o f d i f f e r e n t e n v i r o n m e n t s , d e f i n e d 

by a i r t e m p e r a t u r e ( o c ) , mean r a d i a n t t e m p e r a t u r e (o Q) and 

r e l a t i v e h u m i d i t y . A i r v e l o c i t y i s i m p l i c i t i n t h e d e r i ­

v a t i o n o f t h e c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t . E f f e c t s 

o f c l o t h i n g a r e a l s o i n c o r p o r a t e d . 

The mode l has a l s o been m o d i f i e d t o a l l o w f o r d i f f e r e n c e s 

i n body b u i l d and f o r t h e i n i t i a l s e n s a t i o n o f t h e m o d e l t o 

be c h a n g e d . 
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S e c t i o n F i v e . V a l i d a t i o n S t u d i e s 

5 . 1 I n t r o d u c t i o n 

A f i e l d s u r v e y was c o n d u c t e d w i t h 70 s u b j e c t s who 

gave v e r b a l a t a t e m e n t s o f t h e r m a l s e n s a t i o n s as they w a l k e d 

a l o n g a s e t r o u t e t h r o u g h a b u i l d i n g . D a t a f r o m the s u r v e y 

v/as a n a l y s e d and compared w i t h p r e d i c t i o n s made by t h e 

mode l d e s c t ' i b e d i n t h e p r e v i o u s s e c t i o n . E n v i r o n m e n t a l 

c o n d i t i o n s were m o n i t o r e d t o o r o v i d e i n p u t f o r t h e c o m p u t e r 

p r o g r a m . 

5 . 2 s u b j e c t s 

The s u b j e c t s were chosen m a i n l y f r o m t h e S c h o o l o f 

A r c h i t e c t u r e aa they v/ere t h e most r e a d i l y a v a i l a b l e . They 

w e r e , t h e r e f o r e , m a i n l y B r i t i s h ( a l l had b e e n l i v i n g i n t h e 

c o u n t r y f o r some y e a r s ) ; c o l l e g e age ; m a l e ; f a m i l i a r 

w i t h t h e b u i l d i n g and had been w o r k i n g i n i t f o r moa t o f • 

t h e d a y . Each s u b j e c t was asked v /he ther o r n o t he had had 

a mea l w i t h i n t h e l a s t tour o r t w o . T a b l e 5 , 2 . 1 shows t h e 

number o f s u b j e c t s i n each o f t h e s e g r o u p s . 

The h e i g h t and c l o t h e d w e i g h t o f e ach s u b j e c t was 

measu red . A l i s t o f g a r m e n t s . b e i n g w o r n by e a c h s u b j e c t 

v/as r e c o r d e d t o g e t h e r w i t h a n i n d i c a t i o n o f v / h e t h e r t h e 

t o t a l ensemble was l i g h t o r d a r k i n c o l o u r ( t h e ensemble 

v/aa d i v i d e d i n t o t o p a n d b o t t o m ) . The a v e r a g e h e i g h t o f 

t h e a u b j e c t s v/as 1 .81 m; t h e a v e r a g e c l o t h e d w e i g h t was 

7 3 . 4 4 kg and t he a v e r a g e c l o t h i n g i n s u l a t i o n v a l u e ( s e e 

s u b - a e c t i o n 5 , 5 ) was 0 . 9 7 c l o . 

5 . 3 p r o c e d u r e 

Each s u b j e c t was handed a f o r m g i v i n g a b r i e f i n t r o ­

d u c t i o n t o t h e p u r p o s e and p r o c e d u r e o f t h e s u r v e y ( s e e 
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M a l e 64 

Female 6 

F a m i l i a r v / i t h t h e b u i l d i n g 65 

U n f a m i l i a r , w i t h b u i l d i n g 5 

C o l l e g e age ( 1 8 - 2 8 ) 57 

O v e r c o l l e g e age . 13 

M e a l w i t h i n l a s t h o u r o r t w o 13 

Ko mea l 57 

Table 5-2.1 C l a s s i f i c a t i o n o f subjec t groups 
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F i g . 5.3.1). P e r s o n a l d e t a i l s of each s u b j e c t were take n 

and h e i g h t and weight measDred. The i n f o r m a t i o n r e l a t i n g 

to each s u b j e c t v/as noted on a standard form ( s e e F i g , 

The r o u t e was d e s c r i b e d to each s u b j e c t ( t h r e e s u b j e c t s 

not from the School were shown the r o u t e ) and e a c h s u b j e c t 

was informed t h a t each p o i n t along the r o u t e , a t which he 

was to s t a t e h i s thermal s e n s a t i o n s , was marked by a red 

t r i a n g l e p l a c e d on the f l o o r . I t was s t a t e d t h a t t h e s e 

were a t approximately five- second i n t e r v a l s elong the r o u t e . 

The o b s e r v e r walked along the r o u t e w i t h each s u b j e c t , f o r 

a d i s t a n c e of three markers, to i n d i c a t e the d e s i r e d speed 

(approximately 0.9 m/s)» 

Before walking along the r o u t e , each s u b j e c t v/as asked 

to s t a t e h i s thermal s e n s a t i o n a c c o r d i n g to the s c a l e shown 

i n F i g u r e 5.3,3. T h i s having been r e c o r d e d , the s u b j e c t 

walked the l e n g t h of the route and back. The o b s e r v e r 

walked behind him r e c o r d i n g h i s statements on the standard-

form ( F i g . 5 . 3 . 2 ) . The statements were made a c c o r d i n g to 

the S c a l e shown i n F i g . 5.3.3, a copy of which each s u b j e c t 

c a r r i e d . 

The t o t a l t r a v e l l i n g time v/as recorded and i t was found 

t h a t s u b j e c t s were not a b l e to walk a t the d e s i r e d speed 

w h i l e t h i n k i n g about and s t a t i n g t h e i r thermal s e n s a t i o n s , 

and they a u t o m a t i c a l l y reduced t h e i r w a l k i n g speed to an 

approximate mean of 0.7 m/s. 
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The purpose of this study i s to record your thermal sensations, that i s how 
you feel whilst walking through the building. 

you are asked to walk along a prescribed route through the building, at a 
constant speed and to state your thermal sensations using a prescribed scale, 
at five second intervals, 

) 

You w i l l be shovm the route, and the speed at which to walk w i l l be indicated. 
The intervals along the route at which you are to state your sensations are 
marked on the floor. You must not stop at any of these points but proceed along 
the whole length of the route without stopping. 

The scale by which you w i l l state your sensations i s given below (Temperature 
Sensation). You w i l l also be given a copy of this to carry with you. 

Tempei*atm*e Sensation 

SLIGHTLY aLIGHTLY 
:.COLI) COOL COOL NEUTRAL ^ WARÎ  HOT 

You are also asked to give your state of comfort or discomfort due to thermal 
sensations. 'I'he scale by which you w i l l state your comfort or discomfort i s 
given below (Discomfort). You w i l l also be given a copy of this to carry with 
you. 

Discomfort 

t>LIGKTLY VERY 
C0?-TFORTABLE UMCOJ.TTOKTABLE UKCOMPORTABLE UKCOOTORTABLE 

0 1 2 3 

You may find i t quicker to give your discomfort vote by stating the corresponding 
n\imber, as shown above. 

Figure 3*3•'^ Introduction to suirvey handed to each subject. 
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u^tJL OTH^iK 1 ^ uisT 'ncu?< ca'm) ? CLCTIIKS ( L I G H T oa PAUE?) 

^ -̂St ^ EEIG3TJ mjGII?s 

L I S T or G/iiin '̂ra I S I U G ^OKIII 

T^a>jStATOItB SillSATICI^t 

JIOT 
1 T •̂•1 1 1 

r 
1 
1 it JIOT 

1 

. 
™ 

1 1 1 • 
1 

™ 

COOL ! -
CODL 

1 
1 
1 

-

COLU - J • • • 

i 
1 1 • 

1 
1 J 

1 
! 

-

Figure 5*5*2 Standard form for collection of data 
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( a ) 

COLD COOL 
SLIGHTLY 
COOL NEUTRAL 

SLIGHTLY 
YiARM WARM HOT 

(b) 

COMFORTABLE 
0 

SLIGHTLY 
UNCOMFORTABLE UNCOMFORTABLE 

2 

VERY 
UNCOMFORTABLE 

ELgure- 5.3.3 

(a) Verbal Scale f o r thermal sensation vote 

(b) Verbal Scale lor comfort vote 



5e4 Environmental c o n d i t i o n s 

A route was chosen through the School of A r c h i t e c t u r e 

which t r a v e r s e d the l e n g t h and h e i g h t of the b u i l d i n g . The 

route, or p a r t s of i t , a r e v / e l l used as i t encompasses the 

main entrance; the student c o f f e e bar; the ground f l o o r 

c o r r i d o r ; and the only i n t e r n a l s t a i r c a s e . The r o u t e 

passed out of the b u i I d i n g ' i n t o p a r t of the c o u r t uncovered 

on one s i d e . T h i s s i d e was screened o f f each evening j u s t 

before the survey to reduce a i r v e l o c i t y a t t h i s p o i n t . 

F i g u r e 5.4.1 shows the ro u t e through the b u i l d i n g , the 

p o i n t s a t which thermal s e n s a t i o n s v/ere s t a t e d and the 

p o s i t i o n s e t which environmental r e c o r d i n g s v/ere taken. 

Globe thermometer temperature (*^c. ) a t a p o i n t approx­

im a t e l y 1.14 m above f l o o r l e v e l , dry bulb and v/et bulb a i r 

temperature (*^C-) and a i r v e l o c i t y (by K a t a thermometer) 

v/ere recorded a t seven p o i n t s ( s e e F i g . 5.4.1) along the 

rou t e a t the beginning and end of each evening's s u r v e y . 

R e l a t i v e humidity was deduced from the wet and dry bulb 

r e a d i n g s . Globe thermometer r e a d i n g s a r e a f f e c t e d by both 

r a d i a n t temperature and a i r v e l o c i t y . I f a i r v e l o c i t y i s 

known, globe r e a d i n g s c a n be converted to mean r a d i a n t 

temperature. Mean r a d i a n t temperature i s g i v e n by: 

tr =• (i 2 - 5 5 / i ^ ) - (Z bS. ta^ ) 

where tr = mean r a d i a n t temperature OQ. 
^ globe thermometer temperature 
^ a i r temperature *^c. 

and V = a i r v e l o c i t y m/s ( r e f . 1) 
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0 - 9 Markers for stating thermal sensations.A - D Recording points 

k -'I 
-I ;•: •i :: 

J li I 
a . J 

tl 

0 2 
I I L 

6 8* 10 
J L GH0Ui:D FLOOR 

1 0 - 1 6 Markers for stating thermal sensations. E - G Kecording points 

G 

1^ i j . 

oivco;;^ FLOOR 

i • 

— ' „ ' — - . i 

. . J — r — 

FIRST FLOOR 

Figure 5-4.1 Plans of building used in the f i r s t thermal study 
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The survey was conducted i n the evenings, when few 

people were i n the b j i l d i n g , f o r two r e a s o n s . F i r s t l y , 

r a p i d f l u c t u a t i o n s i n a i r temperature due to opening of 

doors and windows would be reduced. Secondly, f l u c t u a t i o n s 

i n a i r v e l o c i t y due to people moving and opening doors and 

windows would be reduced. 

The survey was conducted on t e n s e p a r a t e days i n 

November and f l u c t u a t i o n s i n c o n d i t i o n s o c c u r r e d both 

between and w i t h i n each day's .survey. Table 5.4.1 g i v e s 

the maximum and minimum v a l u e s f o r each of the f o u r v a r i a b l e s 

recorded a t each p o i n t throughout the whole s u r v e y . 

To f a c i l i t a t e comparison between r e s u l t s each thermal 

s e n s a t i o n vote was g i v e n a v a l u e -3 to +3 and a l l v a l u e s 

were normalised about one standard sequence of environmental 

c o n d i t i o n s . The standard c o n d i t i o n s a r e shown i n Table 

5.4.2. These were the c o n d i t i o n s r e c o r d e d on the o c c a s i o n 

when the lowest temperatures were recorded a t r e c o r d i n g 

p o i n t B. 

A p o i n t on the route was chosen a t which votes were 

c o n s i s t e n t l y lov/est (marker 4 ) . F o r each evening's survey 

the mean vote was e s t a b l i s h e d a t t h i s p o i n t together w i t h 

the mean a i r temperature, mean r a d i a n t temperature, r e l a t i v e 

humidity and a i r v e l o c i t y . 

The fo l l o v / i n g m u l t i p l e r e g r e s s i o n e q u a t i o n was 

e s t a b l i s h e d , r e l a t i n g change of thermal s e n s a t i o n to changes 

i n the environmental c o n d i t i o n s : 
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Marker A B C D • E F G 

mp.x 23.8 22.2 21,4 21.4 21-.7 14.7 19,6 
Ta min 19.6 18.75 19o3 . 19.5 17.7 8.6 14.5 o^ 

max 23.8 22.0 21.8 22.0 21.3 15.7 19.6 
Tr min 20. V 18.9 19.5 20.0 19.1 8.7 15,0 °c 

max 57.0 60.5 62.0 58.0 61.0 90.0 86.0 
RK min 30.8 28.0 35.0 32.5 35.8 52,0 43.3 % 

max O.i 0.25 0.25 0.25 0.25 0.26 0.20 
min 0.04 0.C5 0.05 0.05 0.05 . 0.05 0.04 M/s 

Table 5»4«1 Maximum and m?.nirauin values for enviroa-nental variables 



Recording 
P o i n t A B C D E F G 

Ta OQ 15.0 8.6 18.7 20.0 19.8 18.75 19.6 
Tr OQ 15.5 9.6 19.8 20.4 20.4 19.7 21.6 
RH % 49.0 54.5 39.0 36.0 37,0 41.0 40.0 
Va m/s 0.08 0.14 0.15 0.25 0.22 0.15 0.06 

Table 5.4.2. Standard sequence of environmental c o n d i t i o n s 
to which a l l votes were n o r m a l i s e d 
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A Ts = 0.049-0 .022/iTa+0.132ATr-0.OOlARH-0.375AVa 

v/hereATa = change of thermal s e n s a t i o n 
A T a - change of a i r temperature (^c. ) 
A Tr •= change of mean r a d i a n t temoerature (*^C-) 
A RH = change of r e l a t i v e humidity {%) 
AVa = change of a i r v e l o c i t y (m/s) 

The assumption was made t h a t the change i n environmental 

c o n d i t i o n s f o r each evening* s survey was l i n e a r w i t h r e s p e c t 

to time. 

The environmental c o n d i t i o n s f o r each thermal s e n s a t i o n 

vote were s t a t e d as d e v i a t i o n s from the standard c o n d i t i o n s 

(Table 5.4,2) and u s i n g the r e g r e s s i o n e q u a t i o n a new value 

f o r each vote v/as e s t a b l i s h e d , normalised w i t h r e s p e c t to 

the standard c o n d i t i o n s . 

5.5 C l o t h i n g 

F o r our purpose c l o v a l u e s ( c l o u n i t s a r e a measure 

of c l o t h i n g i n s u l a t i o n , 1 c l o = 0.155 m^OQ/y/) f o r 

c l o t h i n g ensembles may be more u s e f u l l y s t a t e d as v a l u e s 

f o r i n d i v i d u a l garments r a t h e r than whole ensembles, pro­

v i d i n g f o r a l a r g e combination of garments and the 

p o s s i b i l i t y of more n e a r l y s u i t i n g most ensembles. 

Seppanen and c o l l e a g u e s ( r e f . 2) ha.ve determined c l o 

v a l u e s u s i n g a heated manikin, and p r e s e n t t a b l e s of c l o 

v a l u e s f o r v a r i o u s male and female ensembles. I t i s 

p o s s i b l e to e x t r a c t from these v a l u e s f o r i n d i v i d u a l items 

of c l o t h i n g . 
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These v a l u e s do d i f f e r f o r some ensembles. F o r example, 

the d i f f e r e n c e between ensembles 18 and 19 ( T a b l e 5,5.1) i s 

a t i e v/ith no d i f f e r e n c e i n c l o v a l u e . With a t i e having no 

c l o value one would exp e c t the d i f f e r e n c e between ensembles 

11 and 18 to be t h a t caused by a s l e e v e l e s s u n d e r s h i r t . T h i s 

then has a value of 0.03 c l o . comparing ensembles 12 and 10 

where the o n l ^ d i f f e r e n c e i s a g a i n a s l e e v e l e s s u n d e r s h i r t , 

the d i f f e r e n c e i n c l o i s 0.11. 

However, v a l u e s f o r i n d i v i d u a l garments have been 

d e r i v e d from the t a b l e s and these are g i v e n i n T a b l e s 5.5,3 

a nd 5 .5 .4 , 

Clo values iiave been r e - c s t a b l i shed from T a b l e s 5.5-3 

and 5.5.4, f o r the v a r i o u s ensembles, f o r comparison and a r e 

g i v e n i n Ta b l e s 5.5.1 and 5.5.2. 

An attempt has been made to m a i n t a i n the r e - e s t a b l i s h e d 

v a l u e s a s c l o s e as p o s s i b l e to the o r i g i n a l measured v a l u e s . 

Where va l u e s d i f f e r , they have been made to e r r on the h i g h 

s i d e f o r the r e - e s t a b l i s h e d ensembles. I t i s normally 

assumed t h a t B r i t i s h c l o t h i n g ensembles have h i g h e r 

i n s u l a t i o n values than do American ones. 

An attempt has a l s o been made to r e t a i n the e x i s t i n g 

order of i n c r e a s i n g i n s u l a t i o n f o r the ensembles, except 

where these appear to c o n t r a d i c t common sense. F o r example 

i n Table 5.5.1 the d i f f e r e n c e between ensembles 13 and 12 

i s the d i f f e r e n c e between a s h o r t s l e e v e d undershif'.ttandd 

a s l e e v e l e s s u n d e r s h i r t . The l a t t e r i s g i v e n a h i g h e r c l o 

value i n the Seppanen e s t i m a t e s . These two ensembles now 
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VO 

I 
o . 

o t-* o 

3 

H* 
3 
CO 
C 

i 
01 

4 

3 

§ 
i 
(0 
01 

En-, 
semble 
No. . 

under 
s h i r t socks 

t r o u ­
sers s h i r t t i e sweater 

j a c k ­
e t 

CLO 
1 

CLO 
2 

15 coo l c o o l SS-cool 0.48 0.48 
. 24 cool c o o l LS-cool 0.49 0.49 
23 coo l jeans SS-woven 0.49 0.49 
10 coo l cool SS-wovon 0.51 0.51 
16 coo l cool SS-warm 0.52 0.52 
14 warm cool SG-woven 0.57 0.56 
13 SS cool c o o l SS-woven 0.59 0.63 
26 cool warm SS-woven 0.61 0,61 * 
12 SL cool cool SS-wovcn 0.62 0.62 
17 SL cool c o o l LS-woven 0.65 0.65 
25 cool c o o l L3-woven 0.76 0.73 
21 SL cool c o o l SS-woven LS-cool 0.81 0.81 
.11 c o o l cool SS-woven narrow coo l 0.89 0.89 
22 SL co o l c o o l SS-woven LS-warm 0.9 0.9 
18 SL cool cool SS-woven co o l 0.92 1.00 . 
19 . SL cool cool SS-woven narrow • c o o l 0.92 1.00 
20 SL cool c o o l SS-woven narrow warm 0.92 1.00 

V 27 SL cool warm SS-woven narrow 
• 

warm loOO 1.10 

co o l and warm r e f e r t o low and higher thermal r e s i s t a n c e o f the garment 
r e s p e c t i v e l y . 

SL = s l e e v e l e s s , SS = s h o r t sleeves, LS = long sleeves 
a l l ensembles i n c l u d e c o t t o n b r i e f s and low q u a r t e r shoes 
CLO 1 - values provided by Seppancn e t a l ( r e f 2 ) 
CLO 2 - values r e - e s t a b l i s h e d from i n d i v i d u a l values i n Table 5-5.3 
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En- . 
semble 
NOo" dress s k i r t s l acks 

1 
1 

bloase s'.veater j a c k e t 
under 
wear 

CLO 
1 

CLO 
2 

.45 SL-cool 1 0.21 0.21 
44 SL-cool 11 -C.21 0.21 
65 SL-cool SS-cool 11 0.32 0.32 
60 c o o l SS-cool 11 0.33 0.32 . 
51 c o o l LS-cool 0,36 0.34 
49 c o o l LS-cool 1.1 0,4 0.39 
53 c o o l SS-cool •SL-cool 11 0.42 0.40 
62 cool LS-cool LS-cool 11 0,45 0.50 
63 c o o l SS-cool LS-copl 11 0.49 0.48 
50 warm LS-warm 11 0.51 0.55 
57 c o o l SS-cool 11 0o51 0.51 
55 c o o l LS-cool 11 0.58 0,58 
59 • c o o l SS-cool SL-cool 11 0.58 0.60 
47 warm LS-warm 11 0.65 0,65 
48 warm LS-warm ] . 0.65 0.65 
46 wax'm LS-warm V. 0.66 0.66 
42 LS-warm 11 0.68 0.68 
66 warm LS-warm • VI 0.68 . 0.68 
41 LS-warm • 111 0.69 0.69 
40 LS-warm 

1 
•IV 0̂ .71 0.71 

' c o o l ' and 'warm' r e f e r t o low and higher thermal r e s i s t a n c e of garment 
r e s p e c t i v e l y . 
Underwear i s as i n Table 5»5'*4 
CLO 1 - values provided by Seppanen e t . a l . ( r e f 2) 

CLO 2 - values r e - e s t a b l i s h e d from i n d i v i d u a l values i n Table %5«4 
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Garment CLO 

Un d e r s h i r t SS 0.12 
Un d e r s h i r t SL 0.11 

Socks c o o l 0.03 
Socks warm 0.08. 

Trousers c o o l 0.22 
Trousers .warm' 0.32 . 
Jeans 0.20 

S h i r t SS cool 0.22 
S h i r t SS woven • 0.25 
S h i r t SS warm 0.26 
S h i r t LS . cool 0,23 
S h i r t LS woven 0.28 
S h i r t LS warm 0.47 

Sweater LS . cool 0.19 
Sweater LS warm 0.28 . 

Jacket co o l 0.38 
Jacket warm '0.38 

B r i e f s 0.01 

Ab b r e v i a t i o n ? as i n Table 5»5»1 



Garment 

w 
CD 

. . 
o 

3 (-• 
U 0 
(ft «+ 
o* M 3 
(D 
CO 

< 
M 
£i 

CO 
H) 
O 

H> 

pi 
-< 

M 

=1 
CD 

O 
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o 
B (ft 
3 . 
CO 

CLO 

Dress 
Dress 

S k i r t 
S k i r t 

Slacks 
Slacks 

Blouse 
Blouse 
Blouse 

Sweater 
Sweater 
Sweater 

Jacliet 
Jacket 

SL 
LS 

SS 
LS 
LS 

SL 
LS 
LS 

LS 
LS 

cool 
warm 

cool 
warm 

cool 
warm 

co o l 
c o o l 
warm 

cool 
c o o l 
warm 

cool 
warm 

I c o t t o n bra, acetate p a n t i e s 
I I c o t t o n bra, acetate p a n t i e s , nylon p a n t i e hose* 
I I I 11 p l u s f u l l l e n g t h nylon s l i p 
IV 111 p l u s e l a s t i c nylon l y c r a g i r d l e 
V 11 p l u s nylon h a l f s l i p and e l a s t i c nylon l y c r a 

g i r d l e 
VI 11 p l u s knee socks 

0.20 
0,67 

0.20 
0.35 
0.39 
0o59 

0.11 
0.13 
0.19 

0.09 
O.IS 
0.29 

0.16 
0,23 

0.01 
0.01 
0.02 
0.04 

0.02 

A b b r e v i a t i o n s as i n Table 5.5.2 



n a t u r a l l y reverse p o s i t i o n . S i m i l a r l y , ensembles 62 and 

63 i n Table 5 ,5 .2 change p o s i t i o n , the d i f f e r e n c e be ing 

between a s h o r t s leeved blouse and a long s leeved b l o u s e . 

Clo values have been e s t a b l i s h e d f o r each s u b j e c t ' s 

c l o t h i n g ensemble. The d i s t r i b u t i o n o f va lues i s shown i n 

F i g u r e 5 . 6 . 3 . 

5.6 Resu l t s 

The median response, t o g e t h e r w i t h c o n f i d e n c e l i m i t s 

o f p lus or minus one s tandard d e v i a t i o n , f o r the whole 

group i s shfjwn i n F i g u r e 5 . 6 . 1 . 

The i n f l u e n c e o f the lower t empera ture o f the c o u r t i s 

c l e a r . There are s l i g h t changes i n the rma l s e n s a t i o n 

w i t h i n the b u i l d i n g b u t t he r e i s a sudden drop o n e n t e r i n g 

the c o u r t and a steep r i s e on r e - o n t e r i n g the b u i l d i n g f r o m 

the c o u r t . 

From the t o t a l data we can see t h a t the response g i v e n 

a t P o i n t 1 i s s i g n i f i c a n t l y h i g h e r a t the end o f the r o u t e 

than a t the b e g i n n i n g . The a lmos t spontaneous e x p l a n a t i o n 

o f t h i s - i s t h a t i t i s due to the inci^ease i n metabol i sm i n 

hav ing walked t h r o u g h the b u i l d i n g and up and down s t a i r s . 

However, another e x p l a n a t i o n can be o f f e r e d w h i c h can 

b e t t e r account f o r the response . 

I n c o n s i d e r i n g thermal s e n s a t i o n votes a t P o i n t s 1, 2 

and 3 v/hich are a l l h ighe r a t the end o f the r o u t e t han a t 

the b e g i n n i n g , i t i s n o t a b l e t h a t the vo te p r e c e d i n g these 

th ree i s s i g n i f i c a n t l y d i f f e r e n t on b o t h o c c a s i o n s . 

I n i t i a l l y they are preceded by a mean vote o f 0 . 2 ( n e u t r a l ) 

and on the second o c c a s i o n 2,3 ( c o o l ) , 
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Figure 5.6.1 Median responses of 7P subjects, calcula-ted using adjusted votes 
(section 5.4 ) as grouped data. 



The e f f e c t i s s i m i l a r to t he o l d t r i c k of p u t t i n g the 

r i g h t and l e f t hand i n ho t and c o l ^ water r e s p e c t i v e l y and 

s imu l t aneous ly p u t t i n g them b o t h i n t e p i d w a t e r . The 

s e n s a t i o n o f each hand on p l a c i n g i n the t e p i d v/ater i s 

a f f e c t e d by the p r ev ious c o n d i t i o n . 

I f t h i s i s the cause o f the h.lgher votes a t the end o f 

the r o u t e , v/e would expect the same t r e n d to be e v i d e n t 

when comparing o the r p o i n t s a long the r o u t e . 

I f we cons ider v o t e s ' a t P o i n t 6 t h e n v/e f i n d t h i s ho lds 

t r u e . I n i t i a l l y preceded by the c o o l e r exper ience o f the 

c o u r t y a r d the vote i s 0.8 and secondly when preceded by the 

warmer exper ience o f the b u i l d i n g the vo te i s 0 . 5 . 

This i n f l u e n c e of the p r e v i o u s expe r i ence . h o l d s t r u e 

f o r a l l sub-groups i r r e s p e c t i v e o f s t a r t i n g c o n d i t i o n , 

c l o t h i n g and sex. 

I t i s i n t e r e s t i n g to note a t t h i s p o i n t t h a t Houghten* s 

o r i g i n a l exper iment ( r e f . 3 ) was conducted w i t h men v /a lk ing 

f r o m one room to another (see s e c t i o n 2 . 2 ) . c t * i t i c i s m o f 

t h i s asnec t v/as l a t e r l e v e l l e d by Yaglou ( r e f . 4 ) . I n a 

d i f f e r e n t exper iment , Houghten and co l l eagues ( r e f . 5 ) 

r e p o r t e d a ' r easonab ly good c o r r e l a t i o n ' between the degree 

o f warmth be fo re e n t e r i n g a coo led space and the c o m f o r t 

v o t e o n en t r ance . Th i s c o r r e l a t i o n was n e g a t i v e , sugges t ing 

t h a t the h ighe r the vote i n the tot room, the lower the vote 

w i l l be on entrance to the c o o l e r room. 

The mean s tandard d e v i a t i o n f o r the whole group i s 

1.1 . M c l n t y r e ( r e f . 6) has s town t h a t a minimum s tandard 

d e v i a t i o n o f 0.8 i s found i n c l o s e l y c o n t r o l l e d c l i m a t e 
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chamber v/ork w i t h homogeneous sedentar^; groups and t h a t 

t h i s can be increased by v a r i a t i o n s i n a c t i v i t y and c l o t h i n g 

and n o v e l t y o f env i ronment . 

Two people ac ted as s u b j e c t s on more than one o c c a s i o n 

( i n one evening) to gee hov/ much votes m i g h t be expected to 

vary w i t h i n s u b j e c t s . M.O. p a r t i c i p a t e d f o u r t i m e s and 

D.P. t e n . The mean p robab le e r r o r f o r M.O. v/ag 0 . 7 and 

f o r seven Occasions by D.P . ( t hose hav ing the same i n i t i a l 

the rmal s ensa t i on ) 0,3 , 

The lower mean p robab le e r r o r f o r the two i n d i v i d u a l s 

i s ma in ly due to u s i n g a sample o f one s u b j e c t , b u t may 

p a r t l y be accounted f o r by memory. Indeed D.P. s a i d he had 

been t r y i n g iTard no t to remember votes on o r e v i o u s r u n s . 

This f a c t o r , though e f f e c t i v e to a much l e s se r degree , 

cannot be r u l e d o u t f o r the whole group as a l m o s t a l l 

s u b j e c t s were f a m i l i a r w i t h the b u i l d i n g . 

The groups d e f i n e d by i n i t i a l t he rma l s e n s a t i o n are 

compared i n F i g u r e 5 . 6 . 2 . I n g e n e r a l the groups r e t a i n 

t h e i r o rde r o f magnitude o f votes t h r o u g h o u t the r o u t e . The 

i n f l u e n c e of p rev ious exper ience i s d i s p l a y e d w i t h i n each 

group (see P o i n t s 1 and 6 o n o u t w a r d and r e t u r n j o u r n e y o f 

r o u t e ) , y e t n o t c o n s i s t e n t l y betv/een g roups . 

L i t t l e e l se can be drawn f r o m -the compar ison . con­

s i d e r i n g the coo l exper ience ( P o i n t s 4 and 5} w i t h r e s p e c t 

to the i n i t i a l s e n s a t i o n , the magnitude o f d rop can be 

r e l a t e d to the magnitude of i n i t i a l t h e r m a l s e n s a t i o n , 

a l t h o u g h the closeness of v o t i n g between groups a t P o i n t s 
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Figure 5.6.2 Median responses'of subjects defined by in i t ia l thermal sensation. 



4 and 5 a l so suggests a c l o s e r dependence on e n v i r o n ­

mental c o n d i t i o n s a t these p o i n t s . Th i s c loseness o f 

v o t i n g i s a l s o e v i d e n t a t the warmest p a r t o f the r o u t e 

( P o i n t 1 6 ) , This i s a l s o p a r t l y due to bunching a t the 

ends o f the s c a l e . 

F i g u r e 5 . 6 . 3 shows the d i s t r i b u t i o n o f c l o t h i n g 

i n s u l a t i o n va lue s . The d i s t r i b u t i o n i s b imodal w i t h the 

t o t a l group d i v i d e d a lmost e q u a l l y abou t the mean o f 0.97 

c l o (36 s u b j e c t s 0.97 ; 34 s u b j e c t s 0 .96 ) . The 

d i f f e r e n c e between the means o f the two groups i s 0.33 

c l o . 

The two groups are t aken as the bas is o f compar i son . 

F i g u r e 5 .6 .4 shows the votes o f each g roup . I t can be 

seen t l i a t as may be expected, an o v e r a l l i nc r ea se i n the 

l e v e l o f votes i s g i v e n i n the h i g h e r c l o v a l u e group (a 

mean d i f f e r e n c e between group votes o f 0 . 5 ) . However, 

the d i f f e r e n c e i s less than t h a t betv/een i n d i v i d u a l s i n 

each g r o u p . The mean p robab le e r r o r f o r the two groups 

i s 1 . 1 . 

Two groups d e f i n e d by i n i t i a l t he rma l s e n s a t i o n were 

t hen compared f o r each c l o t h i n g g r o u p . F i g u r e s 5 . 6 . 5 and 

5 . 6 . 6 show the r e s u l t s . For the group i n i t i a l l y v o t i n g 

' s l i g h t l y c o o l ' the mean d i f f e r e n c e between the two c l o t h i n g 

group votes i s 0.7 and f o r the group i n i t i a l l y v o t i n g 

'warm' 0 , 1 . 

However, a c l o s e r i n s p e c t i o n o f the data shows t h a t 

the e f f e c t o f i nc rease i n c l o t h i n g i n s u l a t i o n o n the 

' s l i g h t l y c o o l ' group i s i n votes above the ' n e u t r a l ' vo te 
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(a mean d i f f e r e n c e o f 0.8 above ' n e u t r a l * and 0 .0 below 

* neu t r a l* ) . For the * warm* group the e f f e c t o f the 

increase o f c l o t M n g i n s u l a t i o n i s i n votes belov/ the 

' n e u t r a l * vote (a mean d i f f e r e n c e o f 0 .0 above ' n e u t r a l * 

and 0.7 below ' n e u t r a l ' ) . 

The r o l e o f c l o t h i n g as a b u f f e r to changes of 

environment has been s t u d i e d elsev/here ( r e f . 7 ) . F i g u r e 

5 .6 .4 shows a very s l i g h t tendency to t h i s e f f e c t . The 

h ighe r c lo group were less c o o l on immediate e n t r y to the 

low temperature c o u r t on b o t h o c c a s i o n s . T h i s i s more 

e v i d e n t f o r the group i n i t i a l l y v o t i n g 'warm* ( F i g . 5 . 6 . 5 ) . 

However, the re i s a tendency f o r t h i s to r e v e r s e f o r the 

group i n i t i a l l y v o t i n g ' c o o l ' ( F i g . 5 . 6 . 6 ) . 

F i g u r e 5 .6 .7 shows the d i f f e r e n c e i n response between 

the male and female groups , t o g e t h e r w i t h c o n f i d e n c e l i m i t s 

o f p robable e r r o r f o r the male g roup . The o v e r a l l votes o f 

women are seen to be lower t h a n those o f men. The mean 

d i f f e r e n c e i s 0 . 3 . 

However, the two groups have d i f f e r e n t c l o v a l u e s . The 

mean c l o va lue f o r men i s 0.99 and f o r women i s 0.77 (a mean 

d i f f e r e n c e o f 0 . 2 2 ) . V/e can see f r o m F i g u r e s 5 . 6 . 3 and 

5 . 6 . 4 t h a t a d i f f e r e n c e o f 0.33 c l o would account f o r a 

d i f f e r e n c e i n vo tes o f 0 . 3 . The mean c l o d i f f e r e n c e 

between the groups o f 0.22 can t h e r e f o r e account f o r a 

d i f f e r e n c e i n votes o f 0 . 2 . 

The c o l l e g e age group ( range 18 to 23 y e a r s , mean 

2 1 . 8 ) was compared w i t h the over c o l l e g e age group (range 

29 to 49, mean 3 7 ) , The votes f o r the two groups are 

shown i n F i g u r e 5 . 6 . 8 , t o g e t h e r w i t h the c o n f i d e n c e l i m i t s 

o f p robable e r r o r f o r the c o l l e g e age g r o u p , 
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The mean vote f o r the over c o l l e g e age group i s 4 .6 

and f o r the c o l l e g e age group i s 4 . 4 , a mean d i f f e r e n c e of 

0 , 2 . 

The mean c l o value f o r the above c o l l e g e age group i s 

1.06 and f o r the c o l l e g e age group i a 0 . 9 5 . The mean 

d i f f e r e n c e of 0 .11 can Account f o r a d i f f e r e n c e i n votes 

o f 0 . 1 . 

5.7 D i s c u s s i o n 

The r e s u l t s of the p r e s e n t study would i n d i c a t e t h a t , 

i n p r e d i c t i n g the thermal response to a sequence o f 

d i f f e r e n t env i ronmenta l c o n d i t i o n s , s h o r t term p a s t 

exper ience should be taken i n t o account . 

No s i g n i f i c a n t d i f f e r e n c e i s found betv/een the two age 

groups (57 c o l l e g e age and 13 o v e r ) and between the tv/o sex 

groups (64 males and 6 f e m a l e s ) . c l o t h i n g i n s u l a t i o n i s 

seen to have a smal l o v e r a l l e f f e c t i n the o r d e r o f 0,3 c l o 

0.25 s ensa t i on vote a l t h o u g h the e f f e c t i s m t evenly 

spread over the s ensa t i on sca le f o r a l l groups d e f i n e d w i t h 

r e s p e c t to i n i t i a l s e n s a t i o n . 

Any d i f f e r e n c e s due t o sex, c l o t h i n g , age o r i n i t i a l 

s e n s a t i o n are seen to be sma l l i n compar ison w i t h the mean 

con f idence l i m i t s o f p l u s o r minus one s e n s a t i o n vo te f o r 

the whole g roup . Th i s i s e s p e c i a l l y the case when 

u l t i m a t e l y v/e w i s h to r e l a t e the values back to the v e r b a l 

Scale ( 5 . 3 , 3 a ) and the va lues are rounded t o t h e nea res t 

whole v o t e . 

166 



The model desc r ibed i n S e c t i o n 4 i s m o d i f i e d to account 

f o r p rev ious sensa t ion by the f o l l o w i n g two e q u a t i o n s : 

Ts = T̂ 3 -h o-s (113 -T^ i ) 

where Ts, = p r e d i c t i o n by p h y s i o l o g i c a l model 
Tsr=^ p r ev ious t he rma l s e n s a t i o n 

and = p r e d i c t e d the rma l s e n s a t i o n 

The env i ronmenta l c o n d i t i o n s stown i n Table 5 . 4 . 2 

t oge the r w i t h the mean h e i g h t , we i jzh t and c l o t h i n g va lue .of 

s u b j e c t s , formed i n p u t to the computer program. 

F i g u r e 5 . 7 . 1 stows the response p r e d i c t e d by the model 

compared w i t h the r e s u l t s o f the su rvey . The two are i n 

c lose agreement. The p r e d i c t i o n s by the model a re v / i t h i n 

one s tandard e r r o r of the median response f r o m the d a t a . 

5.8 A Second V a l i d a t i o n Study 

The model desc r ibed i n S e c t i o n 4 ha s been f u r t h e r modi ­

f i e d to take account of s h o r t term p a s t e x p e r i e n c e . This 

a d j u s t m e n t was based on da ta f r o m a survey o f p e o p l e ' s 

responses g i v e n a long one r o u t e i n a b u i l d i n g . T h e r e f o r e , 

i t was t t o u g h t w o r t h w h i l e to conduct a second survey i n 

another b u i l d i n g to see tow a c c u r a t e l y the model c o u l d p r e ­

d i c t o t h e r s i t u a t i o n s . 

The e x p e r i m e n t a l proced\^re was the same as t h a t de sc r ibed 

i n S e c t i o n 5 . 3 . Ten s u b j e c t s f r o m the School o f A r c h i t e c t u r e 

p a r t i c i p a t e d and t h e i r p e r s o n a l d e t a i l s were r eco rded on the 
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standard form shown i n F igure 5 . 3 . 2 . A l l subjects v/ere 

col lege ege (range 18 - 28 yea r s ) . The mean height of the 

group was 1.8 m and the mean weight was 73 k g . Figures 

5 .8 . l a , b and c show the route through the b u i l d i n g , the 

po in t s a t which thermal sensations v/ere s ta ted and the 

pos i t i ons a t which environmental recordings were taken. The 

route s tar ted i n a f i r s t f l o o r room, proceeded o u t , dov/n to 

the ground f l o o r and around a c o r r i d o r , dov/n i n t o the base­

ment and back again. 

The small group of subjects allowed the survey to be 

ca r r i ed out i n one a f t e rnoon w i t h i n approximately one hour. 

Therefore, no correc t ions to the thermal sensat ion votes 

v/ere made. Table 5 .8 ,1 shows the environmental condi t ions 

recorded a t each p o i n t before and a f t e r the survey together 

w i t h the mean values. These mean values v/ere used as inpu t 

to the computer program f o r comparison. Thermal sensations 

only were recorded, using the categories used i n Figure 

5 .3 .3a . The median of the responses was taken to represent 

the average vote a t each p o i n t . These are shov/n i n 

Figure 5 .8 .2 . 

comparison of votes a t Points 1, 2, 3 and 4 shov/s an 

average increase at each p o i n t of about one vote on the 

r e t u r n journey. On the r e t u r n journey, the environment a t 

these poin ts i s experienced a f t e r a r e l a t i v e l y cool pa r t of 

the route , suggesting an e f f e c t of previous experience on 

vo tes , 

The mean c lo th ing i n s u l a t i o n value f o r the group v/as 

0.99. Figure 5.8.3 shows the d i s t r i b u t i o n . The group was 
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A First f loor 

B Ground floor 

Basement 

Figure 5.8.1 Building used in second validation study. Numbers 
denote points at which votes were given. Letters 
denote points at which recordings were taken. 
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A B C D E F G H T 

17.3 14.7 11.8 12 10. e 11.7 11.8 11.8 10.1 max. 

Ta 16.G 14.5 11.6 11.8 10.5 11.1 11.5 11-4 9.9 mean 

16.25 14.25 11.3 11.5 10.25 10.5 10.7 11 9.7 mln. 

17.0 14 .2 11.7 12 10.2 11.1 11.1 11.1 10.3 max, 
Tr 15.7 14.1 11.7 11.8 10.1 10.8 10.8 11 10.2 mean 

14.4 13.9 11.7 11.6 10.0 10.5 10.8 10.5 10 min. 

63 65 70 66 68 72 72 73 74 max. 

RH 60 62 69 67 68 70 70 71 69 mean % 
56 58 67 66 68 68 68 68 63 min. 

Va 0. 102 0. 112 0.046 0.097 0.046 0.064 0.076 0.076 0.094 m/s 

Measurements of a i r vo loc i ty (Va) were taken on one occasion 

Table 5 . 8 . 1 . Environmental condi t ions recorded a t po in t s 
along the route 
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d iv ided i n t o those above 1 c lo (mean 1.19) and those belov/ 

1 clo (mean 0,87) f o r cotnp^^i'ison. Figure 5.8,4 shov/s the 

r e s u l t s . The d i f f e r e n c e i n mean c l o t h i n g i n s u l a t i o n i s 

0,32 and the mean d i f f e r e n c e i n votes i s 0 . 5 . Thia 

i s greater than i n the f i r s t survey (appro?;imately 0.3 c lo 

0.25 sensation v o t e ) . However,- i t would be unwise to 

general ise from t h i s data as the groups were so small (6 

and 4 ) . 

As w i t h the f i r s t survey, considerable d i f f e r e n c e s 

between ind iv i t l ua l a were noted. Not only d id general l eve l s 

of votes d i f f e r but also subjects var ied i n t h e i r s e n s i t i v i t y 

to changes. Figure 5,8,5 shows the comparison of two 

subjects , both very s imi l a r i n age, physique and wearing 

s imi l a r c l o t h i n g . 

Predict ions made by the model are compared w i t h the 

median responses f o r the wtole group i n F igure 5 . 8 . 6 . As 

to be expected, the two are not as close as i n the f i r s t 

survey. However, the p r e d i c t i o n s fo l l ov / the general trend 

of the data and the two are i n reasonably close agreement. 
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Section Six. Towards a Dynamic Model of Human Visua l 
Response 

6.1 I n t r o d u c t i o n 

The human v i sua l system has evolved to cope w i t h l eve l s 

of luminance varying i n the order o f 1 to 10^̂  , f rom shadows 

on a s t a r l i t n igh t to snow i n f u l l s u n l i g h t . The v i s u a l 

system can adapt so that v i s i o n i s poss ible under both 

extremes. 

This range i s not l i k e l y to be met w i t h i n a b u i l d i n g 

al though the o f t e n quoted experience of walking i n t o a 

cinema from a b r i g h t s t r ee t provides us w i t h a close example 

The i n t e r i o r of a b u i l d i n g provides the v i s u a l system 

w i t h a d i f f e r e n t problem from that of the n a t u r a l range of 

i l l u m i n a t i o n . Whi l s t the range v / i t h i n the b u i l d i n g v / i l l be 

not nearly so great the changes may occur more r a p i d l y . 

Hov/ever, the same mechanisms are a t work i n an at tempt to 

produce optimum v i s i o n under the g iven c o n d i t i o n s . 

The v/ord adaptat ion has been used i n v i s i o n studies 

to describe tv/o condi t ions ( r e f . 1 ) . The f i r s t i s 's teady 

state adaptation* where the eye i s g iven time to reach an 

e q u i l i b r i u m a t a p a r t i c u l a r adapting l eve l and v a r i a t i o n s 

of v i s u a l performance are g iven as a f u n c t i o n o f tha t l e v e l . 

The second i s ' temporal adapta t ion ' v/hich describes the 

state v/here the eye has not reached an e q u i l i b r i u m and 

performance i s given as a f u n c t i o n of the time tha t has 

elapsed since a c^^nge i n adap ta t ion l e v e l . 
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I n considering the v i sua l response to changes i n 

l i g h t i n g l e v e l as one moves about a b u i l d i n g no e q u i l i b r i u m 

can be assumed and examination of temooral adapta t ion 

should prove the more f r u i t f u l endeavour. 

6,2 Temporal Adaptat ion 

Temporal adaptation has been studied using v a r i a t i o n s 

i n the threshold l e v e l throughout i t s time course as a 

measure of changing condi t ions o f v i s i b i l i t y . The e a r l i e s t 

work on adapta t ion ( r e f s . 2 and 3) and l a t e r work on the 

photochemistry of v i s i o n ( r e f . 4) has been concerned w i t h 

the l a t e r stages of the development. Other work has centred 

on the i n i t i a l stages of adapta t ion ( r e f s . 5, 6 and 7 ) . 

The c l a s s i c a l dark adapta t ion curve i l l u s t r a t i n g the 

l a t e r stages of the time course i s shown i n F igure 6 - 2 . 1 , 

This c l a s s i c a l dark adapta t ion curve i l l u s t r a t e s the 

s i t u a t i o n where an observer i s plunged i n t o darkness and 

the threshold (L) i s defined as the luminance o f the t e s t 

o b j e c t needed to be j u s t v i s i b l e above the blacl< background. 

The f a l l i n g curves s h D W t ha t as time progresses from the 

moment of the change of l i g h t i n g l e v e l less and less l i g h t 

i s needed on a t e s t ob j ec t f o r i t to be seen. Beside the 

f a c t t h a t the threshold decreases as time progresses the 

curve exh ib i t s two major f e a t u r e s : 

1. The course of adaptat ion i s very r ap id f o r the f i r s t 

twenty minutes. E q u i l i b r i u m i s a t t a ined a f t e r about 

one hour al though evidence has been found suggesting 
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tha t the thireshDld continues to drop even f u r t h e r f o r 

periods up to e igh t hours ( r e f . 8 ) . 

2, The ciii've i s d i s t i n c t l y broken a t the time period of 

about e igh t minutes, the change from photopdc ( l i g h t 

adapted) to scotopic (dark adapted) v i s i o n . The 

phys io log i ca l basis f o r t h i s change i s a change f rom 

cone v i s i o n to rod v i s i o n . 

The two phases of t h i s curve can be examined separately 

by s t imu la t i ng the appropriate p a r t of the r e t i n a . F igure 

6*2.2 shov/3 the d i s t r i b u t i o n of the cones end rods i n the 

eye. There i s a marked d i f f e r e n c e i n d i s t r i b u t i o n . The . 

cones are concentrated i n the centre of the r e t i n a and t h e i r 

density declines r ap id ly as the distance f rom the centre 

inci^eases. The rods begin to appear about 1^ f rom the centre , 

reaching a maximum density a t about 20o, 

I f an observer i s plunged i n t o darkness and a small t e s t 

f l a s h de l ive red to the fovea o n l y , then the threshold changes 

recorded are due to s t i m u l a t i o n of the cones o n l y . The 

change of threshold i s shown schematical ly i n Figure 6 . 2 . 3 . 

I f the small t e s t f l a s h i s de l i ve red to an area on the 

periphery of the r e t i n a , where the d i s t r i b u t i o n o f cones i s 

sparse, then the threshold changes are due to s t i m u l a t i o n of 

the rods . This change i s also shjov/n i n Figure 6 .2 .3 . The 

dark adaptat ion of the cones i s almost complete a f t e r about 

5 minutes w h i l s t rod adapta t ion takes about 30 minutes. A t 

f i r s t , the cones are more sens i t i ve than the rods but a f t e r 

about 8 minutes the rods are the more s e n s i t i v e . 
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I f i n s t e a d of a small t e a t f l a s h v/e now uae one l a r g e 
enough to s t i m u l a t e both the rods and the cones, f o r the 
f i r s t 8 minutes the cones are more s e n s i t i v e and the dark 
a d a p t a t i o n c^J^ve v / i l l f o l l o w the curve of the cones alone, 
l e v e l l i n g o f f a f t e r about 5 minutes. A f t e r about 8 minutes, 
the rods become more s e n s i t i v e and the t h r e s h o l d drops again, 
f o l l o w i n g the curve of the rod s . This composite curve i s 
shown dashed i n F i g u r e 6.2.3, 

V a r i a t i o n i n p r e - a d a p t a t l o n moves the whole curve 
p a r a l l e l t o t h e time a x i s so t h a t t h e photopic ohase i s 
extended more and more w i t h the p r o d u c t Lo.to (Lo = p r e -
adapting luminance, to = exposure time to Lo). This can be 
seen i n F i g u r e 6.2,4, where the s o l i d - l i n e curve I l l u s t r a t e s 
the extreme i n d i v i d u a l r e s u l t s from 110 s u b j e c t s s t u d i e d by 
Hecht and Mandelbaum ( r e f . 9 ) . P r e l i m i n a r y a d a p t a t i o n was 
f o r 3 minutes w i t h a uniform w h i t e f i e l d having a luminance 
of 5000 cd/m^ and an apparent diameter o f 40^. The t e s t 
p a t c h was 3" diameter viewed w i t h one eye v / i t h the n a t u r a l 
p u p i l and was centred 7" from the p o i n t of f i x a t i o n . The 
dashed^llne curves stow the range covered by t h r e e q u a r t e r s 
of a group of 45 subjects s t u d i e d by Sheard ( r e f , 10), where 
p r e l i m i n a r y a d a p t a t i o n was f o r 3 minutes v / i t h a u n i f o r m 
v/hlte f i e l d having a luminance o f 500 cd/m^. The t e s t p a t c h 
of 20" diameter v/as viewed w i t h one eye a t 10*̂  from the 
p o i n t of f i x a t i o n . The p u p i l was a r t i f i c i a l l y d i l a t e d and 
luminance c o r r e c t e d to a constant p u p i l diameter o f 5 mm. 
The break betv/een the dashed-line photopic and s c o t o p i c 
curves i s p a r t l y smoothed o u t due to averaging. 
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The shape of the c^rve a t the beginning o f b o t h the 
photopic and scotopic stages becomes steeper as p r e a d a p t a t i o n 
i s reduced. I f p r e a d a p t a t i o n i s bv a s h o r t b r i g h t f l a s h then 
the photopic phase also c o n s i s t s of tv/o p a r t s - an e a r l i e r 
g a i n of s e n s i t i v i t y / more r a p i d l y than normal. Rushton 
proposes t h a t t h i s i s due to a photochemical process ( r e f . 11) 

When Haig ( r e f . 12) v a r i e d p r e a d a p t a t i o n i n t e n s i t i e s and 
d u r a t i o n s the rod p o r t i o n of dark a d a p t a t i o n o c c u r r e d e a r l i e r 
f o l l o w i n g shorter or weaker p r e a d a p t a t i o n . A t a g i v e n l e v e l 
above f i n a l t h r e s h o l d the curve f e l l more s t e e p l y f o r weaker 
p r e a d a p t a t i o n . The d i f f e r e n c e seemed to depend s o l e l y on the 
product of i n t e n s i t y and d u r a t i o n , as i f the q u a n t i t y of 
rhodopsin (a photochemical pigment) bleached were the 
det e r m i n i n g f a c t o r . This r e c i p r o c a l r e l a t i o n s h i p lias been 
shown to break down under c o n d i t i o n s not s t u d i e d by Kaig 
(Barlow r e f . 1 ) , 

When the apparent size o f the t e s t i s v a r i e d the curves 
s h i f t p a r a l l e l to the o r d i n a t e . Also, as the apparent size 
of the t e s t i s increased the d i s c o n t i n u i t y between the tv/o 
phases of the c>-ii^ve d i m i n i s h e s . 

6.3 I n i t i a l Stages 

The course of adaptatio.n discussed so f a r has t y p i c a l l y 
been measured a t i n t e r v a l s o f minutes a f t e r a change of 
st i m u l u s and not s u r p r i s i n g l y e a r l y s t u d i e s were confined to 
t h i s magnitude of time s c a l e . P/Ieasurements t a k e n a t much 
s h o r t e r time i n t e r v a l s had to w a i t developments i n e x p e r i ­
mental equipment. 
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I n 1947 Ci^awford ( r e f , 5) r e p o r t e d on a number of war­
time s t u d i e s of a d a p t a t i o n to b r i e f s t i m u l i , these s t i m u l i 
s i m u l a t i n g gun f l a s h e s . He noted t h a t no d i f f e r e n c e i n 
recovery from a f l a s h was fovmd between p o s i t i v e and negative 
c o n t r a s t of o b j e c t , c o n t r a s t being d e f i n e d as: 

(Brightness of bac^gJ^oimd) - ( B r i g h t n e s s of o b j e c t ) 

B r i g h t n e s s of background 

A l s o , a simple r e l a t i o n e x i s t s betv;een recovery of the 
eye to t o t a l darkness and to p a r t i a l darkness. The curve-of 
the recovery to p a r t i a l darkness f o l l o w s t h a t o f recovery to 
complete darkness u n t i l .the t h r e s h o l d f o r the f i n i t e f i e l d 
b r i g h t n e s s i s nearly reached, then r a p i d l y f l a t t e n s o u t . 

The time course o f recovery from the simulated f l a s h 
was about 1.1 seconds and c^a^/iord also s t u d i e d the f l u c t u a ­
t i o n s i n the tiu-'eshold t h a t occur w i t h i n t h i s b r i e f time 
course. Figure 6.3.1 shows h i s r e s u l t s . 

These complex t h r e s t o l d curves i l l u s t r a t e the i n i t i a l 
stages o f both l i g h t and dark a d a p t a t i o n ( t h e onset and 
c e s s a t i o n of a c o n d i t i o n i n g f l a s h ) and are c h a r a c t e r i s e d by:. 

1. The i n i t i a l r i s e a t the onset and c e s s a t i o n of the 
c o n d i t i o n i n g stimulus 

2. The r a p i d drop t h a t f l a t t e n s a b r u p t l y i n t o the r e g u l a r 
slow a d a p t a t i o n curve. 

Baker ( r e f . 6) has shov/n t h a t the r a p i d f l u c t u a t i o n s 

are not p a r t i c u l a r to b r i e f f l a s h e s but occur whenever 

a d a p t a t i o n to dark or l i g h t begins. He a l s o showed t h a t f o r 
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seconds s t a r t i n g a t time 0 ( r e f . 1) 
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dark a d a p t a t i o n the i n i t i a l r i s e i s a f u n c t i o n o f the 
i n t e n s i t y of the adapting l i g h t ( F i g . 6,3.2). 

Baker d i s t i n g u i s h e s three phases o f the c«^ves shown 
i n F i g u r e 6.3.2. These are i l l u s t r a t e d i n F i g u r e 6.3.3. To 
e x p l a i n the f i r s t stage (an i n i t i a l r i s e o f t h r e s h o l d l e v e l ) , 
the s i n g l e v i s u a l r e c e p t o r of the limulus' (horse-shoe crab) 
i s suggested as a model of the human v i s u a l r e c e p t o r . The 
discharge r a t e o f the o p t i c nerve o f the l i m u l u s depends on 
the h e i g h t of a slov/ p o t e n t i a l charge i n the r e c e p t o r . This 
slov/ p o t e n t i a l r e s u l t s from i l l u m i n a t i o n of the eye and i t 
f a l l s a l i t t l e a t the moment v/hen i l l u m i n a t i o n i s t e r m i n a t e d . 
A s l i g h t l y more in t e n s e f l a s h o f l i g h t i s t h e r e f o r e r e q u i r e d 
a t t h i s p o i n t t o r a i s e the p o t e n t i a l enough to cause e 
t h r e s h o l d discharge. 

The second phase (a r a p i d drop) i s due to nervous elements 
beyond the r e c e p t o r . This e x p l a n a t i o n also d e r i v e s from 
comparison of the human eye v/ i t h t h a t o f the l i m u l u s . The 
l i m u l u s p r e p a r a t i o n , which c o n s i s t e d only o f the r e c e p t o r and 
a t t a c h e d nerve f i b r e , d i s p l a y e d no a b r u p t f a l l o f t h r e s h o l d . 
The f a l l of the human t h r e s h o l d must t h e r e f o r e be due to 
causes higher i n the system. Photochemical processes must 
occur i n the l i m u l u s eye so these are r u l e d o u t . 

The t h i r d phase of the c^rve i s t h a t o f r e g u l a r dark 
a d a p t a t i o n . This phase appears f l a t t e n e d o u t i n F i g u r e s 
6•3.2 and 6.3.3 because of the expended time s c a l e . 

A common f e a t u r e o f F i g u r e s 6.3.1, 6.3.2 and 6.3.3 i s 
the apparent a n t i c i p a t o r y r i s e o f t h r e s h o l d b e f o r e the o n s e t 
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of b o t h dark and l i g h t a d a p t a t i o n . Baker dismisses t h i s as 
being ' e s s e n t i a l l y a r t i f i c i a l * , r e s u l t i n g from the c o n d i t i o n s 
of measurement ( r e f . 13). 

Crawford o f f e r s two e x p l a n a t i o n s . E i t h e r the r e l a t i v e l y 
s t rong c o n d i t i o n i n g stimulus o v e r t a k e s the weaker t e s t 
s t i m u l u s on i t s way from r e t i n a to b r a i n and i n t e r f e r e s w i t h 
i t s t r a n s m i s s i o n , or the process o f p e r c e p t i o n o f the t e s t 
s t i m u l u s takes a time of the o r d e r o f 0.1 seconds so t h a t the 
i m p r e s s i o n of a second ( l a r g e ) s t i m u l u s w i t h i n t h i s time 
i n t e r f e r e s w i t h the p e r c e o t i o n of the f i r s t s t i m u l u s ( r e f , 5 ) . 
Cornsweet s t a t e s t h a t t here i s ample p h y s i o l o g i c a l evidence 
t h a t n e u r a l a c t i v i t y i n the r e t i n a begins more slowly v/hen 
the stimulus i s less i n t e n s e . T h e r e f o r e , a l t h o u g h the t e s t 
f l a s h may a c t u a l l y be d e l i v e r e d before the a d u o t i n g l i g h t i s 
e x t i n g u i s h e d , because i t i s c o n s i d e r a b l y ^ l e s s i n t e n s e than 
the adapting l i g h t , the n e u r a l change r e s u l t i n g from the t e s t 
f l a s h may occur a f t e r the n e u r a l e f f e c t of the e x t i n c t i o n o f 
the adapting l i g h t ( r e f . 14). This phenomenon has a l s o been 
observed i n the study of m e t a c o n t r a s t ( r e f . 15). 

The e a r l y f l u c t u a t i o n s of the t h r e s h o l d l e v e l due to a 
sudden change of luminance have also been s t u d i e d by Boynton 
( r e f s . 16, 17 and IB) who i n t r o d u c e d the term 'masking' to 
d e s c r i b e the e l e v a t i o n of the t e s t t h r e s h o l d due to the 
simultaneous presence of another s t i m u l u s , the e f f e c t , he 
b e l i e v e s , being non photochemical ( r e f . 7 ) . Boynton d e f i n e s 
v i s i b i l i t y loss (gf) as: 
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(Increment t h r e s h o l d 0.3 sec a f t e r ) 
(change from B l to B2 ) 

( f i n a l inci:'ement t h r e s h o l d a f t e r ) 
(steady s t a t e a d a p t a t i o n to B ) 

2 

B^ = l e v e l to which eye i s p r e v i o u s l y adapted 

B = l e v e l to which background luminance i s changed 2 

This means t h a t v i s i b i l i t y l oss i s d e f i n e d i n terms of 
what i t would become a f t e r f u l l y a d apting to the new luminance, 
and f o r some cases where the change ,of luminance i s upv/ards, 
a r e a l inc^^ease of v i s i b i l i t y may be a l o s s as d e f i n e d by the 
index 4-

Hov/ever, from h i s experiments Boynton concludes t h a t , 
p r o v i d e d luminance l e v e l s of 1370 cd/m^ are n o t exceeded, a 
value of 4 depends most I m p o r t a n t l y on the r a t i o of change 
and not on the absolute l e v e l s o f luminance. This r u l e breaks 
dov/n s e r i o u s l y when the change of luminance i s to o r from a 
l e v e l above 13700 cd/m^. A l t h o u g h Boynton i s concerned w i t h 
the t r a n s i e n t e f f e c t s of a sudden change or b r i e f s t i m u l u s 
h i s work i s more a k i n to t h a t o f steady s t a t e a d a p t a t i o n i n 
t h a t the time i n t e r v a l between change o f luminance and t e s t 
c o n d i t i o n i s held constant a t 0.3 seconds. T h e r e f o r e , the 
r e s u l t s cannot be assumed to apply to a l l time i n t e r v a l s a f t e r 
a change of 'luminance. 

The above stu d i e s have been concerned v / i t h the i n v e s t i ­
g a t i o n of the q u a n t i t a t i v e a spects o f a d a p t a t i o n . Other 
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s t u d i e s have been d e s c i ' i p t i v e i n n a t u r e . For example, i n 
c o n s i d e r i n g the v i s u a l experience of a b r i e f s t i m u l u s to the 
v i s u a l system Jung puts forv/ard the concept o f r e c i p r o c a l 
n e u r a l mechanisms s i g n a l l i n g b r i g h t n e s s and darkness ( r e f . 19). 
Although the eye has r e c e p t o r s f o r l i g h t o n l y , i t has two 
neuronal systems which s i g n a l l i g h t increment and l i g h t 
deci^ement ( t h e B and D systems r e s p e c t i v e l y ) . Each system 
re c e i v e s stimulus not v i a a s i n g l e r e c e p t o r but* v i a a f i e l d . 
A s i m p l i f i e d d e s c r i p t i o n o f the r e c e p t i v e f i e l d f o r each 
system i s the p a i r of c o n c e n t r i c c i r c l e s shown i n F i g u r e 
6,3.4. 

The B system (on c e n t r e ) s i g n a l s l i g h t increment when 
s t i m u l a t e d i n the centre o f the f i e l d . Stimulus t o the 
surround causes i n h i b i t i o n of the l i g h t s i g n a l s from the 
c e n t r e . 

The D system ( o f f c e n t r e ) s i g n a l s l i g h t decrement when 
s t i m u l a t e d i n the centre of the f i e l d . Stimulus to the 
surround i n h i b i t s t h i s s i g n a l . 

The two-systems which c a r r y i n f o r m a t i o n from the r e t i n a 
to the corte:< have a r e c i p r o c a l r e l a t i o n s h i p . T h e i r 
r e l a t i o n s h i p to v i s u a l experience i s shown i n F i g u r e 6.3.5. 

F l i c k e r s t u d i e s have a l s o produced m o d e l l i n g s t u d i e s of 
v i s u a l dynamics. These d e r i v e p r i m a r i l y from De Lange who 
noted the s i m i l a r i t y between p l o t t i n g s of h i s f l i c k e r data 
and the c h a r a c t e r i s t i c s o f a c a s c a d e - f i l t e r c o n s i s t i n g of 
R-C i n t e g r a t o r stages ( r e f , 2 0 ) . 
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Figure6.5.4 The receptive f i e l d from r e f . 21 
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Figure 6.3.5 Relationship of r e c i p r o c a l B and 1) systems to 
v i s u a l experience 
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6,4 Other Studies 
L i t t l e work has been done i n r e l a t i n g the p r e v i o u s 

temporal a d a p t a t i o n studies to the s i t u a t i o n i n b u i l d i n g s . 
Apparent b r i g h t n e s s has been e x p l a i n e d i n terms of g e n e r a l 
luminance ( r e f . 2 2 ) , ' a d a p t a t i o n l e v e l ' ( r e f . 23) and s p a t i a l 
i n t e r a c t i o n s ( r e f - 24). Hopkinson and C o l l i n s s t a t e t h a t the 
' a d a p t a t i o n of the scene' can be measured, t a k e n as the 
luminance expressed i n Foot-Lamberts ( t h e numerical e q u i v a l e n t 
of i l l u m i n a t i o n ) expressed i n Lm/ft^ a t the observer's eye 
( r e f , 2 5 ) . A l t e r n a t i v e l y , s e v e r a l readings of luminance can 
be taken w i t h a r e s t r i c t e d - a n g l e luminance meter and the 
a d a p t a t i o n l e v e l taken es the average o f the values so 
o b t a i n e d . I t i s t h e r e f o r e assumed t h a t t h e observer i s f u l l y 
adapted to the p a r t i c u l a r l i g h t i n g l e v e l of the S c e n e . Tiiese 
s t u d i e s are t h e r e f o r e concerned v / i t h steady s t a t e a d a p t a t i o n . 

Road l i g h t i n g studies are w o r t h mentioning a t t h i s p o i n t 
because i t might be assumed t h a t the dynamic s i t u a t i o n t h a t 
e x i s t s when, f o r example, a d r i v e r meets oncoming h e a d l i g l i t s 
or e n t e r s and leaves a t u n n e l may have s t i m u l a t e d study o f 
temporal a d a p t a t i o n . 

H i l l s ( r e f . 26) has s t u d i e d the problem o f v i s i b i l i t y 
under n i g h t d r i v i n g c o n d i t i o n s and has shown t h a t , u s i n g 
o b j e c t d e t e c t i o n as the c r i t e r i o n f o r v i s i b i l i t y , t h e 
v i s i b i l i t y of d i s c s can be r e l a t e d to t h e i r v i s u a l r a d i u s by 
the f o l l o w i n g equation: 
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where AL^" the increment of d i s c luminance above the 
luminance of i t s background (cc^/m^) 

- ^a constant f o r c o n s t a n t background luminance and 
r e t i n a l e c c e n t r i c i t y 

r = r e t i n a l r a d i u s o f d i s c (min) 

The increment of d i s c luminance above background luminance 
f o r the c o n d i t i o n o f j u s t v i s i b l e i s t h e r e f o r e g i v e n as a 
f u n c t i o n of the area o f the o b j e c t and i t s d i s t a n c e from the 
d r i v e r ( r e t i n a l r a d i u s ) and a c o n s t a n t t a k i n g account of the 
change i n summation across the r e t i n a w i t h p o s i t i o n o f the 
image on the r e t i n a . 

The model was v a l i d a t e d e x p e r i m e n t a l l y under two 
c o n d i t i o n s : a t n i g h t v/ i t h road l i g h t s on (mesopic v i s i o n ) 
and a t n i g h t v/ith road l i g h t s o f f ( s c o t o n i c v / i s i o n ) . Subjects 
were t h e r e f o r e adapted f u l l y to the t e s t c o n d i t i o n s . 

The s t a t e of a d a p t a t i o n o f the d r i v e r has been equated 
w i t h road luminance i n the study of d i s c o m f o r t g l a r e ( r e f . 
27). 

For t u n n e l l i g h t i n g , the c I E recommendations make the 
f o l l o w i n g assumptions: 
1. At the i n i t i a l stage o f approach, the d r i v e r * s eyes 

iadapt to the 'outdoor luminance*. This i s estima t e d 
as a weighted average of luminances of p a r t of the 
f i e l d of view w i t h i n a s o l i d angle o f 2 x 109 i n the 
d i r e c t i o n o f t r a v e l , and a t d i s t a n c e s o f 250m, 150m 
and 50m from the tu n n e l entrance f o r mountainous 
re g i o n s and b u i l t - u p areas. 

2, The i n i t i a l s t a t e of a d a p t a t i o n of the d r i v e r ' s eyes 
remains constant u n t i l he reaches the a d a p t a t i o n p o i n t . 

199 



3. The d i s t a n c e between the a d a p t a t i o n p o i n t and the 
t u n n e l entrance, i . e . the ' a d a p t a t i o n d i s t a n c e ' , i s 
about 25m f o r t u n n e l mouths of normal h e i g h t ( r e f , 
2 8 ) . 

These assumptions are made i n d e t e r m i n i n g a value f o r 
( t h e l e v e l of luminance which would g i v e an e q u i v a l e n t 

s t a t e of a d a p t a t i o n to the v i s u a l system o f the d r i v e r ) . 
Although the changing s t a t e o f a d a p t a t i o n i s t a k e n i n t o 
account by c o n s i d e r i n g the s t a t e o f a d a p t a t i o n a t v a r i o u s 
distances on the approach, the recommendations are n o t e a s i l y 
a p p l i e d to the s i t u a t i o n of a person w a l k i n g through a 
b u i l d i n g . Furthermore, not a l l the problems are solved: 

research i s needed i n t o the averaging 
mechanisms so t h a t they can be taken i n t o 
account o r o o e r l y , b o t h s p a t i a l l y and t e m p o r a l l y , 
f o r the d e t e r m i n a t i o n of L, i n n r o c t i c e . " 
( r e f . 29) 

6.5 Methods of Assessment 

The cw^ve I l l u s t r a t e d i n F i g u r e 6.2.1 i s p l o t t e d through 
values of the d i f f e r e n c e between the luminance of a t e s t 
o b j e c t and the luminance o f the background, f o r a t e s t o b j e c t 
j u s t v i s i b l e w i t h both eyes. V/here the background luminance 
i s zero, t h i s d i f f e r e n c e i s known as the a b s o l u t e t h r e s h o l d . 

For values of luminance o f the t e s t g r e a t e r than 
thi'eshold t h i s teclinique cannot be used because the l i g h t 
source of the t e s t a f f e c t s the a d a p t a t i o n of the eyes. 
However, the almost comolete independence o f a d a p t a t i o n of 
the two eyes makes i t p o s s i b l e to use one eye, kept i n a s t a t e 
of c o n s t a n t a d a p t a t i o n , as a standard w i t h which to compare 
v a r i a t i o n s i n a d a p t a t i o n of the o t h e r eye. This I s the 
technique of b i n o c u l a r photometry. 
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I n t h e s o u d ^ o f t h e i n i t i a l s t a g e s o f a d a p t a t i o n , 

C r a v / f o r d ( r e f • 5 ) u s e d l a n t e r n s l i d e s o f v a r i o u s s c e n e s a n d 

t h e t i m e m e a s u r e d b e t w e e n s w i t c h i n g o f f a c o n d i t i o n i n g 

l i g h t a n d t h e o b s e r v e r b e i n g a b l e t o s ee a c h o s e n o b j e c t w a s 

t a k e n as a n i n d i c a t i o n o f a d a p t a t i o n . 

The m e t h o d o f s e a r c h i n g f o r o n e o b j e c t ( a s q u a r e ) , 

p o s i t i o n e d r a n d o m l y among d i f f e r e n t o b j e c t s ( c i t ' c l e s ) was 

u s e d by B o y n t o n ( r e f . 3 0 ) . T h i s m e t h o d i n v o l v e s t h e o b s e r v e r 

i n u s i n g p e r i p h e r a l v i s i o n as v / e l l a s f o v e a l v i s i o n . B o y n t o n 

( r e f . 1 7 ) h a s a l s o u s e d t h e d i s c i ^ i m i n a t i o n o f t e s t l e t t e r s . 

I n b o t h e x p e r i m e n t s , t h e t i m e t a k e n t o c o r r e c t l y i d e n t i f y t h e 

t e s t i s t a k e n a s a m e a s u r e o f s e n s i t i v i t y o f t h e v i s u a l 

s y s t e m . 

T h e s e m e t h o d s , m e n t i o n e d a b o v e , a r e t y p i c a l m e t h o d s u s e d 

i n l a b o r a t o r y s t u d i e s a n d h a v e b e e n u s e f u l i n a t t e m p t s t o 

u n d e r s t a n d t h e m e c h a n i s m s o f a d a p t a t i o n . O t h e r t e c h n i q u e s 

h a v e b e e n d e v e l o p e d i n t h e a s s e s s m e n t o f t h e l i g h t i n g o f 

b u i l d i n g i n t e r i o r s . 

A s i m i l a r t e c h n i q u e o f d i S c i " i m i n a t i o n t o t h a t u s e d by 

B o y n t o n w a s u s e d i n t h e s t u d y o f h o s o i t a l l i g h t i n g ( r e f . 3 1 ) . 

H e r e , o b s e r v e r s s p e n t some t i m e a d a p t i n g t o t h e i l l u m i n a t i o n 

i n a n a r t i f i c i a l l y l i t r o o m , . t h e n v / a l k e d a c i ' o s s a c o r r i d o r 

i n t o a day l i t w a r d a n d v i e w e d e i t h e r a L e n d h o l t r i n g c h a r t 

o r a S n e l l e n c h a r t ( a s a m e a s i i r e o f a c u i t y ) . T h e t i m e t a k e n 

t o p e r f o r m t h e t a s k c o r r e c t l y was r e c o r d e d as a m e a s u r e o f 

a d a p t a t i o n . 

I n t h i s s t u d y , o b s e r v e r s a l s o a d a p t e d t o a d a y l i t w a r d , 

t h e n w a l k e d a c t ' o s s a c o r r i d o r i n t o a n . a r t i f i c i a l l y l i t r o o m 

a n d a d j u s t e d t h e l i g h t i n g l e v e l u n t i l t h e y f o u n d i t " j u s t 
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t o o l o w " , t h e n " p r e f e r r e d " a n d f i n a l l y " j u t i t t o o h i g h " . 

I t i s w o r t h n o t i n g t h a t as o b s e r v e r s t o o k t i m e i n s e t t i n g 

t h e l i g h t i n g l e v e l o f t h i s i n t e r n a l r o o m , t h e y w e r e u n d o u b t e d l y 

b e c o m i n g a d a p t e d t o t h e l i g h t i n g l e v e l o f t h i s r o o m a n d n o t t h e 

d a y l i t r o o m . Any e r r o r s c a u s e d by t h i s p r o b l e m c o u l d h a v e b e e n 

r e d u c e d by t h e o b s e r v e r s s e t t i n g " j u s t t o p h i g h " f i r s t a n d 

" j u s t t o o l o w " l a s t . T h e d a y l i t r o o m v/as o f h i g h e r l u m i n a n c e 

t h a n t h e i n t e r n a l r o o m a n d t h e r a t e o f a d a p t a t i o n t o t h e d a r k e r 

r o o m w o u l d be s l o w e d d o w n by e n c o u n t e r i n g t h e h i g h e r l u m i n a n c e 

v a l u e s i n t h e s e c o n d r o o m e a r l i e r . E r r o r s c o u l d a l s o b e 

r e d u c e d by r u n n i n g s e p a r a t e t e s t s f o r e a c h r a t i n g c a t e g o r y . 

O b s e r v e r s may a l s o a s s e s s t h e l e v e l o f l i g h t i n g by 

j u d g e m e n t s o f t h e m a g n i t u d e o f t h e i r s e n s a t i o n s . One s u c h 

m e t h o d i s ' d i r e c t n u m e r a t i o n ' i n w h i c h a n o b s e r v e r a s s i g n s a 

number t o a s e n s a t i o n , a lov / n u m b e r t o a f e e b l e s e n s a t i o n a n d 

a h i g h n u m b e r t o a s t r o n g s e n s a t i o n ( r e f . 3 2 ) . T h e n u m b e r s 

may be f r e e l y c h o s e n by t h e o b s e r v e r . 

L i g h t i n g l e v e l s c a n a l s o be n o t e d a s p a r t o f a n o v e r a l l 

a s s e s s m e n t o f t h e l i g h t i n g o f i n t e r i o r s by t h e m e t h o d o f 

* r a t i n g s c a l e s ' . T y p i c a l l y , o b s e r v e r s may be g i v e n a q u e s t i o n ­

n a i r e c o n c e r n i n g many a s p e c t s o f t h e s i t u a t i o n t o be a s s e s s e d , 

o f w h i c h o n e i s t h e l i g h t i n g l e v e l . T h e o b s e r v e r ' s i m p r e s s i o n 

o f t h e l i g h t i n g may be g i v e n u s i n g a s c a l e f r o m 1 t o 7 , w h e r e 

1 i s " t o o l i t t l e " and 7 i s " t o o m u c h " ( r e f . 5 5 ) . I n t e r m e d i a t e 

n u m b e r s may n o t b e a s s i g n e d v e r b a l c a t e g o r i e s . 

H o p k i n s o n h a s s t a t e d t h a t r a t i n g s c a l e s a r e p a r t i c u l a r l y 

u s e f u l i n e x p e r i m e n t s w h e r e a l t e r a t i o n s c a n n o t b e made e a s i l y 

t o t h e s i t u a t i o n t o be j u d g e d ( r e f . 3 4 ) . R a t i n g s c a l e s 
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r e l a t i n g t o v / a r m t h and t h e r m a l c o m f o r t h a v e b e e n d i s c ^ ^ s s e d 

i n s e c t i o n 2 , 4 a n d t h e i r u s e i n t h e p r e s e n t s t u d ^ i l l u s t r a t e d 

i n s e c t i o n 5 . 5 * 

A s i m p l e s c a l e may be o n e u s i n g t h e p h r a s e s g i v e n a b o v e , 

j u s t t o o l o v / / p r e f e r r e d / j u S t t o o h i g h . To a s s e s s t h e l i g h t i n g 

l e v e l a l o n g a r o u t e t h r o u g h a b u i l d i n g o b s e r v e r s may be g i v e n 

t h e s e c a t e g o r i e s o n a s l i p o f p a p e r o r t h e y may l e a r n t h e m 

a n d , p r o c e e d i n g t o w a l k t h r o u g h t h e b u i l d i n g , t h e y c o u l d r a t e 

t h e l i g h t i n g l e v e l a t s p e c i f i e d i n t e r v a l s a c c o r d i n g t o o n e o f 

t h e s e c a t e g o r i e s . The u s e o f t h i s s c a l e w o u l d h o w e v e r b e g 

t h e q u e s t i o n ' * j u s t t o o l o w f o r w h a t ? " . 

A s t u d y o f t h e u s e o f w o r d s f o r l i g h t i n g a p p r a i s a l s ( r e f . 

3 5 ) c o m p a r e d 14 c a t e g o r i e s a n d s u g g e s t e d t h e f o l l o v / i r ^ - two 

g r o u p s o f w o r d s : v e r y g o o d / g o o d / f 8 v o u r a b l e / f a i r / p o o r / b a d , a n d 

v e r y g o o d / g o o d / f a v o u r a t a l e / a c c e p t a b l e / t o l e r a b l e / p o o r / b a d / v e r y 

b a d . H o w e v e r t h e s e s c a l e s may o n l y be i n d i r e c t l y l i n k e d t o 

t h e m a g n i t u d e o f l i g h t i n g l e v e l . 

T h e f o l l o v / i n g r a t i n g s c a l e i s s u g g e s t e d f o r i t s s i m p l i c i t y ; 

i n r e c o r d i n g t h e o b s e r v e r ' s i m p r e s s i o n s o f t h e l i g h t i n g l e v e l , 

i n d e p e n d e n t o f a t a s k : v e r y b r i g h t / b r i g h t / l i g h t / s a t i s f a c t o r y / 

d i m / d a r k / v e r y d a r k . 

6 . 6 c o n c l u d i n g R e m a r k s 

C h a n g e s i n s e n s i t i v i t y o f t h e v i s u a l s y s t e m d u r i n g 

a d a p t a t i o n h a v e b e e n s t u d i e d b y r e c o r d i n g c h a n g e s i n t h e 

t h r e s h o l d . The i n i t i a l s t a g e s o f t h r e s h o l d f l u c t u a t i o n s , 

d u e m a i n l y t o n e u r a l m e c h a n i s m s , a r e c o n f i n e d t o a t i m e 

o e r i o d o f a b o u t 1 s e c o n d a f t e r a c h a n g e o f l i g h t i n g l e v e l 
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( g e e P i g a . 6 , 3 . 1 , 6 , 3 . 2 a n d 6 , 3 . 5 ) . L a t e r c h a n g e s o f 

t h r e s h o l d a r e d u e m a i n l : ^ t o p h o t o c h e m i c a l a c t i v i t y / i n t h e 

r e t i n a . F i g u r e s 6 . 6 . 1 a n d 6 . 6 , 2 i l l u s t r a t e r e c o r d i n g s o f 

p i g m e n t r e g e n e r a t i o n i n t h e c o n e s a n d r o d s r e s p e c t i v e l y 

w h e r e t h e e x p e r i m e n t a l s i t u a t i o n i s s i m i l a r t o t h a t p r o d u c i n g 
3 

t h e c i ' r v e s i n F i g u r e s 6 . 2 . 1 a n d 6 , 2 . i . 

M o d e l s b a s e d o n f i e l d s t u d i e s i n b o t h b u i l d i n g s a n d o n 

r o a d s a r e o f l i t t l e u s e f o r o u r p u r p o s e a s i n t h e s e s t u d i e s 

o b s e r v e r s a r e a l w a y s ( p r e s u m e d ) a d a p t e d t o t h e e x p e r i m e n t a l 

c o n d i t i o n s . 

A m o d e l b a s e d o n t h e p h o t o c h e m i s t r y o f t h e r e t i n a i s . 

t h e r e f o r e a p p r o p r i a t e . F u r t h e r m o r e , i n m o s t c a s e s p h o t o p i c 

c o n d i t i o n s w i l l p r e v a i l ( t h e e y e w i l l b e l i g h t a d a p t e d 

r a t h e r t h a n d a r k a d a p t e d ) a n d t h e p h o t o c h e m i s t r y may be 

c o n f i n e d t o a d e s c r i p t i o n o f c o n e p i g m e n t s . 
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I. ^ 

O I 2 
TIME IN MINS 

Figure 6.6.1 Regeneration of a cone pigment during dark adaptation 
(ref. 37) 
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TIME IN MINS 

Figure 6 .6 .2 Regeneration of rhodopsin diiring dark adaptation (ref 50) 
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S e c t i o n S e v e n . A M o d e l B a s e d o n t h e P h o t o c h e m i s t r y 
o f t h e c o n e s 

7 . 1 T h e M o d e l 

F i g u r e 7 . 1 , 1 a i l l u s t r a t e s a s t e p - c h a n g e i n l u m i n a n c e 

a s e x p e r i e n c e d w h e n w a l k i n g f r o m a d a r k r o o m i n t o a l i g h t 

r o o m a n d b a c k i n t o a d a r k r o o m . 

F i g u r e 7 . 1 . 1 b shows w h a t i s a s s u m e d t o h a p p e n t o t h e 

c o n c e n t r a t i o n o f p i g m e n t ' i n t h e c o n e s a s t h i s s t e p - c h a n g e 

o c c u r s . W h e r e t h e c h a n g e o f l u m i n a n c e i s f r o m lov / t o h i g h , 

b l e a c h i n g o f t h e p i g m e n t t a k e s p l a c e . V / h e r e t h e c h a n g e i s 

f r o m h i g h t o l o w , p i g m e n t r e g e n e r a t e s d u e t o c ^ e f ^ i c a l 

p r o c e s s e s . 

F i g u r e 7 , 1 . 1 c i l l u s t r a t e s t h e c h a n g e i n a p p a r e n t 

b r i g h t n e s s t h a t may r e s n l t f r o m t h e c h a n g e i n l u m i n a n c e 

s h o w n i n 7 , 1 , 1 a , V/here t h e c h a n g e o f l u m i n a n c e i s f r o m 

l o v / t o h i g h , t h e i n i t i a l a p p e a r a n c e o f t h e r o o m o f h i g h 

l u m i n a n c e i s b r i g h t e r t h a n i t w i l l e v e n t u a l l y b e c o m e . V/he re 

t h e c h a n g e o f l u m i n a n c e i s f r o m h i g h t o l o w , t h e r o o m o f l o w 

l u m i n a n c e v / i l l a p p e a r d a r k e r t h a n i t v / i l l e v e n t u a l l y b e c o m e , 

c o m p a r i n g F i g u r e s b a n d c , we c a n s ee t h a t a s p i g m e n t 

b l e a c h e s r a p i d l y , a p p a r e n t b r i g h t n e s s d e c r e a s e s r a p i d l y a n d 

a s p i g m e n t r e g e n e f ^ a t e s s l o w l y , b r i g h t n e s s i n c i ^ e a s e s s l o v / l y . 

A l s o , c o m p a r i n g F i g u r e s c a n d a , we c a n s e e t h a t a n i n c r e a s e 

o f b r i g h t n e s s c o r r e s p o n d s t o a n i n c r e a s e o f l u m i n a n c e a n d a 

d e c r e a s e o f b r i g h t n e s s t o a d e c r e a s e o f l u m i n a n c e . P i g m e n t 

c o n c e n t r a t i o n i s n o t i n d e p e n d e n t o f l u m i n a n c e b u t i t i s a 

c o n v e n i e n t e x p r e s s i o n o f l u m i n a n c e h i s t o r y . 
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HIGH LUMINANCE 

LOW LUMNANCE 

TIME A 

LARGE AMOUNT OF PIGMENT 
IN BLE/CHED STATE 

SMALL AMOUfsTT 

TIME • 

HIGH ESTIMATE OF 
APPARENT BRIGHTNESS 

LOW ESTIMATE 

TIME G 

figure 7.1.*< 
Step change in luminance with corresponding chanees in 
pigment concentration and apparent briglitness. 
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T h e r e f o r e , i t i s p r o p o s e d t h a t a p p a r e n t b r i g h t n e s s , 

i l l u s t r a t e d by t h e c u r v e s i n F i g u r e 7 . 1 . 1 c , i s a f u n c t i o n 

o f l u m i n a n c e a n d t h e r a t e o f c h a n g e i n p i g m e n t c o n c e n t r a ­

t i o n a s i l l u s t r a t e d i n F i g u r e s 7 , 1 . 1 a a n d b r e s p e c t i v e l y . 

c o n e p i g m e n t s a c t u n d e r t w o m a i n i n f l u e n c e s , b l e a c b - i n g 

d u e t o l i g h t a n d r e g e n e r a t i o n d u e t o c h e m i c a l p r o c e s s e s , 

R u s h t o n p r o p o s e s t h a t : 

1 . P i g m e n t i s b l e a c h e d a t a r a t e p r o p o r t i o n a l t o 

q u a n t u m c a t c h ; 

2 . R e g e n e r a t i o n p r o c e e d s a t a r a t e p r o p o r t i o n a l t o t h e 

f r a c t i o n o f t h e p i g m e n t i n t h e b l e a c h e d s t a t e ; 

3 . P r o c e s s e s 1 a n d 2 a r e i n d e p e n d e n t a n d t h e r e f o r e 

a d d i t i v e ( r e f . 1 ) . 

F r o m R u s h t o n ' s t h e o r y , c o r n a v / e e t d e r i v e s t h e f o l l o w i n g 

e q u a t i o n : 

^ = K ( / - X ) - A Q X 7 . 1 , 1 
4 b 

w h e r e X = p r o p o r t i o n o f r e g e n e r a t e d p i g m e n t i n a 
r e c e p t o r , 

/< = p r o b a b i l i t y t h a t a n u n r e g e n e r a t e d molec>- i l e . 
w i l l be r e g e n e r a t e d i n t i m e d t , 

A = p r o b a b i l i t y t h a t a q u a n t u m i n c i d e n t o n a 
r e g i o n c o n t a i n i n g a r e g e n e r a t e d m o l e c u l e w i l l 
b l e a c h t h a t m o l e c u l e , 

a n d Q =• n u m b e r o f q u a n t a i n c i d e n t d u r i n g t i m e d t 
( r e f . 2 ) . 

E q u a t i o n 7 . 1 . 2 i s c o r n s w e e t ' s s o l u t i o n t o E q u a t i o n 

7 . 1 . 1 . 
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C o r n s w e e t g i v e s : 

/C • 0.0077 

a n d r e d e f i n e s Q = a d a p t i n g i n t e n s i t y i n t r o l a n d s . 

T h i s s o l u t i o n i s v a l i d i f X = / w h e n t * o 

I n o t h e r w o r d s , t h e m o d e l i s a l w a y s a d a p t i n g f r o m t h e 

c o m p l e t e l y d a r k a d a p t e d s t a t e t o a s t a t e Q , 

F i g u r e 7 . 1 , 2 shows p r e d i c t i o n s o f b l e a c h i i i g a c t i o n 

u s i n g E q u a t i o n 7 . 1 , 2 f o r t h r e e v a l u e s o f t h e s t i m u l u s Q 

F o r t h e c a s e w h e r e t h e m o d e l i s a d a p t i n g f r o m a n y 

i n i t i a l v a l u e Q / t o any o t h e r v a l u e Q z , t h e f o l l o v / i n g 

s o l u t i o n t o e q u a t i o n 7 . 1 , 1 ( s e e A p p e n d i x B ) i s v a l i d : ' 

I f we l e t P e q u a l t h e a m o u n t o f p i g m e n t b l e a c h e d , t h e n : 

P - I X 

a n d f r o m e q u a t i o n 7 . 1 . 3 we c a n d e r i v e t h e f o l l o w i r ^ 

e x p r e s s i o n ( s e e A p p e n d i x B ) f o r t h e r a t e o f p i g m e n t b l e a c h i n g 

w i t h r e s p e c t t o t i m e : 
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Q = I20 OOO TROLANDS 

Q = 12 OOO TROLANDS 

2 0 0 TROLANDS 

TIME AFTER ONSET OF LIGHT ( MINS) 

Figure 7 .1 .2 Predictions of bleaching action of cone pigments 
using equation 7 . 1 . 2 . 
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W h e r e a a t e p - c h a n g e o f s t i m u l u s o c c u r s a t some v a l u e 

o f t , Qz t a k e s t h e v a l u e o f t h e nev/ s t i m u l u s ( t h i s i s t h e 

p r e v a i l i n g s t i m u l u s t o w h i c h t h e s y s t e m w i l l a d a p t ) . Qi , 

h o w e v e r , m u s t be a t some v a l u e b e t w e e n t h e o r i g i n a l Q/ a n d 

Q2, v a l u e s ( u n l e s s t ' O o r fc a o p r o a c h e s 0 0 ) . 

F i g u r e 7 . 1 . 3 i l l u s t r a t e s t h i s , w h e r e i n 7 . 1 . 3 a a l i g h t 
enne^ pigment 

s t i m u l u s O c c u r s ( c h a n g e f r o m 0 / t o Q2. )^bleache3 a s i n 

F i g u r e 7 , 1 . 5 b . W h e n t h e s t i m u l u s c h a n g e s a g a i n ( c h a n g e f r o m 

Qx. t o Q 3 ) p i g m e n t a l r e a d y b l e a c h e d i s a t a l e v e l Pf . I t 

c a n be s e e n t h a t t h i s v a l u e c a n be l e s s t h a n t h e f i n a l 

s t e a d y s t a t e l e v e l o f b l e a c h i n g , Pz . 

• Many v a l u e s o f t h e p r e v a i l i n g s t i m u l u s w i l l c a u s e 

b l e a c h i n g o r r e g e n e r a t i o n o f p i g m e n t t o t h e l e v e l P, . 

H o w e v e r f o r e a c h o n e t h e r e i s a u n i q u e v a l u e o f t . F o r 

e x a m p l e a s t r o n g s t i m u l u s may b l e a c h t o l e v e l P, i n a 

s h o r t t i m e w h i l s t a w e a k e r s t i m u l u s w i l l t a k e l o n g e r . I n 

E q u a t i o n 7 . 1 . 3 w h e n t^o t h e m o d e l i s a t a n e q u i l i b r i u m 

d e t e r m i n e d by Q/ . T h e r e f o r e w h e n a s t e p - c h a n g e o f s t i m u l u s 

o c c u r s ( t ) t h e new v a l u e o f Q / i s d e f i n e d a s t h e 

s t i m u l u s v a l u e w h i c h w o u l d b l e a c h ( o r r e g e n e r a t e ) t o t h e 

s t e a d y s t a t e v a l u e P, . T h i s c a n be d e r i v e d f r o m 

E q u a t i o n 7 . 1 . 3 ( s e e A p p e n d i x 3 ) a n d i s e s f o l l o w s : 
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figure Bleaching action of cone pigment due to a step 
change of stimulus. 
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7 . 1 . 5 
X A 

The s t i m u l u s Q (and t h e r e f o r e Qf and Qz ) i s d e f i n e d 

by cornsweet as r e t i n a l i l l u m i n a n c e ( t r o l a n d a ) . For our 

purpose t h i s may be more u s e f u l l y s t a t e d i n u n i t s o f 

luminance ( c d / m ^ ) , Le Grand p r o v i d e s the f o l l o w i n g 

equa t ions f o r the c o n v e r s i o n of luminance to r e t i n a l 

i l l u m i n a n c e ( r e f . 3 ) : 

R e t i n a l i l l u m i n a n c e = L x Se ( e f f e c t i v e t r o l a n d s ) 

and 

5e ^_Lci'^ Ci - o-oBS C A l ) -f- O oo2.(^gBt)) 7 . 1 . 6 
^ 8 4-8 

v/here S<z = e f f e c t i v e p u p i l a rea , 
a = p u p i l d iameter (mm), 

and L - luminance ( cd /m^) . 

The diameter o f the p u p i l changes w i t h a change o f 

luminance and the f o l l o w i n g e q u a t i o n g i v e s approx imate 

values f o r p u p i l d i ame te r , as a f u n c t i o n o f luminance , 

based on a b y p e r b o l l c t angen t lev/ suggested by c r a v / f o r d : 
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d ^ 5 ' 2> taW). (^o.n.L<^L.) 7.1.7 

Undoubted ly , as one walks about a b u i l d i n g , one ' s 

f i e l d o f view changes. O f t e n , the wa l l s - v / i l l f o rm a major 

element i n the f i e l d w h i l e a t o t h e r t imes v/e may l o o k a t 

the f l o o r , c e i l i n g o r a p a r t i c i J l a r f e a t u r e such as a door , 

or one may move one 's view about the whole room. Even when 

the d i r e c t i o n of one' a view i s k e p t o a r a l l e l to the 

d i r e c t i o n o f movement, the f i e l d w i l l change. 

T h e r e f o r e , no a t t e m p t a t r e s t r i c t i n g the model to 

v i e w i n g o n l y a p a r t o f a room has been made. I n s t e a d , the 

average luminance of the room i s proposed as the luminance 

o f the f i e l d . 

• VVhere the su r faces o f a room are assumed to be m a t t , 

the luminance averaged over a l l s u r f a c e s , i n cd/m^, i s 

g i v e n by the f o l l o w i n g e x p r e s s i o n : 

L ^ 7 .1 .8 
7r 

where L = the average luminance of a l l s u r f a c e s (cd/m ) 
E = the average i l l u m i n a n c e o n a l l s u r f a c e s ( l u x ) 

and ^ - the a rea -weigh ted average r e f l e c t a n c e 
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The average luminance o f a room or p a r t room i s 

proposed as the s t i m u l u s . T h e r e f o r e , Qi. t akes the value 

o f the average luminance o f the room or p a r t room, i n w h i c h 

the model i s s i t u a t e d . Q/ i n i t i a l l y takes the va lue o f 

the average luminance o f the room or p a r t room i n v/hich the 

model was p r e v i o u s l y s i t u a t e d . 

219 



References , Sec t ion Seven 

1 . Rushton, W.A.H. Photochemistr^y o f V i s i o n . Handbook 
o f Sensor^/ Ph;vsiolosy. 7, 364, S p r i n g o r - V e r l a g , 1972 

2 . coJ^nsweet, T. changes i n the Appearance o f S t i m u l i 
o f Very High Luminance. Ps^^chol. Rev, 69 , 257, 1962 

3 . Le Grand, Y . L i g h t , c o l o u r and V i s i o n . 2nd E d . , 
Chapman and H a l l , 1968 

220 



S e c t i o n E i g h t . V a l i d a t i o n Study 

8 . 1 F i e l d Survey 

A f i e l d survey v/as conducted, f o r compar iaon v / i t h 

p r e d i c t i o n s by the model , i n w h i c h t e n peop le p a r t i c i p a t e d . 

The aim of the survey was to e l i c i t t h e i r v e r b a l responses 

to the l e v e l o f l i g h t i n g a t s e t p o i n t s a t a p p r o x i m a t e l y 

5-second i n t e r v a l s a long a p r e s c r i b e d r o u t e w i t h i n a 

b u i l d i n g . 

The b u i l d i n g and r o u t e chosen were the same as desci^ibed 

i n S e c t i o n 5, except t h a t P o i n t 0 v/as changed (by the t ime 

the survey v/aa conducted, the room c o n t a i n i n g P o i n t 0 had 

been a l t e r e d f r o m i t s c o n d i t i o n i n the t h e r m a l s t u d y ) . The 

procedure o f the survey was s i m i l a r to t h a t d e s c r i b e d i n 

S e c t i o n 5. 

• F i g u r e 8 . 1 . 1 shows the b u i l d i n g i n w h i c h the survey took 

p l a c e and the p o i n t s a long the r o u t e a t w h i c h a s ta tement o f 

the b r i gh tne s s o f the room was made. Subjec t s v/ere asked to 

r a t e the b r i g h t n e s s o f each room a c c o r d i n g to the seven 

p o i n t Scale shown i n F i g u r e 8 . 1 . 2 , v/hich they c a i ' i ' i e d v / i t h 

them along the r o u t e . The s u b j e c t s s t a r t e d a t P o i n t 0 and 

v/alked a long the r o u t e i n d i c a t e d by the numbers 0 , 1 , 2 , 3 

e t c . to P o i n t 16, then,- t u r n i n g a round , r e t r a c e d the r o u t e 

back to P o i n t 0 . 

The survey v;as conducted o n tv/o separa te days a t 

app rox ima te ly 22.00 h r s . and l i g h t i n g v/a3 due to a r t i f i c i a l 

l i g h t o n l y . The sub j ec t s spent some t ime i n the b u i l d i n g 
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0 - 9 Markers f o r jstating impression of apparent brightness 

J n 

m 

? - r ^ —••n—y. — i ' - i-

AP?HOX SCALE 
0 2 4 6 8 10 
' ' ' ' ' 1 METRES GROUIID FLOOR 

1 0 - 1 6 barkers fo r s tat ing impression of apparent brightness 

SECOND FLOOR 

FIRST FLOOR 

Figure 8.1.1 Plans of bui ld ing used i n l i g h t i n g study 
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BRIGHT 
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Figure 8.1.2 Seven-point scale of apparent "briehtness 
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b e f o r e the s t a r t o f the survey and about 5 minutes i n 

Room 1 , the s t a r t i n g p o i n t . I t was t h e r e f o r e assumed t h a t 

s u b j e c t s were l i g h t adapted; f u r t h e r m o r e , t h a t they were 

adapted to the luminance o f Room 1 . 

Be fo re w a l k i n g a long the r o u t e , each p e r s o n was asked 

to r a t e Room 1 . A t p o i n t s a long the r o u t e , i n d i c a t e d by 

the numbers (see F i g u r e 8 . 1 , 1 ) , a marker was p l a c e d and i t 

was a t each of these markers t h a t the s u b j e c t , w i t h o u t 

s t o p p i n g , made a v e r b a l s ta tement o f h i s i m p r e s s i o n o f the 

l i g h t i n g l e v e l . The markers were spaced a t a p p r o x i m a t e l y 

5-second i n t e r v a l s a long the r o u t e . 

Each v e r b a l s ta tement was recorded o n a s t andard f o r m 

( F i g u r e 8 . 1 . 4 ) by an observer who walked a l o n g the r o u t e 

j u s t behind each s u b j e c t . The numer i ca l va lues a s soc i a t ed 

v / i t h each v e r b a l ca t egory , i n F i g u r e B . 1 . 2 , fo rmed the 

bas i s o f a s imple s t a t i s t i c a l a n a l y s i s . The median was 

chosen to r e p r e s e n t the average o f the group w i t h values 

t h a t are i n most cases i n t e g e r p o i n t s o n the s c a l e . F i g u r e 

6 . 1 . 5 shows the median response f o r the group a t each p o i n t 

a long the r o u t e . 

8 . 2 P r e d i c t i o n s by the Model 

The average luminance o f each space a l o n g the r o u t e 

was es t imated (see S e c t i o n 9 ) and t o g e t h e r w i t h a d e s c r i p t i o n 

o f the r o u t e ( t h e geometry o f the r o u t e i s shov/n i n F i g u r e 

8 . 2 . 1 ) formed the i n p u t to the computer p rogram. 

F i g u r e 8 . 2 , 1 i s an example o f the g r a p h i c a l o u t p u t , 

f r o m the computer program, o f the b u i l d i n g and r o u t e 
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You are asked to walk along a preacribed route through the bui lding 
at a constant speed and to state your impressions of brightness, 
using a prescribed scale, at f i v e second in terva ls . 

You w i l l be shown the route, and the speed at which to walk w i l l "be 
indicated. The intervals along the route at which you are to state 
your impressions are marked on the f l o o r . You are not to stop at any 
of these points hut proceed along the whole length of the route without 
stopping. 

The scale by which you w i l l state your impressions i s given below. 
You w i l l also be given a copy to carry with you, but i t w i l l help i f 
you memorise the scale before walking through the bui ldings. 

DARK Vm SATISFACTORY L I G H T B R I G H T ^ q H T 

Figure 8.1.3 Introduction to survey handed to each subject 
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Figure 8.1.4 Standard form f o r recording verbal responses to changes 

i n l i g h t i n g l e v e l . 
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0 ^ 

Figure S.2.1 

D e s c r i p t i o n o f b u i l d i n g and r o u t e geometry used i n 
p r e d i c t i o n s . _ ; 
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geometry . Each r e c t a n g l e r e p r e s e n t s a room. The average 

luminance o f each room can be c a l c u l a t e d by the program or 

g i v e n as i n p u t to the program. Only those rooms t h r o u g h v/hich 

the r o u t e passed are n e c e s s a r i l y i n c l u d e d i n F i g u r e 8 . 1 . 1 . The 

th ree f l o o r l e v e l s are p l o t t e d sepa ra t e ly and the o u t o n t i s 

o r i g i n a l l y a t 1:500 Sca le . The s i n g l e con t inuous l i n e i n d i c a t e s 

the r o u t e . The program de te rmines i n w h i c h room the model i s 

a t the reques ted t ime i n t e r v a l s and s e l e c t s the luminance o f 

t h a t room as data a t t h a t moment. 

Table 8 . 2 . 1 shows the e s t i m a t e d va lues o f average luminance 

i n each space a long the r o u t e t o g e t h e r w i t h the marker member 

i n t h a t space. We can see t h a t Room 0 has the h i g h e s t va lue 

and, as s u b j e c t s spent about Soto 10 minutes i n t h i s room 

b e f o r e commencing the w a l k , i t i s assumed t h a t p igmen t i n the 

cones i s bleached to a l e v e l de t e rmined by t h i s v a l u e o f 

luminance . T h e r e f o r e , v/e would expect t h a t on moving to o t h e r 

rooms, w i t h a lower luminance, r e g e n e r a t i o n o f p igmen t w i l l 

Occur and as a consequence s e n s i t i v i t y o f the v i s u a l system 

v / i l l i n c r e a s e . 

P r e d i c t i o n s by the model o f p igment c o n c e n t r a t i o n a t 

p o i n t s a long the r o u t e are i l l u s t r a t e d i n F i g u r e 8 . 2 , 2 , showing 

the g r a d u a l r e g e n e r a t i o n w h i c h takes place a long the v/hole 

l e n g t h o f t h e - r o u t e , on ly i n t e r r u p t e d t e m p o r a r i l y a t p o i n t s 

o f r e l a t i v e l y h i g h luminance . 

I f p igment r e g e n e r a t i o n inc reases the s e n s i t i v i t y o f the 

v i s u a l system, we should expec t a g r a d u a l i n c r e a s e i n values 

o f apparen t b r i g h t n e s s v o t e a long the l e n g t h o f the r o u t e . 
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r/LARKER mtrnm LUIMANCE (cd/m^) 

0 90 

1 41 

2 41 

5 15 

4 6 

5 6 

6 72 

7 72 

e 72 

9 17 

10 16 

11 5 

12 5 

13 40 

14 40 

15 58 

16 58 

Table 8.2.1 Average luminance of each space and marker number. 
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Figure 8.2.2- Predicted regeneration of pigment along the route, 



co r r e spond ing to the r e g e n e r a t i o n o f p i g m e n t . T h i s can be 

seen i n F i g u r e 8 .1 .4 b u t i s more c l e a r i f we j o i n va lues o n 

t h i s g raph cor responding t o the same p o i n t s a long the r o u t e 

(remembering t h a t p o i n t s a long the r o u t e a re s y m m e t r i c a l 

about P o i n t 1 6 ) . F i g u r e 8 . 2 . 3 i l l u s t r a t e s t h i s , where 

p o i n t s whose values d i f f e r o n the ou tward wa lk f r o m the 

r e t u r n v/alk are connected and i t i s c l e a r f r o m t h i s f i g u r e 

t h a t t he re i s an upward t r e n d i n s u b j e c t i v e e s t i m a t e s . 

However, the p o i n t s a t w h i c h t he r e i s no change o f 

e s t i m a t e are a l so r e p r e s e n t a t i v e o f p e o p l e ' s impres s ions 

and when these p o i n t s are i n c l u d e d a s imole non -pa rame t r i c 

s i g n t e s t shows t h i s t r end to be n o t s i g n i f i c a n t . 

The t o t a l number of p o i n t s ( p a i r s o f e s t i m a t e s ) 

cons ide red i s 15. I f we assume t h a t t he r e i s equa l l i k e l i ­

hood o f vo tes on the r e t u r n j o u r n e y be ing h i g h e r t h a n or 

lov/er than votes on the ou tward j ou rney and v/e a s s i g n a p l u s 

s i g h when an es t imate i s h i g h e r and a minus s i g n v/hen a vote 

i s l o w e r , then the number o f p l u s s igns w i l l be 8 . The 

s tandard e r r o r about t h i s va lue i s g i v e n by Afn x ^ x ^ 

where n = number o f p a i r s o f e s t i m a t e s . T h e r e f o r e , the 

s t andard e r r o r i s 2 . A t the h% c o n f i d e n c e l e v e l , we are 

concet'ned v / i t h d e v i a t i o n s o f more than abou t t w i c e t h i s 

v a l u e . V/e should expect 955o o f samples to be w i t h i n the 

range 8 - 4 to 8 4 . comparison o f a l l c o r r e s p o n d i n g 

p o i n t s a long the r o u t e shov/s t h a t o n the r e t u r n jou rney 

h i g h e r s u b j e c t i v e es t imates are g i v e n a t 6 p o i n t s . This i s 

w i t h i n the expected range and i s t h e r e f o r e n o t s i g n i f i c a n t . 

Th i s suggests t h a t f o r the c o n d i t i o n s exper ienced i n 
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t h e s u r v e y , t h e g r a d u a l r e g e n e r a t i o n o f p i g m e n t may be 

i g n o r e d and p r e d i c t i o n s o f t h e s u b j e c t i v e e s t i m a t e s may 

be made based o n l u m i n a n c e . 

U s i n g E q u a t i o n 7 . 1 . 4 we c a n compute v a l u e s f o r t h e r a t e 

o f p i g m e n t b l e a c h i n g a t each p o i n t a l o n g t h e r o u t e . These 

v a l u e s a r e shown p l o t t e d i n F i g u r e B . 2 . 4 w h e r e t h e a b s c i s s a 

i s l o g l u m i n a n c e and t he o r d i n a t e t h e r a t e o f b l e a c h i n g 

( w h e r e v a l u e s a r e n e g a t i v e t h i s i s t h e r a t e o f r e g e n e r a t i o n ) . 

E x p e r i e n c e t e l l s us t h a t as v/e move f r o m t h e b o t t o m 

l e f t o f t h e f i g u r e t o the t o n r i g h t t h e v a l u e s o f t h e 

s u b j e c t i v e e s t i m a t e s shDUld i n c i ^ e a s e . T h i s i s because to 

t h e l e f t o f t h e f i g u r e a r e v a l u e s o f l ow l u m i n a n c e end t o 

t h e r i g h t a r e v a l u e s o f h i g h l u m i n a n c e . T h e r e f o r e , v/e s h o u l d 

e x p e c t a n inc^^ease i n t h e v a l u e o f e s t i m a t e s f r o m l e f t t o 

r i g h t . A l s o , t h e b o t t o m o f t h e f i g u r e c o r r e s p o n d s t o v a l u e s 

o f r a p i d p i g m e n t r e g e n e r a t i o n , a s s o c i a t e d w i t h a r e l a t i v e l y 

l a r g e d r o p i n l u m i n a n c e l e v e l . The t o p o f t h e f i g u r e 

c o r r e s p o n d s t o v a l u e s o f r a p i d p i g m e n t b l e a c h i n g a s s o c i a t e d 

v / i t h a r e l a t i v e l y l a r g e inc^^ease i n l u m i n a n c e l e v e l . We 

s h o u l d t h e r e f o r e e x p e c t a n i n c r e a s e i n t he v a l u e o f v o t e s 

f r o m t h e b o t t o m t o t h e top o f t h e f i g u r e . T h i s g e n e r a l 

t r e n d c a n be seen i n the f i g u r e . 

By d e f i n i t i o n , l o c i o f e q u a l a p p a r e n t b r i g h t n e s s s h o u l d 

r u n aci^oss t h i s g e n e r a l t r e n d . T h i s i s s een t o be so f r o m 

F i g u r e 8 . 2 . 4 , where r e g r e s s i o n l i n e s have b e e n d r a w n by eye 

f o r e a c h g r o u p o f e s t i m a t e s . Two p o i n t s (Numbers 1 and 12 ) 

a t w h i c h ' s a t i s f a c t o r y ' v o t e s ( v a l u e 4 ) we re g i v e n cause 

t h e r e g r e s s i o n l i n e f o r t h i s g r o u p t o be i n c o n s i s t e n t i f 
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i n c l u d e d . E x a m i n a t i o n o f t h e s e tv/o p o i n t s shows them t o 

be o n t h e t h r e s h o l d o f spaces w i t h a l a r g e d i f f e r e n c e i n 

l u m i n a n c e . I t i s p o s s i b l e t h a t w h i l e t h e l u m i n a n c e o f one 

space may be r e l e v a n t o n t h e o u t v / a r d j o u r n e y , t h e l u m i n a n c e 

o f t h e a d j a c e n t space i s r e l e v a n t o n t h e r e t u r n j o u r n e y . 

I f v/e p l o t t h e s e tv/o p o i n t s w i t h t h e l u m i n a n c e o f t h e 

a d j a c e n t space and t h e computed r a t e s o f b l e a c h i n g , t h e two 

p l o t t e d p o i n t s f a l l more c o n s i s t e n t w i t h t h e I ' e g r e s s i o n l i n e 

f i t t e d t o t h e ' s a t i s f a c t o r y ' e s t i m a t e s . The p o i n t s a r e 

shown marked X i n F i g u r e 6 . 2 , 4 . 

The d i s p o s i t i o n o f t h e r e g r e s s i o n l i n e s a c c o r d s w i t h 

o u r e x p e r i e n c e . A l i n e a p p r o a c h i n g t h e h o r i z o n t a l a t v a l u e s 

o f lov; l u m i n a n c e and r a p i d p i g m e n t r e g e n e r a t i o n , t h a t i s , 

a s i t u a t i o n v/here one i s p l u n g e d i n t o d a r k n e s s , s u g g e s t s 

t h a t d i f f e r e n c e s i n l u m i n a n c e a r e r e l a t i v e l y u n i m p o r t a n t i n 

t h e e s t i m a t e o f a p p a r e n t b r i g h t n e s s . When p l u n g e d i n t o a 

d a r k r o o m , d e t a i l s a r e i n d i s t i n g u i s h a b l e . I t i s o n l y l a t e r , 

.as t h e room appea r s l i g h t e r , t h a t d i f f e r e n c e s may be 

n o t i c e d . 

To e s t a b l i s h a r e l a t i o n s h i p b e t w e e n t h e v a l u e s o f 

l u m i n a n c e and t h e v a l u e s o f s u b j e c t i v e e s t i m a t e , t h e mean 

v a l u e o f l o g l u m i n a n c e was e s t a b l i s h e d f o r e a c h g r o u p o f 

s u b j e c t i v e e s t i m a t e s ( c o l u m n 1 , T a b l e 8 , 2 , 2 ) . These means 

were t h e n e x p r e s s e d as r a t i o s b e t w e e n means o f c o n t i g u o u s 

p a i r s o f e s t i m a t e s . These a r e shovm i n Column 2 , T a b l e 

8 « 2 . 2 , The mean o f t h e s e r a t i o s i s 1 . 4 . A n i n c r e m e n t o f 

one v o t e o n t he v e r b a l s c a l e t h e r e f o r e c o r r e s p o n d s t o a mean 

r a t i o o f 1.4 b e t w e e n two v a l u e s o f l o g l u m i n a n c e . T h i s i s 
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LOG L 
(Unsteady 
s ta te) 

• RATIOS LOG L 
(Steady 
s ta te) 

RATIOS SUBJECTIVE 
ESTIIMTES 

0-77 
1^74 

0*96 

1-95 
3 

1-54 
1»30 

1*88 

1-15 
4 

1-74 
1-10 

2*16 

1-17 
5 

1*88 2*54 6 

MEAII 1*4 1*4 

Table 8.2.2 Log luminance r a t i o s f o r steady s ta te and imsteady 

s ta te cond i t ions . 
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baaed o n d a t a c o l l e c t e d i n t he d y n a m i c s i t u a t i o n . Steady 

s t a t e v a l u e s v/ere a l s o d e t e r m i n e d and may be c o m p a r e d . 

8 , 3 Steady S t a t e D a t a 

A model o f f i c e w i t h f u r n i t u r e t o Scale was u s e d 

i n t h e e x p e r i m e n t . F i g u r e 8 . 3 . 1 shows t h e m o d e l and t h e 

v i e w i n g p o s i t i o n . F i g u r e 8 . 3 . 2 shows t h e i n t e r i o r v i e w o f 

t h e m o d e l . The mode l c o n t a i n e d a t r a n s l u c e n t p l a s t i c c e l l ­

i n g and was i l l u m i n a t e d f r o m above t h i s by 2-^150 w a t t A t l a s 

' s p o t * l i g h t s , 4->;150 w a t t ' f l o o d l i g h t s ' and 8^150 w a t t 

' r e f l e c t o r s ' , p o s i t i o n e d t o i l l u m i n a t e t h e c e i l i n g as e v e n l y 

as p o s s i b l e . The lamps were , c o n n e c t e d t o a dimmer o v e r 

w h i c h t h e s u b j e c t s had c o n t r o l . A t o t a l o f 7 s u b j e c t s 

p a r t i c i p a t e d . 

The v e r b a l c a t e g o r i e s shown i n F i g u r e 8 . 1 . 2 w e r e used 

by s u b j e c t s t o r a t e t h e l i g h t i n g l e v e l o f t h e o f f i c e . E a c h 

s u b j e c t was asked t o s e t t h e l e v e l o f l i g h t i n g i n t h e o f f i c e ' 

so t h a t i t a p p e a r e d ' d i m ' , ' s a t i s f a c t o r y ' , ' l i g h t ' e t c . The 

t o p c a t e g o r y o n t h e s c a l e i n F i g u r e 8 . 1 . 2 was o m i t t e d t o 

a v o i d a r t i f i c i a l l y l i m i t i n g t h e bop o f t h e Scale by the 

maximum o u t p u t o f t h e l a m p s . The b o t t o m c a t e g o r y v/as o m i t t e d 

t o keep t he Scale s y m m e t r i c a l . 

Each s u b j e c t made s e t t i n g s f o r t h e w h o l e 5 - p o i n t s c a l e 

t v / i c e , s e t t i n g t h e l i g h t i n g l e v e l f o r ' d a r k ' , t h e n m o v i n g 

up t h e Scale t o ' b r i g h t ' and t h e n back down t o ' d a r k ' , o r 

f i r s t s e t t i n g f o r ' b r i g h t ' , t h e n . m o v i n g down t h e s c a l e t o 

' d a r k ' and back up t o ' b r i g h t ' . These two p r o c e d u r e s w e r e 

a l t e r n a t e d b e t w e e n s u b j e c t s . 
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4 

i^igure 8.3.1 bcale model used for the determinat ion of steady s ta te 
data. 
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Figure 8.3.2 View inside the model, 

2 4 0 



A t each s e t t i n g made by a s u b j e c t , a n o b s e r v e r r e c o r d e d 

t h e i l l u m i n a n c e i n t h e v e r t i c f l - l p l a n e , a t t h e v i e w i n g end 

o f t h e m o d e l . The e s t i m a t e d a v e r a g e i l l u m i n a n c e o n a l l 

s u r f a c e s i n t h e o f f i c e was f o u n d t o be i n t h e r a t i o 1.14 

t o measurements t a k e n a t t h i s p o i n t . 

The raw d a t a c o n s i s t e d o f 5 p a i r s ( o n e va . lue d e t e r m i n e d 

m o v i n g up t he s c a l e and one d e t e r m i n e d m o v i n g down f o r e a c h 

o f t h e 5 v e r b a l c a t e g o r i e s ) o f v a l u e s o f i l l u m i n a n c e f o r 

e ach s u b j e c t . 

The g e o m e t r i c a l mean o f e ach p a i r was t a k e n , p r o d u c i n g 

one v a l u e o f i l l u m i n a n c e f o r e ach c a t e g o r y pe r s u b j e c t . . The 

means o f i l l u m i n a n c e v a l u e s f o r e a c h c a t e g o r y were t h e n 

t a k e n , p r o d u c i n g one v a l u e o f i l l u m i n a n c e f o r e a c h c a t e g o r y 

f o r t h e w h o l e g r o u p . These means o f measured i l l u m i n a n c e 

were a d j u s t e d ( x 1 . 1 4 ) t o i n d i c a t e v a l u e s o f i l l u m i n a n c e 

a v e r a g e d o v e r a l l s u r f a c e s o f t h e o f f i c e . The a r e a - w e i g h t e d 

a v e r a g e r e f l e c t a n c e o f t h e o f f i c e was e s t i m a t e d a t 0 . 6 3 a n d , 

u s i n g E q u a t i o n 7 . 1 . 0 , v a l u e s o f l u m i n a n c e i n cd/m^--Y/ere 

d e t e r m i n e d . 

These v a l u e s v/ere c o n v e r t e d to l o g u n i t s and t h e r a t i o s 

b e t w e e n t h e s e v a l u e s c a l c u l a t e d f o r c o m p a r i s o n w i t h t h o s e o f 

t h e u n s t e a d y s t a t e c o n d i t i o n s . These a r e shown i n c o l u m n 4 , 

T a b l e 8 . 2 , 2 . The two se t s o f r a t i o s a r e i n r e a s o r ^ a b l e 

a g r e e m e n t . The mean o f t h e r a t i o s i s 1.4 v/hen c a l c u l a t e d 

f o r b o t h t h e u n s t e a d y s t a t e r a t i o s and t h e s t e a d y s t a t e 

r a t i o s . 
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8 . 4 M o d e l P r e d i c t i o n a Vs F i e l d Survey D a t a 

P r e d i c t i o n s may now be made u s i n g t h e v a l u e 1.4 

d e t e r m i n e d above and compared w i t h t h e r e s p o n s e s g i v e n 

a l o n g t h e r o u t e . T a b l e 8 . 2 . 1 shows t h e e s t i m a t e d v a l u e s 

o f a v e r a g e l u m i n a n c e i n each apaco a l o n g t h e r o u t e t o g e t h e r 

w i t h t h e marke r number i n t h a t space . The v a l u e o f 

l u m i n a n c e a t P o i n t 12 o n t h e o u t w a r d j o u r n e y was e s t i m a t e d 

a t 27 ( c d / m ^ ) and t h e v a l u e a t P o i n t 1 o n t he r e t u r n j o u r n e y 

4 ( c d / m 2 ) . 

These l u m i n a n c e v a l u e s were c o n v e r t e d t o l o g l u m i n a n c e 

v a l u e s and r a t i o s be tween v a l u e s a t c o n t i g u o u s p o i n t s 

e s t a b l i s h e d . Each r a t i o was d i v i d e d by t h e v a l u e 1 . 4 , 

d e t e r m i n e d above , p r o d u c i n g a s e r i e s o f v a l u e s i n d i c a t i n g 

t h e inc^ 'ease o r decJ^ease i n s u b j e c t i v e e s t i m a t e b e t w e e n each 

p a i r o f c o n t i g u o u s p o i n t s a l o n g t h e r o u t e . The i n i t i a l 

e s t i m a t e was g i v e n t h e same v a l u e as t h e s u r v e y d a t a (6 -

b r i g h t ) and v a l u e s were r o u n d e d t o t h e n e a r e s t h a l f v o t e . 

F i g u r e 8 . 3 , 3 shows t h e c o m p a r i s o n be t w e e n t h e p r e d i c ­

t i o n s by t h e model and t h e m e d i a n r e s p o n s e s f r o m t h e s u r v e y . 

The two a r e i n r e a s o n a b l y c l o s e a g r e e m e n t , We c a n t h e r e f o r e 

make a c c e p t a b l e p r e d i c t i o n s o f t h e g e n e r a l t r e n d o f 

e s t i m a t e s w i t h o u t c o n s i d e r a t i o n o f p h o t o c h e m i c a l changes 

i n t h e e y e . 

Hov/ever, more a c c u r a t e p r e d i c t i o n s c a n be made i f we 

i n c l i - ' d e t he se changes i n an e x p r e s s i o n . The f o l l o w i n g s i m p l e 

e x p r e s s i o n was used t o p r e d i c t t he v a l u e s shov/n i n F i g u r e 

8 . 3 . 4 : 
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8 . 4 . 1 

v/here 2. = p r e v a i l i n g a p p a r e n t b r i g h t n e s s 
Z- = p r e v i o u s a p p a r e n t b r i g h t n e s s 
X ' = p r e v a i l i n g l u m i n a n c e ( c d / m ^ ) 
X = p r e v i o u s l u m i n a n c e ( c d / m ^ ) 
y = p r e v a i l i n g f r a c t i o n o f b l e a c h e d p i g m e n t 

(X a n t i l o g 3 ) 
and y = p r e v i o u s f r a c t i o n o f b l e a c h e d p i g m e n t 

(X a n t i l o g 3 ) 

8 . 5 c o n c l u d i n g Remarks 

P r e d i c t i o n s by t h e p h o t o c h e m i c a l m o d e l a n d c o m p a r i s o n 

o f t h e s e p r e d i c t i o n s w i t h t h e s u r v e y d a t a i n d i c a t e s t h a t t h e 

g r a d u a l changes i n p e o p l e ' s i m p r e s s i o n s o f t h e b r i g h t n e s s 

o f a sequence o f rooms i s c o n s i s t e n t w i t h changes i n 

p r e d i c t e d p i g m e n t c o n c e n t r a t i o n i n t he c o n e s . However , t h e 

g r a d u a l changes have been s}-jDwn t o be n o t s i g n i f i c a n t . 

F u r t h e r m o r e , 6 c l o s e a p p r o x i m a t i o n t o p e o p l e ' s s u b j e c t i v e 

e s t i m a t e s can be made by t h e s i m p l e e x p r e s s i o n : 

i n c i ' e a s e i n s u b j e c t i v e e s t i m a t e = 8 . 5 . 1 
/ • H-

v/here t= t h e e s t i m a t e d l o g l u m i n a n c e r a t i o o f two s u c c e s s i v e 

r o o m s . 

A c l o s e r a p p r o x i m a t i o n can be made when p i g m e n t changes 

a r e t a k e n i n t o a c c o u n t . 
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The p r e d i c t i o n o f a v e r a g e l u m i n a n c e ( s e e S e c t i o n 9 ) i s 

shown to be adequa te f o r mos t c a s e s . However , t h e d i s ­

c r e p a n c y a t P o i n t s 1 and 12 s u g g e s t s t h a t i n some oases a 

more p r e c i s e d e s c r i p t i o n o f t h e v i s u a l f i e l d may be 

n e c e s s a r y , 
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S e c t i o n N i n e . The I n d o o r E n v i r o n m e n t 

9 . 1 I n t r o d u c t i o n 

I n t h e p r e v i o u s s e c t i o n s tv/o mode ls have been 

d e v e l o p e d , c a p a b l e o f p r e d i c t i n g p e o p l e ' s v e r b a l r e s p o n s e s 

to changes i n t he t h e r m a l e n v i r o n m e n t and l i g h t i n g l e v e l s 

w i t h i n a b u i l d i n g ; changes t h a t r e s u l t f r o m a p e r s o n 

w a l k i n g f r o m one room t o a n o t h e r . 

The tv/o models may be r e g a r d e d as p r o d u c i n g o u t p u t 

and r e q u i r i n g i n p u t . The o u t p u t i n each case i s t h e 

p r e d i c t e d v e r b a l s t a t e m e n t o f t h e r m a l s e n s a t i o n o r a p p a r ­

e n t b r i g h t n e s s , t he i n p u t b e i n g a d e s c i ^ i p t i o n o f t h e 

t h e r m a l e n v i r o n m e n t and t h e l i g h t i n g l e v e l , v / i t h i n e a c h 

r o o m , r e s p e c t i v e l y . T h i s s e c t i o n i s c o n c e r n e d w i t h t h e 

i n p u t t o t h e m o d e l s . 

9 . 2 . The T h e r m a l E n v i r o n m e n t 

The m o d e l o f human t h e r m a l r e s p o n s e i s v / r i t t e n as a 

s e r i e s o f FORTRAN s u b r o u t i n e s ( s e e A p p e n d i x c). The i n p u t s 

t o t h e model r e q u i r e d t o desc^^ibe t h e t h e r m a l e n v i r o n m e n t 

o f a room a r e a m b i e n t a i r t e m p e r a t u r e ( T a ) *^G, mean 

r a d i a n t t e m p e r a t u r e ( T r ) °c and r e l a t i v e h u m i d i t y (RH) as 

a p e r c e n t a g e . Any c o m p u t e r p r o g r a m w h i c h g e n e r a t e s v a l u e s 

f o r t h e s e v a r i a b l e s and makes them a c c e s s i b l e t o FORTRAN 

s u b r o u t i n e s c a n be u s e d . The f o l l o w i n g i s based o n i n f o r m a 

t i o n c o n t a i n e d i n t h e IHVE G u i d e ( r e f . 1 ) b u t has n o t been 

v a l i d a t e d f u r t h e r . 
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I n p r e d i c t i n g t h e v a l u e s o f t h e s e t h r e e v a r i a b l e s 

w i t h i n a b u i l d i n g i t i s u s e f u l t o c o n s i d e r t h e b u i l d i n g 

a t two p e r i o d s i n t h e y e a r ; W i n t e r , when t h e b u i l d i n g i s 

s u b j e c t e d t o c o o l i n g by t he e n v i r o n m e n t and Summer, v/hen 

t h e b u i l d i n g i s s u b j e c t e d t o h e a t i n g by t h e e n v i r o n m e n t . 

9 . 3 W i n t e r c o n d i t i o n s 

I n t h e B r i t i s h I s l e s , m o s t b u i l d i n g s f o r human 

h a b i t a t i o n have some f o r m o f i n t e r n a l h e a t i n g i n W i n t e r . 

I n t h e e a r l y s t ages o f a d e s i g n t h e t h e r m o s t a t s e t t i n g 

o r d e s i r e d t e m p e r a t u r e ( T a ) t o t h e rooms o f a b u i l d i n g , 

t o g e t h e r w i t h a d e s c r i p t i o n o f t h e t y p e o f h e a t i n g ( c o n -

v e c t i v e o r r a d i a n t ) , i s a c o n v e n i e n t and r e a d i l y u n d e r s t o o d 

d e s c r i p t i o n . T h i s b r i e f d e s c r i p t i o n assumes t h a t t h e 

d e s i r e d t e m p e r a t u r e i s a t t a i n e d and m a i n t a i n e d . 

The HIVE Guide ( r e f . 1 ) g i v e s v a l u e s f o r a i r t e m p e r a ­

t u r e ( T a ) c o r r e s p o n d i n g t o v a l u e s o f e n v i r o n m e n t a l t empera 

t u r e ( T e ) f o r b o t h c o n v e c t i v e and r a d i a n t h e a t i n g , i n 

t h r e e t y p e s o f b u i l d i n g . T a b l e 9 , 3 . 1 g i v e s a v e r a g e v a l u e s 

compu ted f r o m t h e s e t a b l e s . 

The Gu ide a l s o g i v e s a n e x p r e s s i o n f o r t h e a p p r o x i ­

m a t i o n o f e n v i r o n m e n t a l t e m p e r a t u r e : 

7i = V3 / 3 ) 9 . 3 . 1 
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Te 15°C 18 21 °C. 

Heating type CON. RAD. CON. RAD. CON. RAD. 

Factory 16,3 12 19.2 14.9 22.3 17.4 

Open o f f i c e 16.3 13.2 19.5 15.9 22 18.5 

Private o f f i c e 16.4 14 19.2 16.9 22.4 19.7 

Table 9.3.1 Values i n boxes are Ta (°C). 
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S u b a t i t u t i n g t h e v a l u e s o f Ta and Te f r o m T a b l e 9,3.1 

i n t o E q u a t i o n 9.2.1 we p r o d u c e T a b l e 9.3.2 g i v i n g v a l u e s 

o f T r , 

c o m p a r i n g T a b l e s 9.3.1 and 9,3.2, i t i s c l e a r t h a t 

i r r e s p e c t i v e o f b u i l d i a g t ^ p e and e n v i r o n m e n t a l t e m p e r a t u r e 

T r i s c o n s i s t e n t l y h i g h e r t h a n Ta v / i t h r a d i a n t h e a t i n g and 

l o w e r t h a n Ta v / i t h c o n v e c t i v e h e a t i n g . The a v e r a g e v a l u e 

by w h i c h T r i s l o w e r t h a n T a i s 1.9°c. The a v e r a g e v a l u e 

by w h i c h T r i s h i g h e r t h a n Ta i s 3.2*^C. T h e r e f o r e , v/e w i l l 

presume t h a t f o r V/inter c o n d i t i o n s , where a d e s i g n t e m p e r a ­

t u r e Ta i s s t a t e d , T r w i l l t a k e a v a l u e 3°c h i g h e r t h a n Ta 

when r a d i a n t h e a t i n g i s u s e d and 2^c l o w e r when c o n v e c t i v e 

h e a t i n g i s u s e d . 

I n a w e l l v e n t i l a t e d b u i l d i n g t h e vapour p r e s s u r e of 

t h e a i r i s e q u a l to t h a t o u t s i d e . I n crowded b u i l d i n g s end 

i n V / i n t e r , when the windows a r e c l o s e d f o r d a y s o n end, t h e 

i n d o o r vapour p r e s s u r e may r i s e 7 mm Hg o r more aho.i?e t h e 

o u t d o o r l e v e l ( r e f , 2 ) , 

R e l a t i v e h u m i d i t y i s a c o n v e n i e n t e x p r e s s i o n o f t h e 

m o i s t u r e c o n t e n t o f a i r and may be u s e d to d e s c i ^ i b e t h e 

o u t d o o r c o n d i t i o n s . I n t e r n a l r e l a t i v e h u m i d i t y may be 

c a l c u l a t e d a s f o l l o w s > 

Vf>o = ^ (mm Hg) 
/DO 

250 



Te 18 21 ^C 

Heating type COW. RAD. CON. RAD. COM. RAD. 

Factory 14.4 16.5 17.4 19.5 . 20.5 22.8 

Open o f f i c e 14.4 15.9 17.3 19.1 20.5 22.2 

Private o f f i c e 14.4 15.5 '17.4 18 .5 20.3 21.6 

Table 9.3.2 Values i n boxes are Tr (^C) 
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where v^D - o u t s i d e vapour p r e s s u r e (mm Hg) 
/?jso - s a t u r a t e d vapour p r e s s u r e a t o u t s i d e 

t e m p e r a t u r e (mm Hg) 
and RHo^ o u t s i d e r e l a t i v e h u m i d i t y 

F o r a crowded b u i l d i n g o r W i n t e r c o n d i t i o n s , 

Vf>i^ ypo -t T (nmH^J 9.3.2 

where ^pi - i n d o o r vapour p r e s s u r e (mm Hg) 

I n d o o r r e l a t i v e h u m i d i t y i s , 

RHi = /bo. >ypi 
Pssc 

v/here R/^l ^ i n d o o r r e l a t i v e h u m i d i t y 
and psiC = s a t u r a t e d vapour p r e s s u r e a t i n s i d e 

t e m p e r a t u r e (mm Hg) 

9.4 Summer c o n d i t i o n s 

T h i s s e c t i o n does n o t a p p l y to a n a t u r a l l y v e n t i l a t e d 

b u i l d i n g and assumes t h a t t h e v e n t i l a t i o n r a t e i s c o n s t a n t 

n i g h t and day• 

Simmer c o u i d i t i o n s a r e c h a r a c t e r i s e d by t r a n s i e n t 

t h e r m a l c o n d i t i o n s due m a i n l y to s o l a r h e a t g a i n . The peak 

d a i l y t e m p e r a t u r e a s v / e l l a s t h e d a i l y mean t e m p e r a t u r e may 

t h e r e f o r e be u s e f u l l y c a l c u l a t e d . 

Summertime t e m p e r a t u r e s may be c a l c u l a t e d u s i n g the 

a d m i t t a n c e p r o c e d u r e ( r e f . 3) o u t l i n e d i n t h e IH V E G u i d e * 
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CM 
E 

2 

T I M E I N D A Y S 

I ' s = Dally mean s o l a r i n t e n s i t y , I s = swing i n s o l a r i n t e n s i t y 
about d a i l y mean, t ' e i = d a i l y mean environmental temp, indoors, 
t e l «= swing i n environmental temp, about d a i l y mean, t'ao = 
d a l l y mean outdoor a i r temp., tao = ̂ swing about d a i l y mean. 

Figure 9*4.1 C y c l i c heat gains i n summer heat wave conditions. 
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F i g u r e 9.4.1 .shows t h e t h e o r e t i c a l h e a t i n p o t and t h e 

r e s u l t i n g t e m p e r c t u r e s w i n g s i n o u t s i d e a i r and i n s i d e 

e n v i r o n m e n t a l t e m p e r a t u r e s . 

The method i n v o l v e s , f i r s t l y , c a l c u l a t i o n o f t h e d a i l y 

mean h e a t g a i n s and t h e r e s u l t i n g d a i l y mean i n d o o r t empera 

t u r e . S e c o n d l y , t h e swing i n h e a t g a i n s and t h e r e s u l t i n g 

sv/ing i n i n d o o r t e m p e r a t u r e i s c a l c u l a t e d . 

The d a i l y mean h e a t g a i n i s t h e sum o f t h e mean s o l a r 

and mean c a s u a l g a i n s i ( c a s u a l g a i n s a r e h e a t i n o u t s to t h e 

b u i l d i n g from l i g h t i n g , occ'-^i^ants, e l e c t r i c a l e q u i p m e n t 

e t c . and a r e nresumed to o c c " r c y c l i c a l l y ) . 

Q't = Q's +. Q 'c ( w a t t s ) 

w h e r e Q'fc- d a i l y mean h e a t g a i n ( w a t t s ) 
d a l l y mean s o l a r h e a t g a i n ( w a t t s ) 

Q'c- d a i l y mean c a s u a l h e a t g a i n ( w a t t s ) 

The d a i l y mean i n d o o r t e m p e r a t u r e i s g i v e n by, 

fc'et= t'ao ^ Q'^ 

w h e r e t'e.t = d a i l y mean i n d o o r e n v i r o n m e n t a l t e m n e r a t u r e 
(^C) 

t a o = d a i l y mean o u t d o o r a i r t e m o e r a t u r e C^c) 
SAO = s^'^ p r o d u c t s o f a r e a s o f es^nosed s u r f a c e s 

and t h e a n p r o p r i a t e U v a l u e s (W/OQ) 
end Cy/ v e n t i l a t i o n l o s s ( w / ^ c ) 
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The swing i n s t r u c t u r a l h e a t g a i n s ina>/ be n e g l e c t e d 

i n moat i n s t a n c e s i n t h e U n i t e d Kingdom and t h e s w i n g 

(mean to p e a k ) i n h e a t g a i n , g i v e n hy, 

Q t = Q s + <5c + QcL ( w a t t s ) 

w here Qt = t o t a l s w i n g i n h e a t i n o u t ( w a t t s ) 
Qs = swing i n s o l a r h e a t g a i n ( w a t t s ) 
Qc = swing i n c a s u a l h e a t g a i n ( w a t t s ) 
Q a = swing i n a i r to a i r g a i n ( w a t t s ) 

The a d m i t t a n c e ( / ) o f a s u r f a c e i s a m e a s u r e of i t s 

a b i l i t y to smooth o u t t e m p e r a t u r e v a r i a t i o n s . The s w i n g 

i n e n v i r o i i m e n t a l t e m p e r a t u r e i s g i v e n by, 

w h e r e tei = swing i n i n d o o r e n v i r o n m e n t a l t e m o e r a t u r e 

and 2^^y= sum o f t h e p r o d u c t s o f t h e a r e a s o f e x p o s e d 
s u r f a c e s end t h e a p p r o p r i a t e a d m i t t a n c e v a l u e s 

The i n s t a n t a n e o u s i n d o o r e n v i r o n m e n t a l t e m p e r a t u r e i s 

g i v e n by> 

ret " ttt + ^i^i 
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.From E q u a t i o n 9.3.1, where t a = t r , t a - t e i . 

A l s o , v/here t a = t r , t r =' t e i . 

R e l a t i v e h u m i d i t y may be c a l c u l a t e d i n t h e same manner 

a s f o r t h e W i n t e r c o n d i t i o n s e x c e p t t h a t E q u a t i o n 9.3.2 

b e co m e s, 

9.5 E s t i m a t i o n of L i g h t i n g L e v e l s 

I n S e c t i o n 8, i n p u t to t h e model f o r p r e d i c t i o n o f 

a p p a r e n t b r i g h t n e s s (FORTRAN Program i n c l u d e d i n A p p e n d i x 

C) was d e f i n e d a s t h e a v e r a g e l u m i n a n c e o f a room, g i v e n 

by, 

rr 

where L -^average l u m i n a n c e o f a l l s u r f a c e s (cd/m2) 
E = a v e r a g e i l l u m i n a n c e o n a l l s u r f a c e s ( l u x ) 
^ = a r e a - w e i g h t e d a v e r a g e r e f l e c t a n c e 

T h i s s e c t i o n i s c o n c e r n e d w i t h t h e c a l c v i l a t i o n o f 

t h e v a l u e E . 

The c a l c u l a t i o n of t h e i l l u m i n a n c e ( E ) a v e r a g e d o v e r 

a l l s u r f a c e s o f a n empty room i s - d e s c r i b e d by Sumpner 

( r e f . 4 ) . 
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9.6 S i n g l e E n c l o s u r e s -

F o r a room l i t o n l y by a n a r t i f i c i a l l i g h t , 

l i g h t f l u x e n t e r i n g t h e room = fL x i-.o-R.. ( l u m e n s ) 9.6.1 

where = l i g h t f l u x from t h e lamp ( l u m e n s ) 
L.O.R. - l i f ^ h t f l u x from t h e l u m i n a i r e 

l i g h t f l u x f rom t h e lamp 

L e t 

E a v e r a g e i l l u m i n a n c e o n a l l s u r f a c e s ( l u x ) 

and l e t 

A = a r e a o f e a c h s u r f a c e (m^) 

Then 

l i g h t f l u x s t r i k i n g a l l s u r f a c e s = £ x ( l u m e n s ) 9,6.2 

Any l i g h t s t r i k i n g a s u r f a c e i s e i t h e r r e f l e c t e d , 

a b s o r b e d o r t r a n s m i t t e d . R e s t a t e d , 

^ ^ t oc - I. 9.6.3 
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where p « r e f l e c t a n c e o f s u r f a c e 
r = t r a n s m i t t a n c e o f s u r f a c e 

and - PC = a b s o r b t a n c e o f s u r f a c e 

T h e r e f o r e , 

f l u x a b s o r b e d and t r a n s m i t t e d 
by a l l s u r f a c e s - £ x '2,^(^-*-'^) 

B u t from 9 .6.3^ 

T h e r e f o r e ^ 

f l u x a b s o r b e d and t r a n s m i t t e d _ ^ , 
by a l l s u r f a c e s = t x X'^ (^-~/^-) 

I n t h e s t e a d y s t a t e c o n d i t i o n j 

T h e r e f o r e ^ 

^ ^ ^-^-^ ( l u x ) 9.6.4 
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(i)<^Ly X L Q R . y 

0 L J C X L . Q R . ^ ( ! ) 

s 

R O O M X R O O M Y 

Figure 9«7.1 Section through two rooms, X and Y, borrowing l i g h t 
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9,7 Borrowed L i g h t 

I n e s t i m a t i n g t h e i l l u m i n a n c e o f rooms i n t h e f i e l d 

s u r v e y , two c o r ^ p l i c a t i o n s a r o s e . 

F i r s t l y , rooms were n o t empty. Here a s i m p l e s o l u t i o n 

was a d o p t e d . Major i t e m s , s u c h a s f i l i n g c a b i n e t s and 

d e s k s , were r e g a r d e d a s a n e x t e n s i o n of- t h e room s u r f a c e 

and a c c o u n t e d f o r i n t h e c a l c ^ ' l a t i o n . Minor i t e m s w e r e 

i g n o r e d . 

S e c o n d l y , t h e rooms a r e - n o t s e p a r a t e e n c l o s u r e s and 

rooms t h e r e f o r e * borrow* l i g h t f r om e a c h o t h e r . Some rooms 

e r e i r r e g u l a r s h a p e s , w i t h a c l e a r l y i r r e g u l a r l i g h t i n g 

d i s t r i b u t i o n . B o t h t h e s e c a s e s were t r e a t e d i n t h e same 

manner. The a v e r a g e i l l u m i n a n c e f o r e a c h s e p a r a t e e n c l o s u r e 

(room o r p a r t room) i s c a l c ' i l a t e d u s i n g E q u a t i o n 9.6.<1:. The 

amount of 'borrowed* l i g h t i s t h e n e s t i m a t e d a nd a d d e d . 

F i g u r e 9.7.1 i l l u s t r a t e s a s i m p l e e x a m p l e . 

Two rooms, X and Y, a r e shown j o i n e d . c o n s i d e r t h e 

c a s e where Room X borrows l i g h t from Room Y. The d i v i d i n g 

p l a n e , S , between t h e two rooms ( s h o w n d o t t e d ) i s assumed 

to be a s u r f a c e w i t h t r a n s m i t t a n c e e q u a l to u n i t y ( w h e r e t h e 

tv/o rooms a r e s e p a r a t e d by g l a s s , t h e a p p r o p r i a t e v a l u e f o r 

t h e t r a n s m i t t a n c e of g l a s s i s u s e d ) . L i g h t f l u x f a l l i n g o n 

t h i s i m a g i n a r y p l a n e from Room Y i s t h e r e f o r e t r a n s m i t t e d to 

Room X. 

From E q u a t i o n 9.6.2^ 

l i g h t f l u x s t r i k i n g a l l _ -
s u r f a c e s o f Room Y = x S A ^ ( l u m e n s ) 
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T h e r e f o r e j 

l i g h t f l u x s t r i k i n g S u r f a c e S = Ey K As ( l u m e n s ) 

and 

l i g h t f l u x t r a n s m i t t e d 
to Room X £yx /\sCr)s ( l u m e n s ) 

For- Room X 

l i g h t f l u x e n t e r i n g 
room from l i g h t s o u r c e ^ L j c X L.o.Rj^ ( l u m e n s ) 

and 

l i g h t f l u x e n t e r i n g 
room from S u r f a c e S Ey ^ ̂ ^Cr)^ ( l u m e n s ) 

T h e r e f o r e , from E q u a t i o n 9.6,4, t h e a v e r a g e i l l u m i n a n c e . 

Ex, i s g i v e n by. 

( l u x ) 9.6.5 
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where t h e r e f l e c t a n c e o f t h e s u r f a c e S i s e q u a l to 

l-C^-f-oc)^ • Vvhen t h i s s u r f a c e i s i m a g i n a r y /? - o 

S i m i l a r l y , f o r Room Y; 

l i g h t f l u x e n t e r i n g 
room from l i g h t s o u r c e = <I>LY X L.O.R. ( l u m e n s ) 

and 

l i g h t f l u x e n t e r i n g 
room from S . i r f a c e S ( l u m e n s ) 

T h e r e f o r e , from E q u a t i o n 9.6.4, t h e a v e r a g e i l l u m i n a n c e , 

Ey, i s g i v e n by^ 

by = 0 L y xL.Q.ky -f- ^ C^Js ( l u x ) 9.6.6 

where t h e r e f l e c t a n c e ^ o f t h e s u r f a c e S i s e q u a l t o 

I- (r -t^ (K)s • When t h i s s u r f a c e i s i m a g i n a r y , ^ = o 
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9.8 D a y l i g h t 

F o r a day l i t room^ 

f l u x e n t e r i n g room = r . A^. j A £sty 
too 

where v « t r a n s n i t t a n c e o f g l a s s , 
Aci = a r e a o f g l a s s (m^)^ 
5 = d a y l i g h t f a c t o r o n o u t s i d e of g l a s s , 

sky i l l u m i n a n c e •( l u x ). 

E q u a t i o n 9.6.4 may t h e r e f o r e be r e v / r i t t e n , 

-^M^ . ^ ( l u x ) 

The d a y l i g h t f a c t o r i s d e f i n e d a s , 

E X loo 

where = d a y l i g h t f a c t o r . 

Where rooms borrow l i g h t , a s f o r example Rooms X and 

Y i n F i g u r e 9.7.1, E q u a t i o n s 9,6.5 and 9.6.6 may be 

r e w r i t t e n . 
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Ex = "̂̂ ^̂  S^X ̂  Esky t (Ey AjCrj, ) X lOO ( lUX ) 

and, 

£ y = ("̂ ^ /^?. 5jy > j. ( E:^ As Crh ) ^ f^o ( l u x ) 
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iO Future Studies 

This p i lo t study has shovvn that we can make reasonable approximations 

to people's sequential experiences of the l ight ing and the thermal 

environment within buildings. However, i t would be a irdstake to 

regard the two models of human response as de f in i t ive , rather they 

sliould be regarded as s tart ing points. 

For example, i t has been shown that, ..when l i t by two lamps of different 

Colour Discrimination Index, two ident ical rooms are judged equally 

sat isfactory in v isual appearance when the in ter ior l i t by the lamp 

having the smaller colour gamut i s set to a higher illuminance (,ref. 1 ) . 

The empirical relationship between the illuminance rat io of the two 

rooms to the colour rendering properties of the lamps of the two rooms 

i s , 

Illuminance ratio = 1-06 - 1*08log (gamut area ra t io ) 

The illuminance ratio may be converted to a log luminance rat io and the 

correction added to the estimate of the change in apparent brightness, 

as given by equation 6.5«1 • 

The model predicting people's thermal sensations was validated against 

conditions during the winter months. Hecent work ( r e f . 2) has shown . 

however that comfort temperatures i n buildings are re lated to the indoor 

temperatures and the mean monthly outdoor temperature. This suggests 

2U 



that the temperature corresponding to the mid point on the scale of 

warmth (neutral / comfortable) i s l i k e l y to vary over the seasons of 

the year. '̂ Vnether the v/hole seven - point scale can be simply moved up 

and dov/n with the variations in cl imatic conditions poses an interest ing 

question. 

Clearly , the t\Jo models developed are not the whole story, as a l l our 

senses play some part in the total experience of architecture. Present 

day design techniques for the acoustics of "buildings ignore the sequential 

experience. Therefore, this would seem an area in which to do further 

work. 

Most of us are famil iar with the experience of walking into a f u l l y 

occupied, often smoke f i l l e d , lecture room or pub from a v/ell ventilated 

corridor. The experience serves to remind us that odours play a part in 

o\ir experience of biiildings, and that they are par t i cu lar ly noticeable 

vrtien suddenly changed. 

The age old bel ie f that red rooms are warmer than blue rooms presents a 

problem of the interaction of the senses. Some recent work ( r e f . 3) has 

shown that people do prefer a lower ambient temperature i n red rooms 

than i n blue rooms, but the effect i s so small as to be hardly of prac t i ca l 

s ignif icance. Nevertheless, the question of the interact ion of the senses 

i s an interest ing one and i n the context of the sequential experience 

deserves further attention. 

This study has been mainly concerned with the sequential experience of 
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the inter iors of buildings. An interest ing study i s that of the interface 

between inside and outside. This i s a special case of the sequential 

erperiencc; one that i s often an abrupt experience. Here, there are 

special problems associated with the cooling effects of v/inds, the ef fects 

of changes in wind speed and direction on balance ( re f . 4) and direct 

radiation from the sun. 

I t i s hoped that this thesis has made a modest step towards combining 

our previously separate concerns for the environmental aspects and 

sequential experiences of architecture. 
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APPKNDIX A 



Nomenclature: 

E q u a t i o n s 3 . 2 . 2 - 3 . 2 . 9 

/^ D e n s i t y of the t i s s u e ) 
) 

c S p e c i f i c h e a t of t i s 3 u e ) ^ c / c a l / c c C 

7 Temperature (*^c) 

Ts Temperature , s u r f a c e l a y e r (*^c) 

T / Temperature , midd le l a y e r (^c ) 

T L Temperature , c o r e l a y e r ( O Q ) 

7s Average body t empera ture ( O Q ) 

7 A Ambient t emperature (<^C) 

It Time ( h r s ) 

K S o e c i f i c t h e r m a l c o n d u c t i v i t y of v/et t i s s u e 
( k c a l / m / h r / o c X. 1.163 = v//m/Oc) 

oc/t-f Thermal c o n d u c t i v i t y c o e f f i c i e n t o f p r o p o r t i o n a l 
c o n t r o l f o r A7ii > 0 = Oo. 147/^0 

ock- Thermal c o n d u c t i v i t y c o e f f i c i e n t o f o r o o o r t i o n a l 
c o n t r o l f o r A7"5 <0 = C 0 ; i 0 6 6 / ° G 

Thermal c o n d u c t i v i t y c o e f f i c i e n t o f r a t e 
c o n t r o l ( a e c / ^ C ) 

X D i s t a n c e from s u r f a c e (cm) 

A X i Thiclcness of s u r f a c e l a y e r = 0 , 8 cm 

A X / T h i c k n e s s of middle l a y e r 1.6 cm 

A X i T h i c k n e s s of c o r e l a y e r ^ 3 . 2 cm 

A X s , ^ C A X s A X / ) (cm) 

A X i l ^ ( A X / - f A X a ) (cm) 

Metabo l i c r a t e oer u n i t a r e a ( k c a l / m 2 / h r 
X 1.163 = \v/m2) 

M e t a b o l i c r a t e c o e f f i c i e n t of o r o D o r t i o n a l 
c o n t r o l 7 ^ < o ( k c a l / m 2 / h r / O c X 1.163 = w/m^/Oc) 



R Heat l o s s ( ( r a d i a t i o n ) per u n i t a r e a ( k c a l / m V ^ 
X 1.163 = \v/m2) 

V Heat l o s s ( v a p o r i s a t i o n ) per u n i t a r e a ( k c a l / m ^ / h r 
X 1.163 - v;/m2) 

(x^x/ V a p o r i s a t i o n c o e f f i c i e n t o f o r o o o r t i o n a l c o n t r o l 
( k c a l / m 2 / h r / o c X 1.163 - v//mV*^C) 

V a p o r i s a t i o n c o e f f i c i e n t of 4 t h oov/er o r o o o r t i o n a l 
c o n t r o l ( k c a l / m 2 / h r / O G X 1.163 = v;/m2/*^C)" 

A Heat t r a n s f e r c o e f f i c i e n t ( s k i n / a i r ) ( k c a l / m ^ / h r / o c 
X 1.163 - w/m2/oc) 

>i« Heat t r a n s f e r c o e f f i c i e n t of r a d i a t i o n ( k c a l / m V 
h r / O Q X 1,163 = v//m2/Oc) 

A<i Heat t r a n s f e r c o e f f i c i e n t o f c o n v e c t i o n ( k c a l / m ^ / 
h r / o c X 1.163 = xj/m^/OQ) 

E 

V e l o c i t y of a i r a t s k i n s u r f a c e ( c m / s e c ) 

E j c e r c i s e ( k c a l / m ^ / h r X 1.163 - w/m^) 

I n c r e a s e i n v e o o r i s a t i o n c o e f f i c i e n t due to 
v i o l e n t e .xerc i se 

E q u a t i o n s 3 . 2 . 1 0 - 3 . 2 . 2 1 

P a r a m e t e r s ; 

/fc Head core 

Hs Head s k i n 

fc E x t r e m i t i e s c o r e 

fs E x t r e m i t i e s s k i n 

7c Trunk core 

TM Trunk muscle 

TS Trunk s k i n 

ce c e n t r a l blood 

Thermal c a p a c i t a n c e ( k c a l / O c X 1.163 = v / a t t - h o u r s 
"^C) 

T Temperature (o^) 

t Time (hi*s) 
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AfBF Muscle blood f lov/ ( l / h r ) 

E. E x e r c i s e (kcal/hi-* X 1.163 - w a t t s ) 

Ambient t emperature (*^c) 

7i Average s k i n t empera t ure ( ^ c ) 

ot D imens ion l e s s f r a c t i o n a c c o u n t i n g f o r c o u n t e r -
c u r r e n t h e a t exchange 

qc product of d e n s i t y and s p e c i f i c h e a t o f h l o o d 
(kcal /*^C X 1.163 ^ \ v a t t - h o u r s / ^ c ) 

A M S l i v e r i n g metabol i sm ( k c a l / h r X 1.163 = v / a t t s ) 

£v« R e s p i r a t o r y h e a t l o s s ( k c a l / h r X 1.163 « w a t t s ) 

Mo B a s a l metaboli?^m ( k c a l / h r X 1.163 = v / a t t s ) 

£\'e I n s e n s i b l e e v a p o r a t i v e h e a t l o s s ( k c a l / b r 
X 1.163 ^ w a t t s ) 

By E v a p o r a t i v e h e a t l o s s ( k c a l / h r * X 1.163 = v / a t t s ) 

5Bf S k i n blood f l o w ( l / l i r ) 

Ao Product of a r e a and e n v i r o n m e n t a l h e a t c o e f f i c i e n t 
( k c a l / h r / o c X 1.163 = w / c c ) 

K Thermal conductance between l a y e r s 
( k c a l / h r / o c X 1.163 - Y / / O C ) 

7 M Average muscle t emperature ( O Q ) 

E q u a t i o n s 3 . 2 . 2 2 and 3 . 2 . 2 3 

C S p e c i f i c h e a t of t i s s u e 

T Temperature of t i s s u e ( O Q ) 

^ R a d i a l d i s t a n c e from a x i s of c y l i n d e r (cm) 

km Rate of t i s s u e h e a t g e n e r a t i o n due to 
metabol ism ( w a t t s ) 

Product of mass f l o w r a t e and s o e c i f i c h e a t of 
blood e n t e r i n g the c a p i l l i a r y beds per u n i t 
volume 

^ Temperature of blood i n a r t e r y ( O Q ) 



P r o p o r t i o n a l i t y c o n s t a n t of h e a t t r a n s f e r between 
the a r t e r i e s and t i s s u e oer u n i t volume 

Av P r o p o r t i o n a l i t y c o n s t a n t of h e a t t r a n s f e r between 
the v e i n s and t i s s u e per u n i t volume 

Temperature of b lood i n v e i n (^c ) 

Thermal c o n d u c t i v i t y (v/ /m/oc) 

E q u a t i o n s 5 . 2 . 2 4 - 3 . 2 . 3 9 

7CN) 

Tb(N) 

TCCN) 

e ( a / ; 

H H ) 

TAIK 

FiN) 

£RkORCN) 

FATE C N ) 

COLb(N) 

COUbS 

C o n v e c t i v e . h e a t t r a n s f e r between c e n t r a l blood 
and W ( k c a l / h r X 1 .163 = w a t t s ) 

T o t a l e f f e c t i v e b lood f l o w to N ( l / h r ) 

Temperature of N (^c ) 

Conduc t ive h e a t t r a n s f e r between N and N + 1 
( k c a l / h r x 1.163 = w a t t s ) 

Thermal conductance between N and N + 1 
( k c a l / h r / O c X 1.163 = \'f/^o) 

R a t e o f f l o w i n t o o r from N ( k c a l / h r X 1 .163 = w a t t s 

T o t a l m e t a b o l i c h e a t n r o d u c t i o n i n N 
( k c a l / h r X 1 .163 = w a t t s ) 

T o t a l e v a o o r a t i v e h e a t l o s s from N 
( k c a l / h r X 1.163 = w a t t s ) 

T o t a l e n v i r o n m e n t a l h e a t t r a n s f e r c o e f f i c i e n t 
f o r e lement I ( k c a l / h r / ^ C X 1.163 = w / ^ C ) 

E f f e c t i v e e n v i r o n m e n t a l \ t e m p e r a t u r e C^c) 

Rate o f change o f t empera t ure i n N ( ° c / h r ) 

Output from t h e r m o r e c e p t o r s i n compartment N C^c) 

Set p o i n t f o r r e c e p t o r s i n N ( ^ C ) 

Dynamic s e n s i t i v i t y o f r e c e p t o r s i n N ( h r ) 

Output from c o l d r e c e p t o r s (OQ) 

Output from warm r e c e o t o r s ( O Q ) 

I n t e g r a t e d o u t p u t from warm r e c e p t o r s ( O Q ) 

I n t e g r a t e d o u t p u t from c o l d r e c e p t o r s (^c) 

F r a c t i o n o f a l l s k i n r e c e p t o r s i n e l e m e n t I ( N . D . ) 

4 



SvjBhT T o t a l e f f e r e n t sv/eat command ( k c a l / h r X 
1,163 = w a t t s ) 

tilLAT T o t a l e f f e r e n t s k i n v a s o d i l a t i o n command ( l / h r ) 

SVfZlC T o t a l e f f e r e n t s k i n v a s o c o n s t r i c t i o n command ( N . D . ) 

CHTLL T o t a l e f f e r e n t s h i v e r i n g command 
( k c a l / h r X 1.163 ^ v / a t t s ) 

C3vA/ S v e a t i n g from head core c o e f f i c i e n t 
( k c a l / h r / C X 1 .163 = w / ^ c ) 

3S\A/ S;/eating from s k i n c o e f f i c i e n t 
( k c a l / h r / C X 1.163 ^ w / ^ C ) 

P51AJ Sweat ing from s k i n and head c o r e c o e f f i c i e n t 
- ( k c a l / b j r / c X 1 .163 = w/*^C) 

CML V a s o d i l a t i o n from head c o r e c o e f f i c i e n t 
( 1 / h r / ^ C ) 

3/>TL V a s o d i l a t i o n from s k i n c o e f f i c i e n t 
( 1 / h r / ^ C ) 

f^DZL, V a s o d i l a t i o n from s k i n and head c o r e c o e f f i c i e n t 
( 1 / h r / ^ G ) 

CCON V a s o c o n s t r i c t i o n from head c o r e ( l / h r / ^ C ) 

5COA/ V a s o c o n s t r i c t i o n from s k i n ( 1 / h r / O c ) 

!>COM V a s o c o n s t r i c t i o n from s k i n end head c o r e 
( 1 / h r / o c ) 

CCHIL S h i v e r i n g from head core ( k c a l / h r / * ^ G X 1.163 
= w / o c ) 

SCHIL S h i v e r i n g from s k i n ( k c a l / h r / ^ c X 1 .163 = v / /^C) 

PCHIL S l i v e r i n g from s k i n and head c o r e ( k c a l / h r / * ^ C 
X 1.163 = V J / O Q ) 

E q u a t i o n s 3 . 3 . 3 - 3 . 3 . 7 

MFCK Heat f l o w from c o r e to s k i n s h e l l (w/m2) 

/ / F S K Heat f lov/ from s k i n to env ironment (w/m^) 

RA/\ S l i v e r i n g metabol ism (MR) (w/m^) 

£ ^ ^ 5 R e s p i r e d e v a p o r a t i v e h e a t l o s s (w/m 2) 



CR£5 R e s p i r e d c o n v e c t i v e h e a t l o s s (v//m^) 

W/c: Viork r a t e (w/m^) 

SKBF S k i n blood f l ow ( l / h r / m ^ ) 

TCR core temperature (*^c) 

T5K S t i n temperature (°^;) 

Dry h e a t exchange (v//m^) 

£ V T o t a l e v a p o r a t i v e h e a t l o s s (v//m^) 

y^fCjSiV a v e a t i n g ( g / h r / m ^ ) 

5/C5Z^^ Receptor s i g n a l s from s k i n ( ® c ) 

C ^ r c j Receptor s i g n a l s from c o r e ( ^ c ) 

DFLAT V a s o d i l a t i o n ( 1 / h r / m ^ ) 

SV^IC V a s o c o n s t r i c t i o n ( l / h r / m ^ ) 

COL[>^ c o l d s i g n a l , from r e c e o t o r s i n s k i n (^c ) 

COLDC c o l d s i g n a l from r e c e p t o r s i n core (*^c) 

E q u a t i o n s 

To 

k 

Ac 

/ k 

Fpd 

3 . 3 . 8 - 3 . 3 . 1 2 

M e t a b o l i c hea t l o s s t h r o u g h s k i n s u r f a c e (w/m^) 

S t i n temperature (*^c) 

Humid o p e r a t i v e temperat\3re C^c) 

O p e r a t i v e temperature ( ^ c ) 

S k i n v/ettedness 

L i n e a r dev/ t emperature (*^c) 

combined h e a t t r a n s f e r c o e f f i c i e n t ( v / / m ^ / ° C ) 

c o n v e c t i v e h e a t t r a n s f e r c o e f f i c i e n t (v/ /m2/oc) 

B u r t o n thermal e f f i c i e n c y f a c t o r (dry h e a t l o s s ) 
( N . D . ) 

N i s h i permeat ion e f f i c i e n c y f a c t o r ( e v a p o r a t i v e 
h e a t l o s s ) ( N . D . ) 



TsoK S tandard o p e r a t i v e humid t e m p e r a t u r e (^c) 

SET ^ S tandard e f f e c t i v e t emperature ( ° c ) 

li Thermal s e n s a t i o n 

E q u a t i o n s 3 . 4 . 1 - 3 . 4 . 4 

M M e t a b o l i c r a t e ( k c a l / h r X 1.163 v / a t t s ) 

% Mean s k i n temperature ( ^ c ) 

fyau A r e a of body determined by Dubo i s f o r m u l a (m* )̂ 

y Thermal s e n s a t i o n . 

L Thermal load ( k c a l / m ^ / h r X 1.163 = w/m^) 



APPENDIX B 



Derivation of Equation 7.1»3 

dX - K(1 - X) - AQX 
dt 

= K - 30C - AQX 

o K - X(K + AQ) 

Therefore dX « dt 

However, 

K - X(K + AQ) 

d_.(K - X(K + AQ)) - - ( K + AQ) 
dt 

I f we multiply both sides "by -(IC + AQ) we get 

- ( K + AQ)dX = - ( K + AQ)At 
K - X(K + AQ) 

So on integration we get 

log^(K - X(K + AQ)) = - ( K + AQ)t + B e 

where B i s the constant of integration. 

Rewriting we get 

K - X(K + AQ) = B.e-^'^ ( l ) 

But when t 0, 

X " K 
K + AQy 

where Qi « the i n i t i a l re t ina l illuminance in trolands to v/hich 

the eye i s adapted. 



and "When t = «>, 

K 

where Q i = the prevail ing retinal^illuiainance ih'trolanda to which 

the eye i s adapted. 

To f ind B , consider X when t = 0, 

S = K - K(K + AQ?.) 
IC + AQ, 

B = K ( K •¥ AQ, - K + AQa) 
K + AQ, 

B « K A ( Q i - Cjz) 
K + AQf 

Substituting for B in equation (1) and putting Q = because Q i i s 

.-. 'the prevail ing r e t i n a l illuminance i n trolands, we get 

K ^ X(K + AQJ« K A ( Q , - Q Q . e " ^ ^ ^ 
( K + A Q , ) 

Therefore X ^ K - K A C Q . - O.z) .e'^^ ^^'^^ 
K + AQ2 ( K + A Q , ) ( K + A Q i ) 



Derivation of equation ^ . ^ . A 

K 
K + AQi ( K + A Q , ) \ K + A Q O 

Let P = 1 - X 

Then, 

- p K -
" K + AQz + AQ7)CK + AQ^) 

and 

P = 1 - K + KA(Q.^ Q.) .e-^^ ̂  ^^^^^ 
K + AQi (̂K + AQr)CK + AQi) 

D i f f e r e n t i a t i n g we get 

dP = kA(Q, - (I.) . .(K + AQ^)e-^^ 
dt + AQ,)(K + AQz) 

Therefore 

dt + AQi) 



Derivation of Kf^uation 7 - 1 . 5 

Prom equation 7*1.5t when t =«, 

K 
K + AQz 

K = X(K + AQi) 

K = K + AQi 
X 

K(1 - X) = AQe 
X 

Therefore 

K(1 - X) = Qi 
XA 

As Qi «= the steady s t a t e value to which the system i s adapted a t 
t «= 0, when a step change occurs Qi = Qz as derived a'bove and Qx 
takes a new value. 
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C £ i } l T P ! G )|: D ^ T A F*1R T M t. : i ) D L L * ^ , 
C L A C M H C l T i - i r , F A C I L I T Y IS C A L L E D iJY A 
C . . C : ) ! ! lA JD ^^J -V^ H:; , C'»NTROi. H E M A I WITH 
c T H E F A C I L I T Y •JVITII TE:-iMi M A T K D , E A C H M o o t L 
C :iAV C A L L t i J S E P A R A T E L Y T O O P E R A T E 
c T H E S A M E n u i L f ) i ? ^ : i O A T A , T H E X O U T E M A Y 
C ^ L ' CH/^MOcf^ ft llJ DATA 'J-lCMA ICitO On V I C E 
C V E : ^ G A i l t F - K ^ r A I'lO.OEL I S P , J N ^ 
C A L L 3 I S P A C C r , .lAX 
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C'J i;;.» i A T A ( . \ ) ) , A T K ( . - : - ) ) , . » R H ( /. ) ) 

c M i T f A L l S E j ^ L O T r i : - : 
C A L L ;M. »T:> ( I -1 F ( 1 ) i 1 O j , ? ) 

c S E T S C A L c 
C A L L K \ C T .Kv C . . M ) 

c )r;A'i SC=^UE^fil • 
F F = 't , 
C A L L S : n E E - ! ( F 5 ) - -

•J MAX = 0 
. I t L c T r :: 0 , 

\ 01 .! Jif 
c -<cAi> I w E D I T CO:-1:- ' .AND 

9£ Ai) ( 1 J ) 1 :I 
- V V J T O < 1 , 2 , 3 , ^ , 5 , ^ , 7 , , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 

1 1 o , 1 7 , 1 : u 1 y , • ) ) , i J 
c S t ' A C L 

1. C A L L 
t iOT.i 1 )0 
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\ L L i i r i C l . ; ) » I L L ' ! T ( 2 ) ) , r L L f - ' A ( 2 0 ) , T L L r ' ^ ( 2 0 ) 
C<J V l .V : M f ^ ( , O i S T ( S ) ) , T T.IF ( I S 1 0 E 1 ( 3 0 ) 
c 0 1 ; v ; ^ I 1 r » (5 v ) ) . I r > F ( 0 > » X Y : cy 1 ) #^'0OK ( 5 ^ ) 
C'J !M V ; I L L 1 L L ' l T , 0 F I IT ( 2 0 ) , A P E \ ( 6 , ; ^ 0 ) 
C ' M . i ) X AT. L \ S (̂ 'r r 2 ( 0 , AG ; ->: ; ( 4 , 2 0 ) f F ( 6 0 ) 
C O -= 3 r j ; . ( 2 ' » ) , i L L M \ , L i i - i m , s ( 1 2 0 ) , G ( 5 , i / fO ) 
C'J ^ 1 ) ' .">( 1 M i ' - O ( 1 0 , 1 2 0 ) / ^ £ F S < i S , 2 0 ) 
C O ::i ) ; AT > ( : ' • ' ) r A T - K ^ ' M , A T » « ( 2 0 ) 

1 0 REAi> , 1 6 ; ) I h K , L . I E - J 3 , L O R T O 
L O : ( J ) = i J M E ^ ( ? o •* L in is ' • i J ' j y n P . * L O R T O / I o o , 
9 E \L> ( 1 , 1 ^ T 
I F <T . i. t» >TU 1 0 
K h r . lK i 

j / i o . r o ^ , i \ r ( 2 i 2 » r s . . ) , F i . O ) 
1 2 0 F 0 M A T ( I 1 )' 

K ^ 

24 



1 0 

2 J 

3»> 

2 0 

\ . I S 

i c . : ; F . ( i . E L E T E ) . . . . - -
1̂K 0 -.! T 1 ;i E- S F -_ A L L 0 vJ 3 0 E S C R I H T T 0 M OF ' . -
^ T : M C Y 1 0 S S TO . J ^ J D O V / S . I W P l ' T . l U (=*U I i< E D_ 
. k ' ) j r ! >Mf .u ;EK, F.ACE ? I U ' 1 5 E R ( E A C H W O O M : . 

F o n t : J ; A C E ^ 1 , 2 , 3 , 4 ; H , E » S , U' K E SPE.CT 1 V E L Y ) . 
S ^ ^ ^ S E I » T T L ' T E R V l I r i A T E - CO^W^AND. - z.J \ 

i r i T t 
:^E \ L 
CO i:i 
CO.l- i 
CO \\\ 
coi : i 
CO It; 
c o i : ! 

CO \\\ 

I F ( D 

\ N = 
F ( I :i 

tt E : 

; < i : A j 
I F C T 
r .UTo 
DO :; 
F C l f i 
CO.IT 

FO.'.;: 
F 'J ^:;; 
FU ' i : ; 
E i J 0 

L 

J -

s 
I 
T - _ 

t;!EN ( 

1 1 

1 
A 
s 

O N D 

J: A 

I F 
ELETF 

?,0 ) 

( 1 - 1 

) = -J 

F A C 

( 1 , 

C 1 , 

I T 
•>E 

L I 
LA 
.J ': 

1 -I 

• 
M 
1 S 
> * 

2 0 ) 
( 5 0 
2 ( ^ 

I 

S ( 4 , 
C2.t 

, 1 2 0 

LE t :̂ 

.1) 

, U 1 

I L 

) I 
L i l 
20 
> , 
) f 
A T 

, Z 
1 . 
ER 

i oT 
o I O 
T , 0 
) , A 
I LL 

< 1. 
? ( 2 
E;^O 

) i\ 

( } i ) 
E 5 ( 
F I N 
r. .-̂  3 
".A r 

0 ) , 
A R 

OT J 

) , 1 
) , T 

T ( 2 
S ( 4 
L u n 
2 0 ) 
ARM 
R AY 

? 0 

L L K A ( 2 0 ) , U L r ^ N ( 2 0 ) 
I : l & ( S O ) , S ! D E 1 ( 3 0 ) . 
# X Y Z < 9 Q ) , r O O E ( 5 ^ ) 
0 ) , AJ^E A ( 6 , 2 0 ) 
, 2 0 ) , F ( A 0 ) 
Ei'i.r. ( 1 2 0 ) , G ( 5 , 1 ' » 0 ) 
# R E F S < 6 / 2 0 ) 
( 2 0 ) 

, MM 
3 0 

> = :>. 

A T C I 
A K l 
ATCh 

L : ! - j i ^ : ( E K A-10 A I G L E 

2 J f ) F ( I :s>1 ) , F ( T '1 + 2 ) 
1 ^ 0 } T 
. J ) »;0T0 1 0 

1 ) 
2 ) 

0 , F 3 , O ) 

25 



SUnK-"* J T I JE \ Y F . i ( I , OF M T ) 
C S"J:^r: .̂ MT 1 1^ OAYFO APP^ '>X r U , T E S THH D A Y L I ^ H T 
C F A C T ) . : ( O F O U T ) t) J THE O U T S I D E S.JKFACE Of 
C \ \ . - I l D . ) J FOK V A H I ' J U S AKGLES OF 0 B S T « J C T 1 0 :̂  
C . \ . f>V£ T IE > i * :K l7 .0 I T A L , I I S A M ' U E OF 
c , ) i i S T ^ : ! C T f t i M < : i \ j : » f : 1 0 - a o D F O , I N S T K V S 
C V- 1 - ' ) . 

I = I / 1 1 ' 
GOT.l (1 , , 4 , 5 , , 7 , 3 ) , I 

1 OF > Jr -

*i r;F - M T = . ^ 6 

P f c T j ^ ; 
3 nF )MT = , 5 

RET J ; ' 
A nF ): iT 

^ t T : i 7 . j 
D OF T J T = 

3 L T ).< : 
o rtF ) IT = , 1 > 

P L T ;O i 
/ ) : 'T - . 1 ^ 

ti T n I 

^F » IT - , 1 
' ' LT , 
Fii-» 

2 6 



c 

c 
c 
c 
c 
c 

1 0 

1 -) 

1 ( 

1 2 0 
1 2 1 
1 22 
1 2 3 

S^"-U;-) 'T I i\i 00 

r^ri: 3U:3J<0riT 

.-: L l i i l S C 
••> ' i i : !Ts 

- . - A . !0 JF 

L ' ! i r ( 7 . ' i 
:i - 'A I T ( 3 C O 

C O 
C O 
C O 
C O 
C O 
C U 
H 

K 
K O 

RF. 
C A 
'-* r: 
F U 
C A 
( F 
C A 
GO 
C A 
C A 
X 
Y 
I F 
C A 

X 
Y 
•iH 
RE 

I F 
! T 
T A 
3E 
F O 
F O 
F U 
F O 
E 

A L 
: i : ; 0 
i:!,) 

*;;•) 
i : : ) 
Ml-} 

:: 1 
M T 
' : iT 

•.':iT 
^ 3 
i T r 
\ 0 
LL 
I T E 
••^ilA 
UL 
( K ' l 
LL 
r-.i 

I L 
LL 

- X 
C l J 
LL 
- \ I T 
- X 
*" . \ 
I T E 
AO 

( J O 
= ' T L 
LL 

: I L L ' - S H , 
i A ' : . L \ S ( 

; f ) ( 1 " M 
1 A T A < 2 - ) 
; -» . ; ) 

•trr.s 
IMF: 
T r ip 

•rJST 
ATI C 
' » F T 
^ i ' l i i T 
) r I L 
< )̂ , P 

I L L " . 
# 2 ' J 

2 0 > , 
2 : > ) , 
) r AT 

CI TOT 
K JUTES 
K . r j f E 
CT I r lG 

i lE DE 
OOF? OS 
K A V E L 

UC DE 
L ' ) T ( 2 3 
I 3 T < 3 - ^ 
S l i ) c 5 ( 
T / 0 F I :i 
) , A G A 
I LLM>lr 
' ' < : 1 0 , 1 
K ( 2 0 ) , 

L , I , F F 
ALLO'J 

I S A S 
PO I NTS 
F I MED 
C 0 Fi I T S 
l lHTViEE 
F I n E D 
) , I LLM 
) , T I M E 

0 ) / X Y 
T ( 2 0 ) , 
S ( 4 i 2 0 
LOME-I , 
2 0 ) f 
ARM ( 2 0 

, Y Y ) 
S I N P U T 
E R I t S 0 

I:-i SPA 
nY THET 

A TI E M E 
! I E A C H 

O F A 
F S T R A I G H T 
C E . THE. -_ .^ . 
R 3 - 0 . . _ 
T R E S ) . " 
P A I R O F . 

L L M \ ' ( 2 0 > 
D E 1 ( 3 0 ) 
OOt < 5 9 ) 
2 0 ) 

A < 2 0 > , 1 
( ' i ' -M , S I 
Z ( O O ) , V. 

A''?E A ( 6 , 
) # F ( 6 0 ) 
S ( 1 2 0 ) , G ( 5 , 1 4 0 ) 
F S ( * S , 2 0 ) 
) 

= K O ' l i J T 
» : : ) ! j : j T - ; > 

< : -^ ,12n; ) 
( 1 , 1 2 1 0 

V i \ S P C ( I 

v - i : ; ) 
'.} r\ i C. I 1 ( 
?̂ i T . e J E . 1 

P L . i T ( <Y 
I : 
I'lOT ( X / 

L-JT C X Y 
V : ( : 1 ) 

< . ! + i ) 

•JV:HiAL ( 
- >: J . - \ I T 

V / c j ) 
Y ? ( ! • + ' ; ) 

( 3 , 1 22 i t 
( 1 , 1 2T;O 
i r MODE 

OE ( K O ' ^ i T 
- KOJr jT 

:i ;) Vh" (T T 

+1 

f?;!A'i 
x : !A 
H : : A 
0 

T ( 1 / l l l-l 
r ( 3 F 4 , i , 
T ( 3 6 i l T I 
T ( ) • 4 , 2 , I 

) X Y Z ( : ! ) r X Y Z ( I / + 1 ) , X Y 2 ( N + 
f X Y ^ ( - l ) , X Y ; : < M * 1 ) / X Y 7 < N + 

• : i P 

S ( ( l S P * 6 - 5 ) + 2 ) , H , Y Y , F F ) 
) GOT.) 1 5 - -
/ ( = : ) * X Y Z C I + I ) # 3 ) . . 

Y , : ) 
Z (^O * XYZ (:1 + 1 ) , 2 ) .-: 

X Y - ' ( P O , X Y 2 ( M + 1 ) , 1 , 4 , 1 1 , 
+ 1 

) 
) W A I T ( K 0 ' I ; | T ) , ! ! 0 D li ( K f ) U N 

= 1 0 : ; T O P I M P O T 
* < - ' A l T ) .'Hi. 1 0 ) fi.TTO 1 
- 1 
0 7 L ) 

P O T X Y Z M O D E ) 
12) - •.. -. -
•!c I iy M I N S A M O >':Or>E T O 
2 ) 

2) #r iOf>E(KOUrJT + K"JATT) 
2 ) I I S P ) . 

O O r j T + K ' i A l T ) . N K . 2 ) viOTO 20 
0 , 0 , - 1 ) 

T + K W A I T ) 

0 _ . 

NEXT P O I N T ) 

'27 



. . SU;>K. . )JT i ; jE S I ( I F L A G ) 
C .- . :S;i.lR ) i l T i : J E S I I S AM A L T E H H A T I V E T O ^ -
C . . . 3 P ^ C l r / I i G dF LGCTANCES ^1F i i O ^ ^ F A C E S , 
C . : ^ L U M r * A ! K E A N : ) D A Y L I G ' r i T D A T A , T H E P O U T l W e 
C . A L L O ' ? S I ' l N E C T STATEMENT :) i* AVERACiE 
C . - L : I W M - - | C H F«.'R A i iY SPACE 

N i V E n r ; : T 
P t A L L );ic:i(2."») » I L L I I T ( ? . ) ) , I L L H A ( 2 0 ) # T L L M ^ J ( 2 0 ) 
C 'JM- i ):J J A I T ( V J ) , 01 5 T ( : ^ } ) , T iiiE.(r>'^) * S T O E I ( 3 0 ) 
CO l . l ' i i i ' j T : > E ? ( 3 - ) ) , S l : ) E * - ; ( : ; 0 ) , X Y Z ( P O ) , M O 0 E ( S 9 ) 
r t ' ' l - i 1 L L : I ' : , I U L = - ' T , O F I IT ( 2 - ) ) , AR E A ( 6 , 2 0 ) 
CO'LJ- i . i A G L AS ( 4 , 2 0 ) , . ; G A P S ( 4 ; 2 0 ) f F ( o O ) 
CO'! i J ] S I .-i- 1,̂  (2- . ) ) , I U L M . \ , LOME:! , S ( 1 2 0 ) , G( 5 , 1 4 0 ) 
CO !:n J i > ( 1 0 , T 2 . ) ) , : ' ( 1 0 , 1 2 0 ) , R F F S ( 5 , 2 0 ) 
C ' J M ' K i > ,TA ( i ) , . \ T : ( ( 2 0 ) , A R M ( 2 0 ) 
u -L^ : - ; - 1 
i iP.Ai) ( 1 , 2 1 n 
h'J 10 1 = 1 , ] 
p E / . T ) ( 1 . 2 2 0 ) i L L M T ( I ) 

10 c ' J i i r u ' u ; 
21 .) F U H . i \ T C l 2 ) 

2 2 0 F0:-: i A T < r 5 . \ ) 
REV j K . i 
E?^ = » 

2 8 



SiJ.:;r:n:IVl,-lt:- P K J T I . : < I F L \ M , I T : I T L » H , Y Y , F F , N ' , S C A L E ) 
C S : l > t K J i ! T l P - I . ) T I C C n U T P O L S T H F P R P r / i C T l O N . . . 
C »F A / K I . * A i l F I I T E : ^ J A L • L L ' J ; U IV AN C R f O p E A C " 
C SPACi : : \ '^:) T M C P i ^ c D I CT10>J OF B H l G H T N F S S - -

r - l - l uNSEi . 'U A l ? K F ( 2 n ) 
P ^ A L L I I U i N ( ; > P ) , T L L 1 T ( 2 - ^ ) , t L L « A ( ^ 0 ) , T L L M M ( ? 0 ) 
C ' J M O J -tA I T ( 7. j ) , :> I ; T <X T ) , T iMf:" ( ")<?) ^ S T H F I f 3 0 ) 
COM.iO:.: nK? (3 . . ) ) , fi 1 DE 'n ( 3 0 ) * X Y Z (^5t)) I r^ODE (S*?) ^ 
C'JM I'V; I I . L i:-* I L L * l T , r ) F l • i T ( 2 0 ) , A ' ? f : A ( 6 , ? 0 ) 

C F . »R f . ^ C ' l I . 'JTKWVAL A L O I J G T M " : R O U T E . . 
C 'J 'M ' ) " i A'1L»^<; # 2 0 ) , AG APS ( 4 , 2 0 ) , F <60 ) 
C".i:!:i:-< S\'y\.\(.?.0) , I L L ' I A / L U M E N , S < 1 2 0 ) , G ( 5 , 1 4 0 ) 
C ^ l ; 1.. ^ u C i 1 ̂ «>) 0 , 1 2 0 ) , KP F 3 ( 6 * 2 0 ) 
C '» i : | - ) ! ' A T A ( ; ? 0 ) ? AT l<(»^0) / A R H ( 2 0 ) 
I K ( 1 F L.\0 . Cvi ; i ) ( i ' i T . l 1 0 0 
r; - ;1 : . 

2 J 'i - M + 1 
K " ( M - i ) + ^ , + 1 
C A L L A^xEAS ( ; i ) 
! F CG ( n + / . i . Nf:. u ; ta>TO 2 ) 
C M L L ^ t o i i x (.':, • \ ^ ;e>) 
r;:J ^ 0 I rr 1 . . . „ . 
l L L . I \ < n . - t , . »nE . - i a>/ .S IO i l A M ) 

3 0 C ' . i T I i ' l C 

I L L : I ^ : < I ) = 0 . . • . _ . 
DO 1.0 U : : 1 , 4 
>; I = < 1 -1 ) * + 1 
I H <F ( It ) , iiii , 1 ) vW>T ) 5!) 
! F (F < : i l ) , :.^r . I I ) ' . JOTO 3'") 
C A L L j . i V F J ( F C.ll-!-*-') , i lF 1 J T ) 
r,aT;-| 3."̂  . 

3.5 [ L L . H K [ > - I L L I:! ( I > + ( T A.'/S * A a L A S ( I I , I ) * n F T / S 1 GM A ( 1 ) ) 
' i * C T L S K : Y / - ; 0 > ) 

4 J r u i r r ' i IE 

r . H f . i K r ) = I I L . i H ( i ) * i m . / i L S K Y 
'> j c u . i T i ' i u: 

f ;0 6 0 T 1 , ;J 

r L L i l T ( i ) = I L L M ' l ( T ) + I L L ' l A C I ) 
I LL IT < I ) 1 LL:1T ( n ^ A R S F ( I ) / 3 . 1 41 59 2 ? 

6 'J CO' iT r-.'.iR -
C I . U T l A L l S i £ V A . U A i l L E S . . . . . 

- 1 0 i j _ T i : U - . : = - 0 , -
. a i : i c = 1 . . . 

. KW.MT= O . ^ ^ : . : . . - : - - - . - i - - - . - . - : .. . i : 
KSf^C = 0 . ^ 
K t ! i c p . . : ^ v ; ^ . > : ; . . • 
\y! = - 0 _ ^ . . , 
C A L L S P < F F , S C A L E # Y Y , H > 

C P K I / i T Oi.lT I>1TEKVAL ( S R C S ) _ . . , . . . _̂  .. . . . 
' . 'Rj r r ; ( . ^ , 1 2 7 1 1 ) . - ~ . . - - . 

FE ( ? ; , 1 2 / ^ 5 ) ^ - - - . -
k£A:> CI , i 2 ' ;o ) . - iv . . . . . 
>; = X Y : ! ( 1 ) . . :. . 
V = xy<^ (2 ) . 
r = X Y ; : ( 3 ) . . . 

- C A L L v p s p c ( • ^ * X , Y / ; ; : , I S : > A C E ) 
<*)1 T [ L L M T C r SPACF.) - . -
C A L L T I M L : : ' > d ' l ) 
ruJ 2 0 0 KO'JfiT - 1 , IT-OTL 

:= KOl lNT + i ' U A I T 

29 



^ 2 0 

i F C i i O L ' C K . ' I t - . i , A ! i u . ; ! - ) i } E 5 : . r l H . ; ? ) ' lOTO. 2 1 0 , : , 

l i J C T - - . K J C . . . - • - - - ^ 
i r ( i . L T . i ^ : C T ) : I f i C T s i - -
C A L i . v p s p c ( f : . A , Y , I S P A C F . ) . 
0 2 = . I L L n T < iSPACe>:r__-.__ . A - -^v - - -- .y.^^^^-
C A L L Ti lOLMl> _ ^ 
r r j = ( T S P A O r - l > * 6 * i ' / ^ ^ ^ •. : j r ^ i i r i ^ " : • - 1 : ^ 
C A L L 'J!MuT-^i (S (K.-i + L^) , M / YY , T F ) _. . . 
C A L L SVI I l i ' ^U ( X / Y , 1 . 0 , 1 1 , 0 . 0 , - 1 ) --.VfVL:^^ 
L-O 2 2 : ) I ;T = - i , I , I N C T . 
C A i . L r . j i JES / 0 2 , i ; j c T , P G M ; a ) 

i»Gil IT I S F ; i A ' : T [ O i OF P I G ' I E . ' U e L E A C H E O 
TH ( :S ,2 .S0 ) X , Y,p>U;-JT , I LLMT < I S P A C F ) . " ' -

C A L L VEi iUL-^ ( n . L ' r r ( I S D ' ^ C F ) I t^GMUT, I V , I S W ) 
pf^M.iT = 1 - ^ ^ i - i N l . • ^ 
o i = ( } . . ' ) 0 : * 7 - v > , 0 ' " - > ' ^ * P ' J : 1 [ 1 T ) / ( 6 ^ , e - 0 8 * p G M N T ) 
r.o I T i - r J r : . . 
KVJ.ViT K - r n i r + i 
\: '< K-.j:|r!*l>K':-.'a T T 
T i : i i . K - T 1 t r ( K:<> 
K T I ; ! = T I i i t r : + u , S ' 
l o.if;^: = f!-."»^:: ( < < ) 
! » - ) j i l K , 0 ) : i : - i fO 2 0 0 
C A L L V r l l A i U C ^ ' . ' I M M , X A , X 1 , Y'J , Y 1 , 0 , Z 1 , X A n S 0 / X A B 

. . Y M - r j ) , Y A : r j 1 , Z A l t S O f / ^ A t i S I ) 
S I 

1 F < K T r M . L T , T H C T ) l - l i : T = ^ T l M 
2 J'.i K = 1 , K T I M , T-JOT 

Cr tLL r i T H V L (XO / X l , * : 0 U : J T , K7 IM , K , Y O , Y1 , ZO , 2 1 ,X f 
C A L L " /P i lPC ( r N v , Y , 7 , f ^ P A C F . ) 
0 2 r: n . L M T ( i s P \ c t : ' 

C A L L C " ! : ; ^ ^ ( w 1 , u 2 , 1 M C T , P . G M M T ) . .. . . 
C -^Gr ' l 'T I S P : ; A I ; T T O . I O F P I G M E N T T3LRArHef> 

y.i-i = ( I <;p.ACh - 1 / * '> + 1 
CALL ^ i n i G l i ( S ( v . r : * 2 ) , i t , Y Y / F F ) 
C A L L S V l U V i L ( X . Y , 1 . 0 , 1 1 , 0 . 0 , - 1 ) 
»:^^ITE X , v , ^ r j ; ; ; : T , I L L H T C I S P A C E ) 
r A L L VCKHi. .^ < U L ' n C l O P A C F ) , P G M : | T , I V , IS'-J) 
p n " i ; : T = 1 . - p r . M JT 
O'l - ( 0 . 0 0 ? V - 0 . I ^ 0 7 7 * P G : - I M T ) / ( 6 4 . E - 0 8 * P G M N T ) 

20vJ r U - l T T N ' J K . • . " 

• |?Vf t F0 : .v . i .AT(19 : i P / 0 P E I U O D I N S E C S ) . . \ . 
'(2--iO F ^ T - i A T C l D . . 
1 2 o ' i F ' j n ; : ; A T ( S H V n T C ) . .. : • 
i 2 v : . P M ^ , : : A T ( 1 1 ) . . . 

E N D - : • 

Y , 2 ) 
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Gi i r .ROl iT 1 " U : rHv)L* iT C A L C U L A T H S T H F k E T l N A l 
I I. L " ' ! ' ' A T I . ) . LnV?:L ( EPPECT U 'E TWO LAN OS) 
F O R A \ WlWA.lCE TP .OLr^ 
C i lH ! - " ihS ' i r D ' i p i L , ; R F . A nUK T O T H F r T i l . t s -
Ci lAWI-r.KM) F I F F H C T A 1 0 L W M . r i l A H C E ARE TAKEN 
M T . T ; . .CCJJ . \T . 

nP ' J f ' L = S , l - S , w * T A ' l ; ' . ( 1 . 4 * A t o e < Ti-^0 L M > ) 

/ o . ) +0 O P U P L * * ^ . / A H ) ) 

K E T M R : ; 
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c s i i r . K " . ' T r - i H c:\ir.s C A L C I I L A T F S T H E F R A C T I O N 
C >F P l l F ' C n - i ' l T H M Tt lE r O M H S , I N T H E 
C t l lLFAC-iFLi S T A T H , A h* T E S T I H E INCRFMENT 
C ! i : C T # '.. '^r.i;f T M t 1 M { T I \ A L H 1. I ^ A N C E T O 
C ' . ' i l l C - l T i ' L rC'ME?? AHF AOAPTRn I S 0 1 ( I N 
C T I M K A . f )S) A ! 0 T;IE W E T I N A L I L L U M I N A N C E 
C T:^ ' - n i n i T " h C O l £ S ARf^ A D A P T I v r . I S 0 2 
C ( P J T » M i L A : i l ' S ) . 

1)0 1 0 i r i M E = 1 , j » " C T 

' : .T r. 1 . - ( 0 , ' ^ - j V ? / ( 0 . ' ) - . ) 7 7 + 6 / i . U - O 8 * O 2 ) ) + 
1 (C , ; , M / / * 6 ^ . E - ( 0 1 - 0 2 ) / 
1 ( < 0 . OOV? + f̂  F - i . - ; * g i ) * ( n ^ 00 7 7 + /s^^. F - O S * 
1 <v?) ) ) " F . v p ( - T M E - J * < 0 , O O / Z + cW* . E - 0 H * o 2 ) ) 

1 0 CO' iT I r. JH 
o P i ' T r < - 0 . u C 7 - ' ' ^ O ^ - . H - 0 T * ( O l - 0 2 ) / ( O . 0 0 7 / * 6 ^ , t - y S * Q l ) ) 

l + t X ^ > ( - T i : i E S * ( 0 , • • )^77>6 4 . K - 0 3 + 0 2 ) ) 
'•K I TE C i , 1 J;"!) Ji>DT 

1 ' ;0 FOf-::!AT < n . i'A^i 'Ji>OT = , F 1 0 . a ) 
c t T l J K i j 
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C r. l i r tRVniT I l iF f . f« i r lX C A L C U L A T f i n THb' "Sit.V OF 
C M . L SHkF. .CF.S T I M t f S H E S P E J : T r V E R F F L F C T A N C E S 

C — - Stjn F . A C H : ? n o . i . rj i s T H E T O T A L N U M R F R • 

- . [> iM;;r4S l o M .'u-u F < ? o ) 

. C U l M O i i -/A I T O O ) , D I "^TCS •)) , T T : i f (:ic> > f S I O F l ( 3 0 ) " 
r'.» i ; |O i , s i i » t ? ( . S O ) , S T 0 F 1 ( : W ) ) . X Y Z < 9 0 ) , r * 0 D e ( 5 9 ) 

r u ! ; i n ; j A^'I L A * ; , ; > r . ) , Ac .Ayn ( # ) / K <*'>0) 
C U l i ' - i r ; S U i H A ( 2 0 ) , I LL I IA # L1JMK^] . S < 1 t) ) , G ( 5 , 1 4 0 ) 
r o : i ; i ; : ; n f 1 0 , > , i . ' (1 o , i : . ' o ) , K F F ; ; <rs, 2 o ) 
CUM!( .1 :J ATA(;->'.-.) I A T K C 2 0 ) , A R H ( 2 0 ) 
no 5 = 1 , M 
r. i c , i i \ ( : ! > = 0 . .. . 

b r. ' j ' . 'v [ w i n 
L;0 ;.»A M = 1 , f<i 
f jvj 1 Ti r = 1 , 6 

I G : : A (::) = s r ( n ) •»• ( A K ? . A ( l • i : ) * C1 . - r F s ( i , M ) ) ) 
A H L r ( M ) =̂  nPtJ^ r ( • : ) - A f ^ F A ( I , M ) * P n r S < I / M ) 

10 C'.>:iTT:rifc; 
2U C'- ' - iTIM-Jt: . . . 

s i r . ; ; i c : i ) = s I A ( i i ) + ( A - i LAS ( I , n ) * 0 , 9 ) 
/ . K H i - ( ( ! ) = A . : P F ( : t ) + < A r » L A : ; M , i n * 0 , 1 ) 

i J C'> iT I 
AO C U W T f M t ; 

. ! = 1 , 
fiKH^T - n . 

i,u 7 0 : = 1 , u 

A K C F C O =• A : : r F ( ' : ) / A K n A T 

s o C U ' i r I i i - i i -

Fril l . - . 
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1 J 1 

2 1 ^ 

n o 

1 / - ) 

.-.1 0 

1 
1 

2 

5 

3 0 0 

6 0 1 

7 
7 0 n 
2 0 
21 
30 
3 3 
9 0.) 

SVJ J K O r r r j E v r . i : M . R ( X I . Y i , i v , i s w ) 
l F ( i S ^ - ' . : i E . 0> 1 0 1 . . 
TS J =: 1 
X . = X I : -
Y = Y l 

X - A L O 0 1 - M V ) . ..^ _ 
C O N T I ' i ' £ • - .. . 

X I - M ^ O I 0 ( X 1 ) . 
A = 1 i^ . * * X . . • 
:̂  = 1 * * X 1 
T F C A . L T . ' O GOTH n o . . . . 
I M A . W T . 3 ) » V ) T : I 2 1 0 
r jUT . j 1 5 0 
•3 = i 3 > 1 / l O , . . 
l F < A , ( i V . : J ) n . jT . ) 2 7 3 . . 
(iUT<) 1 :">•.'» 
H x / ; ; i 
Z1 = ' ^ / 1 . 
( J O T . ) >1 ") 

I K A . L T . n ) r.OTO 1 / 5 
71 = 
r, i i T :) s 1 0 
« - X ! / X 
21 = » i / 1 . 4 
C O I r I .i j c 
7A = . • • t - ( 1 t S * ( Y l " Y ) - - ) . 0 / * 2 5 * < X l - X ) ) 

IF<;V . L T . n vv.)TO 2 0 
TF<.-. . I T . 7 ) »T0 :50 
r,'JT j < i , ; > , ; ^ * i , S / ( > / / ) , N 
l i R i T f : < : ; , i o . ; ) 
FOa ; iAT<- i .)H VEKY DA-TK) 
( i U T j 9 0 0 
U K I f 20::O 
F n ? ! : \ T ( " > : ^ ' lo.RrO 

w« t TH ( J I - V ' M > 
F t J l i i A V ( 4 ! •.-*1''> 

U r U r E ( 5 . 4 O 0 ) 
F U : M \ T ( 1 AT 1-3 r ACTORY) 
r.UTO V-)0 .„ . . . . 
D K I T E C 3 / 5 0 i U • 
F O i ^ i : A T ( f , H L i r . H T ) 
GUTO ^MO 
W i a f E C S / o O . l ) 
F 0 r < ; i ; \ T ( 7 i . i P l G - i f ) 
r . 'JTi) 9 - ) 0 
' ; W I r E < 3 / 7 0 i » ^ 
fUP. l iA T ( 1 :?M VEHY BJ^ IGHT) 
<:0T.) ' V ) . ) 
i i K l T E C.S,22> 
F 0 ' ' . . ! . \ 7 ( 2 V'i Or*^ '-.OTTOM •) F S C A L E ) 
r,UTO " ' i O -
U K I T E ( 3 f 3 ^ ) 
r ' J , - ' J l : \ T (17H "^FF TOP OF S C A L E ) . 
C u ; i T r i : ) r 
X - X i 
Y ^ V1 
7. ^ 



SU; ) r . : 0 : fT I T : < H r . M L < I T 0 T L , ' , N , F F , S C A L F # Y Y , H ) 
C Si lOiUMIT l i i S TMKRHL C O W T R O L S T H E P R F D T C T I O N 
C . iF TMhR i lA t . S P l i H A T l O N FOR HACH J W T F U V A L 
C ^ ' iLO'J^j T r lh ROUTE 

. . D l ' l E n r . K c j C'-trF , T S K <1 3 ) * r ) l S C < 1 5 ) 
nr iLw5 ; i ( . t : * i STAr iT ( n , 7 ) 
R t A L L J l i c fML^O) , T L L : i T ( 2 i > ) r l L L « A < n O ) , I L L N - . . V ( 2 0 ) 
rO ! l ; ; : ^ : i U J T C ]; 0 ) , fi I S T < :'>:^ ) , T T i1 F ( t iO > , 5 I D F 1 ( 3 0 ) ^ .. . I- -
CU: ' : i :V ! S I O F p ( 3,J) , s n ) F ; ' ^ ( : - ;0) # X Y 7 ( 9 n ) , M O n F ( 5 9 ) • 
CUMi l l f J ILLM: . ' - , I L t . f ' . T , O F r ? ! T ( 2 0 ) , A n F A ( A , 2 n ) 
CO'/.\\nu A 0 L A S ( 4 / i M ) ) , AGAPS (•'»# 2 0 ) / F ( o O ) . . 
CUKJIOU S I G : I A ( 2 0 > , I L L I ^ A , LUM F M , S < 1 2 0 ) , G ( 3 , V ^ O ) 
C O : ' : ; w i ; ;> (1 O , 1 2 0 > , ( 1 O , 1 20 ) , U F FT, </S , -20 ) 
COiMlO^i A T A < 2 0 ) , A T P ( 2 0 ) , A R H ( 2 n ) 
Co:iiiC<:. T ( 3 ' L 'O ) , t> C S» '0 ) 
D A T A ; : T A R T / ? 9 , 0 , - < 7 , 0 , 0 . 2 ^ , 1 . 5 , 1 2 . : i 1 , ^ . 4 9 , 

1 7.f:, ? , ' .7 , 0 , 0 , 2 1 , 2 . 1 7 , 1 2 . <»8 , 4 . 6 2 , 
1 , 9 , 5 7 . 0 2 , O . l ^ r H . ^ i , 1 2 . 6 4 , 4 . 7 ( S * 
1 < 5 . ' > , 7>7. 0 : ' , 0 , O^^i 1 0 . 2 - ; , 1 6 . 21 , / . , 9 , 
1 ••;4 , V , 5 7 . 0 6 • "». 0 r , 1 5 . o r * , . 4 , 5 . 0 6 , . 
1 JS , i , .••;7. 1 , d , ! i6 U 2 1 . * j l » 4 2 . 6 3 , 5 . ?# 

- i : ; 5 . i ^ - . ' ' . 7 , 1 r i , n . n ? 6 , 2 9 . 9 ' ^ , 5 A , 7 4 , 5 . i / - . -
DATA r JK F / J ; ' . . 2 , i : , v;, 2 . V , o . 6 " 6 , 6V , , 0 . 0 , 3 . 1 . 0 . 7 2 5 , 

1 1 1 6 . 1 . . r., . 00 , ! ; . 7 2 f i , 2 2 1 . 0 , 0 . 0 , 1 1 , 6 , 0 . 7 2 5 , -
; 4 2 2 . , 5 2 . '̂ ••̂  / 0 # 0 . 7 2 ^ / : ' « 2 , 2J^ , . 1 b , 11 . 6 , 0 , 7 2 ^ # 
1 l V ° . 6 4 , - . 5 2 . ' - . 4 , u , n . 0 . 7 2 - ^ , - ? r / / . 3 3 . - ' ' i : , . i ^ ) , ^ 1 . ^ ^ o / ' ^ Z S / 

n A T ^ ' M S C / - A , o . - 4 . 1 , - 3 , o , " ? < . 1 , - 2 . c > . - 2 . l , - 1 , 6 8 / 
- 1 . . - 0 . 9S , - i : . 7 , - 0 . 5 , - 0 . 3 I 0 . 0 / 
n / ; T / . v < : K / 2 : ' . . r M 2 ; ; . : ^ ^ , 2 9 . » 5 , 3 0 . o . ^ o . 5 , 3 i . 0 , 3 1 . 5 , 

i 3 2 . y , : ^ 2 . ' ^ r 0 , : - ; 3 . s , 3 4 . 0 / 
s V P e r ) = : ( 1 0 • ^ . * U ^ ' : , b 9 o S 1 - ; • ; . 2 * A L ^ > ( ^ 1 0 ( T + 2 7 i . 1 6 ) + 2 , 4 a o ^ C - 0 3 

( - > ( T 4 - , 7 V . ^ . V 0 - 3 1 4 2 . 3 1 / ( T - * - 2 7 - 5 . 1 6 ) ) / 1 . 5 3 3 ) * ' : 0 O 0 . 

T i : ! - A . 
W * : l T c • : : ; , 1 7 : u / ) 

C r i i l T l A L l S R V A ^ I A ^ i . E S 

L k f T F ( X , i : i ^ M ; ) 
R L A [ » ('( , 1 6 l i ' . ) t V O T f l 
yVOVE = I VOTf-
V 'JJC = l ! V > 1 T r - 4 
CALL VERBLT ( V u T F / H V O T E , I S U ) 

TSKO- " START < 1 / l V ( i T E ) - - •-
A t .P i iA = S T A > ; T ( : ; , 1 V O T E ) . 
T ^ P . r. s T A i ^ T . - O : , I V O T K ) -
^KP.F =: S T A t n ( 4 , I V 0 T E ) 
E V ' = STAPT . <5»IVOTE) 
CHR .= STAK'T. . ( O , 1 VOTE > - . -
n r j c = i • • " 
C A L L n p ( F F , s C A L E / Y Y , n ) , , __ 

C - I'Pt y HT o-JT . li''JC 
R L A L ; ( 1 , 1 2 r - . 0 ) W;C 
WIMTC < : ' ; , ' i 2 7 0 ) i r i C ..-
p L A o . ( 1 , y ^w :o TM^YH - . , 
U K I T E - < 3 » ^ ^ 2 ) I M ^ Y H —. .. - • 
RHAh (1 / ' " '>4o> 3nY i . ; , _ 
• • /KITE < ; ' . , o 4 a ) -^r^Yu' 
[ i< 'Y/ i = 0 . 0 0 7 - i . : ; * i O v u * * 0 . 4 2 5 * r i n Y H * * 0 . 7 2 5 

• K w A 1 T = L r • 

R H ' n . n = : i 1 6 . 3 
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X ^ : < v z ( i ) . . . 
Y = . : < Y ^ ( ? ) . : - ..- . -. - • • . • - - - - - - -. 
7 = :< Y : ( z ; ) - . 
CALU VP^PO ( N K # X*.V , r , I 3 P ) - ? _ 1.1 

CLOTH IMC . . . ._. ^ . : . . v . - -= ._ -^ 
k L A o ( l / 3 ' » { ) ) C L U ^- . . . : - 1.:' — .J . ;J : : . r r_ - I i l i ^ iHZ^^^ 
W ^ i r f ^ iT^^SiW)) ClJ} _ . . , . 

P P i i . ; =̂  /xh • i ( T S P ) > S V P ( A T A ( l S P ) ) / l O O , . • -

IĈ v = ; ;Oi i : T + K ; J A I T . „ 

I F ( ! ! 0 : ' E K . " l t : . 1 • A J P . I ! : ) D E IC, N F. . 2 > OOTO 2 1 0 
C A L L r n T ( C u E F / ; i l ' i ' K K , f < ' l J L O . C i i R i P P M G , A T A ( I P ) , C L O , ATR ( 1 S P ) , R M , C H C S . 

U T C . * ^ l ; r t ; , C ! ' . r s # F C L i T O , N ) . . 
I = J / J T ( K n U M T ) * 6 0 - L^ . . : -
i : j c r = r : i c 
r F ( i . L T . l i ; C T ) l - ! C T = I 
Kit -• ( 1 S P - 1 ) ' ' 0 + 1 . .. 
C A L L " K l O l N (S<y:N--»-2) , H , Y Y , F F ) . .. . . . . . . . 
C A L i . SVl iL 'OL ( \ / Y r 1 11 , 0 . 0 , - 1 ) 
! ) ' • , ! 2 0 KT = 1 , I # l i i C T . . . .z:.- ... . 
C A L L I . ' I ! M N - ( T S K , I ) I C C , C^»EF(^0 . C ( » f : r ( r j + 1 ) , C O f F<N' + 2 ) , C 0 E F ( r i * 3 ) # 

i C H a , F V , A L P M A , S r ; : , a - , T S K 0 / T C r ; / T r M , ^ ; i r 4 C , C L O , C L i » S , A T A ( l S P ) i 
I / . T - ^ C I S P ) , P P r U / 
1 nDY/^ , K 5 [ > Y : | , ] M t T , w n , C ' ICS , OTC # K R E S , C R E S / F C L , T O , R M , . . 
i T 5 C : i S , : t l ^ > C 0 , p i < S ' - l ) 

7 i'. 1 l - C - K T - l + I N C T 
Vt^ I VE ( : ; / ' ' ' ' V o ) T s E r . S , D I S ( ; 0 , T < p j C , i S p , AT A ( I S P ) , AT[? ( I S P ) , R M 
C A L L V E K - i L T ( T S .̂ .S S , K V f)T E , I ?'.J ) . " 

; : i u T r n - K - T i r i E ( K K ) . . . . 

n " ( i : 0 : > E r : . E > . ' - i O ) 0 > ' T O 2:^0 
C L ' ' ; ! = CLO . . , _ . 
I F ( : iO i . ( : ;n .>F. ( . ' , 2> . Pw . O ) C L ' ) N - - " ' ^ 7 5 * C L ' ' ^ 
CALL i ' i i r < C ' » r F , M O . ' ' r ! < , ^ ^ ! : J L n , C M » , P P H 0 , A T A ( I S P ) , C LON f ATR ( I S P ) , R M , C H C S 

1 , C T , ; , L i U : S , C . ! K S H - C I . , T O . ^ J ) . . 
CALL ^ ' i U A ' U ( K C : l M , X 0 , X 1 , Y O , Y1 , 2 0 r Z1 f X A B S O ; XAUS1 , Y A S S O , Y A 0 S 1 ,.. . . . : . 

1 Z A ^ : ' / ) , ZA-^ tSI ) . . . . 
I I J C T = 1 ; U : . : .. - . \ 
! F < K T i ; ' . L T , I l i C T ) JMCT = < T I M . 
no ; : 0 0 K ... =1 , K T I M , I>iCT . . ^ ^ J i . .. ; -
C A L L l i T R V L ( X ! l , X I ,h:OlJ i T , K T l , v , K , V 0 , v i , 2 0 / 7 1 , X f Y , Z ) . 

. . CALL VPSPC ( i ; ' i » X , Y , Z , I S P ) . . . . . 
p P ' i u .̂ A ; < S C I S P ) ' ' S V P C A T A ( I S P ) ) / 1 0 0 , 

C M L L M'tMAJJ (TS l ^ . , P I S C , COEF ( M ) , C f > P F ( N + 1 ) , C 0 £ F ( f j + 2 ) , C OE F ( N-e-3 ) , _ 
l C H r i , c V , A L P » 5 A , D i < B F , T S ^ : 0 , T C P / T T M # R I . V C , C L O , C L O ; J , > \ T A ( I S P ) ; . . 1 
l A V : < K : p ) , P i * M ! G / 
1 n L > Y / w l i : ^ Y W , I N C T , h : . M , CUCSf C T C , E R E r , C R E < i , r C L , T ' - » , R H , 
n s r i : s , ? i r . c o , ? R r > i i ) . . 

T K I r ; c = ! < - 1 ^ I v C T ^ . • '^'C 
W K I T E ( 3 , S ^ 9 0 ) T S E ^ S / D I S C O , T K I M C , T S P , A T A ( I S P ) # A T R ( I S P ) f R H 
C A L L V E K H L T ( T S F N S , K V O T E , I S W ) ' . - -
K.J = ( I S P - 1 ) **'> + 1 
C A L L o r : i * i i i ; (S ( K N + 2 ) , H , Y Y , F F ) - . T . ' : 

CALL : ;Y l i r ;OL ( < / V , 1 , 0 , 1 1 , 0 . 0 , - 1 ) 
2 0 0 f ;0 . iT I ri'JR .. 
2VT:^ . C ' J I T I U O F . . . . 
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; : 3 v t WITE < 3 , 1 5 i i 0 ) 
U K I T E < i , 1 ^ 1 U > - A L P i i A , S K D F * E V , C H , H M , T S K I : , r C R - _ 

Fun i iATCo)H -CL^J = ^ F S . 2 ) - - - • - V. J 
; ; i V FUr i i jAV C9i i TA = ) • . - . , 

F 0 K ! : A T ( 9 M T H = ) - . . " - " 

.•;3'j FUf-^ilAT (PM = ) 
o/.^j F o : ^ i : A T ^ r 3 . 2 ) . . . . . . .. 
:M,rt^ F ^ M A T C ^ M Ot»VH = , F 3 . 2 ) _ _. , , _ ^ , 

C C ' ? ; : A T ( P . H y f ^ y J = # F 5 . 2 ) ' 
9'>:» FO^vIiAT f 31 H I TSFiJS D I S C O T I M ) 

VOiJ F ^ ^ - i i A T M H / S F l O . / . , I ' i n , . " ^ F 1 0 , A ) . . . „ . 
F O : ^ : : A T ( i 7 : i M P I - V X V ;̂  M O D E ) 

•;2«-''^ F 0 - : ! I A T C ^ O H T i U f IrJ M I ' I S A i i h MODE TO fv £ y T P U I ^ J T ) 
F'J=iMAT ( r S , , ' ^ , I 2 ) 

1 2 7 0 FUc : : :AT< ; !2 ; i p / o P E K H J D I : J S E C S = , \ 2 , n 
M^r^ F U = : ! : A T ( i ; ^ ) 

' I S ' J O F O :^iiAT (5*? H ALPHA S K R F E V C ^ H K M , 

1 ?:yf\ TSKO T C R ) 
F * - ' ' : ; : A T ( V f i o . ^ ) 

-.SVO F ^ ^ H . i i A T d - ' ^ , 1 ̂ . I I J . ' I T I A L S T A T E / ) 
' i 6 l ' ' Fi-' iwATC I 1 ) 
* ; 7 0 0 F U r i : ; M ( 1 ! n f s : - s > M ? H T l i E R M A I . .- ' .OhEL) 

Eia> - • -
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f U : i , , n i i r 1 :;R ( T r , K , f ) i s c , : u , u < , C H C , P T O , r H R , E v , A L P H A , 
C S = i^^H•JMT I :)f? i*-:^Rn I CTS T M F MilMAN P H Y 5̂  I 0 Lt) G I C A L 
C - . ?.Z^^P:iv.r.r. T(.« A G I V H N T i l F W ' K L F N V I K Ci N K E MT . . . 
C r»)?> A o l V i ' ^ i A C T I V I T Y , C L - ) T H I S G V A l U E 
C A ; r > P . i V S I : } U . 4 , . . . 

1 S K fi F . T 5 < n , T (: , T [ ^ : , R [ f j C , C L 1̂ * 0 L '1 # T A , T R , p p H r, , 
1 [ i D Y , , , , ( : .YV' , l : : C T , ; : ; : , r : i C 3 , C T C , F » E S , C « E ? : , F C L # T 0 , R l » , 
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C : K ' r:". ST A T I 0::. ', irY T 1.VF. = S T A T I O ^ A R V I t J T t R V A L ( I N S R C S 

T r i - < • < • < ) r i ^ I T 1 \ - 'MjsT> * so . 
K ^ - N X *• 1 

i [ : X = i 

s p - 1 •= 1 . ' I 

c i-.)7t. )t:-^'V - jp • 

r r i o n X . t: I , . A-10 , / : • } . L T , ) G O T O 2 0 0 

C , : ! i i v i : . - !nNT DP . . . . '. :: . 

r f ( : ; o i . ' ^ r ; . r:0 . 0 . v : ; : ) . ; : o . L r . 2 1 ) G O T O ^^OO 
C \ r j r - I j : . ,T ;>i;:.;-i 

- ! : 0 : ) ; : ( K X ) : = - i . . . ^ T . . ^. . / ' ' . 
T^ Iu (X^ )= •^ .»^ST^^S^^ •^^FO 
! F ( ; . : . ) : < . ! T . L T . i T O r i ; ".iOTO 3 0 . _ 
I F <Kx • • n . - : • ( , ' ; ."•) G n o .""r̂ O 
T M f i ( XX + I > --.iA t T < K.O'Ji;T + 1 ) , . v -
I T J T L - t T O T ^ . + l 
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S l * - l , s O J T K : t f V k l A i ^ L C KO'J :JT . X 0 , X 1 * Y 0 , Y 1 , 2 0 , Z 1 # 
C S U H ^ O - i T l l b V . ^ I A J L I N ! T M H S £ S C O O P O I N . M E 

C F O ? - i S c I V . ITMEK . ^ ' J i ' T l N F S . 
•*X>*^ii Or X A J S I r Y Y A ' J 5 1 / ZAt^ J O / Z A ^ S I ) 

PL.AL L i.tr I C'H" ) / I L L ' I T ( 2 *») . I L L'* ; ( > , T L L r v J ( ? a ) 
CO !:;OK- ' . • \ l T ( i O ) , P l S T ( 3 0 ) , T r i E ( ! i 9 > , S I DE1 ( 3 0 ) 
Ct»'1i; 3 l ^ ^ - . I C 5 O 0 E 3 ( . ; 0 ) , X Y Z C O " ? ) / M J D E ( 3 C ) 
CO 1 l L ' r , s I L L r - T , L>F {'-JT<;?r>) , A K F . A < 6 , 2 0 ) 

cc- v i : ) * , V . ; L \ r , A G , \ V > S ( ^ , : ^ 0 ) # F ( A O ) 

CO l;n J S P ; ( - '^ ) / I L L : n , LUr .F ' J ,< : < 1 ? 0 ) , o ( 5 , 1 ' * 0 ) 
r u t : i ) ; . } ( 1 M ^ ' > ) / 1 0 , 1 ^ :n ) , ^ E t = ? ? o ) 
CO-»:ri ; A T A ( C I O ) # M R C - T O ) r n f f i i < 2 0 ) 
•: = ->*< •» ) | T - . * 
y o = x v ' . M I ) 
x i ^ / : Y ; : ( i + " J ) 
Y O ^ > ; r , : ( - j + i ) 
Y 1 = x Y . : ( ; i + ^> 
7 0 - : ; r , : < i + c!) 

:<AT:Vi = A : j S ( X ' ; > 
X A ^ S l - (X1 ) 
Y A - i s A = - u : - ; (v..>) 
Y.^ '-S 1 - \ 1 5 < V ' ! ) 

7A i i ) = : \ - l 3 ( ^.-») 
i = A.13 < : i ) 

4 0 



5 .M ^ V L C > : , X 1 , K 0 iJ V T , K T i M , K , V '.̂  , Y 1 , 2 U 
6 C . T 1 - i r I NTu V L r i r T r-l?M P l F S TH r ? - J> 
7 C 1 . > s AL;):ivi T H t ::-")iJTJ: AT RACH T I V £ 

c \ L , 
V t -v L L i: lu" J c ̂  1 ) , p . L f l T •)) , 1 L l ' ^ ' ' , ( ?0 ) # t L Lf^'^' < ?0) 
(1 M .-i I T ( ^ J ) , D F S T ( :S 0 ) , T I :i K ( 30 ) , S T I) F 1 < 3 0 ) 
1 C'J- i ; ; ^ s T ;;r: '.* ( i M , s I r>K:^ c ) # x v ; : c- 'o > , r-ODK ( 5 ^ 0 
2 r J • 1 ; ; . M , I L L i ' # r I J T ( ii' '1) , A ^ K •> ( 0 , ? ') ) 

1 l-l 1 ^ v t I. 
S I Ci '] \ (c^ j ) r i i i . i i > , u j M F . - i , r. < 1 j ) , G ( 5 , 1 6 0 ) 

5 CC'-l : );. :i ( / 1 2 ) ) , w ( n , 1 : ' . ) ) , F S <<S , r^O) 
t . \TA <? ) t ATK c ^ o ) , Ai?:-: C^O ) 
7 V = 0 . 

T H C >; • ) . 

9 X = ^ I ) i'. r ) / >: r 1! 1 
(f X A - X " \ * 
1 Tf c:<i, T . A .1) 

1 y A = x ••» f 
3 y = '1 

r f- C V I . > . Y 1 ) GOT 1: 1 1 0 
5 Y = :; I T > / K T I . 1 
6 1 vA Y »-' •/ < 

7 
h 

I^; r ' . ^ T . Y J ) 
r' > r 

(•/ T F C ^ ^ . Ji i . : M ) 
1 i< - L r ) / I 1 
2 7 - /! - * :̂  
3 T K /1 . r . J ) 

; : w V V i-; 
c '/.^ =: H T' • :̂ • 1 H r i»s ̂  c 0 0 --̂  <; /» T p R S il C . 

6 
7 
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1 

4-J 

'i •:") -J 

S » I r . • T I M K V 3 r* c ( : j , X , y , 7 , T S P A C > 

S : I ; ^ ; : L I : ! T ( - : F V??>9C T A K F . S T ' - I H : ' J U ' - ' I B F R O F . 

S ;» , \ i ;c s 'J I T t; i ;i T H E n.u 1 1 . n I M; ' , C U ' I P L F X , 

Tf ie 3-':^ CO. iR^S O F T H E V I E I P O I K ' T A N D 

Vi le ''.a-.H i » S i.'F. F I .-i I :iv'i . f: ACM S P ACt^ , A ^ M O 
; U : T J X - J S i s t 'ACf - : A ; > T H E : ? E F . ^ - j u t -n rs O F 

Tf i f l S : ^ ^ C ^ r » ) ; T A I J I Nfi T H E V T ' J 0 T N T . 

••! I n T r r A L I ; i R F o r r » P A c E 
iu- ,»L I- Mw: »1 I . L ; ' T ( ^ ^) , i L I . M A ( , ' ? : I > , i L L M V ( ? 0 ) 

r ' .» : i i ; : i ; : 

C'J i :; v ; 
f"'-:: I 
c ' - ' - i i > ; 

I F ( X . v : : { . c ) 

I F ( v . . ; r ; . ' ; ( ^ + 

r. "J " •; 1 "j 0 
1 1 ' s ( ^ *•^ > > 'H'v,) ^ 

T F ( . i. T . S ( -r S ) ) 

R h T : I!.» i ; 

P r . T i l ' J -.-

EJi ' 

f A r ( 7 -J J f ! S T ( 5 .) ) , T I M r ( S'sM , S T 0 F 1 ( 3 0 ) 
; ^ j : : ^ ( i ' ^) / b I :) L- s ( : V. ) ) , X Y 2 (V • n , M u 0 E ( 5 ) 
i I l.'-Pi , l L L f i " ' " i i ) F I : I T ( ; ? 0 ) , A ^ r ' ^ ( 6 , ; ? 0 ) 
; iL C ̂  , . : . • • • > , \ ' - . A . 5 o C ̂ » i , F ( o ( M 

I M I A ( )> , ; I.LMA , LUr-^E.'-] , S ( 1 ) , G ( 5 , 1 ^0 ) 
) c: .' , 1 '* ) , ' ( 1 0 , t r! 0 ) , F F S ( A * 2 ) 
\ Y A *>: V 0 ) * A r ( . . ^ o > , A ^ i U , ? ) 

• iuT-i ^ 0 

1 ) > 
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At present, the program I 3 operative In batch mode. Input of data I 3 on 
cards and the following i s a description of the input format specifications. 
Throughout thi s section the * denotes a space. 

The master routine controls selection of the program's options. I'he following 
i s a l i s t of routines together V7ith t h e i r respective c a l l i n g numbers. 

1 bUEROUTINE SS 
2 " SG 
5 " SW 
4 " SD 
5 " SR 
6 " SP 
7 " sx 
8 " SL 
9 " bP 
10 SK 
11 " . ST 

'12" " * ROUTES 
13 " S I 
H " PHOTIC 
15 " VISION 
16 " THERML 
17 , " SCALES 
18 " SH 
19 " SHB 
20 Terminator 

The input format for a c a l l to one of these routines i s 12. Routine 17 
must always be called f i r s t and routine 20 must always be called to 
teiTOinate a job. 
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SUBROUTINE SS 

SUBROUTINE SS deals with the input of spaces. VAienever i t i s called, 
the f i r s t room to be described must be given a number. This may be the 
number of a room already described but i f th i s i s the case, then the 
room placed f i r s t and others of higher number w i l l be replaced by the new 
rooms. The room number i s input i n 12 format. The room i s defined by-
the bottom l e f t and top ri g h t hand comers of the room , i n that order 
(P4.0 format) and the f l o o r height and room height (F3-0 format). Except 
for the f i r s t room described with each c a l l of the routine, when the 
floor height switch i s 0 i t i s presumed equal to the previous f l o o r heigjit. 

U'he following describes two adjacent rooms, 4 x 4 metres on plan, 5.metres 
high with a flo o r level 2*5 metres above datum. Ji;ach new line i s a new 
card. After each space, there i s a terminator switch. 

*1 ( f i r s t room number) 
0.0*0.0 (bottom l e f t ) 
4.0*4.0 (top r i g h t ) 
1 ( f l o o r height switch) 
2.5 ( f l o o r height) 
3-0 (room height) 
0 (tei-minator) 
4.0*0.0 (bottom l e f t ) 
8.0*4.0 (top r i g h t ) 
0 ( f l o o r height switch) 
3.0 (room height) 
1 (terminator) 

SUBROUTINE SG 

SUBROUTINE SG deals with the input of gaps. Kach gap i s defined by two 
diagonally opposite comers of a rectangle. The following describes a 
gap 2 metres wide and 2 metres wide on the l e f t wall of room 1 i n the 
previous example. 
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0.0*1.0 (comer 1 ) 

0.0*5.0 (comer 2) 
1 (base height switch) 
2.5 (base height) 
2.0 (gap heieJit) 
1 (terminator) 

SITSROUrraE sw 

SUBROUTINE SY/ deals with the input of windows. Each v/indow is defined 
by two diagonally opposite corners of a rectangle. Tlie following describes 
a window 1 metre by 1 metre and 0.9 metres from the f l o o r , i n the right 
hand wall of the previous example. 

8.0*1.5 (comer l ) 
8.0*2.5 (comer 2) 
1 ( c i l l height switch) 
3.4 ( c i l l height) 
1.0 (window height) 
1 (terminator) 

• 

SUBROUTINE SD 
SUMOUTB̂ E SD deals with the input of doors. A door i s defined by two 
diagonally opposite comers of a rectangle. The following describes a 
door 0.8 metres wide, 2. metres high centred i n between rooms 1 and 2 
in the previous example. 

4.0*1.6 (comer l ) 
4.0*2.4 (comer 2) 
1 ( f l o o r height switch) 
2.5 (f l o o r height) 
2.0 (door height) 
1 (terminator) 
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SUBROUTINE SR 

SUBROUTINE SR deals with input of reflectance values of room surfaces. 
13ach card must contain i n the following order, the room number, the 
reflectances of the north wall, the east wall, the south wall, the west 
wall, the floor and the ce i l i n g . The following specifies reflectances 
for room 1. 

*1*.6*.4*.4*-4*.2*.8 (room number and reflectances) 
1 (terminator) 

bUBROUTIiJE SL 

SUBROUTTOE SL deals with the input of lur.inaires. Each card must contain 
i n the following order, the room number,the n i L t i b e r of lamps, design 
lumens of lamps and l i g h t output ratio of lamps. The following describes 
room 2 having three different types of lamp. 

*2*5*67O0*eO (luminaire description) 
0 (terminator) 
^2*1*8700*80 (luminaire description) 
0 (terminator) 
*2*1*5200*95 (luminaire description) 
1 (terminator) 

SUBROUTHJE SP . 

SUBROUTINE SF deals with the description of obstructions to windows. 
Input required i s room number, face number and angle of obstruction from 
the horizontal at the plane of the window, fcach room has four faces, 1, 2, 
3.and 4 (N, E, S and V/ respectively). The following describes an obstruction 
to the window i n room 2 i n the previous example, 50^ above the horizontal. 

*2 (room number) 
•2*50 (face number and angle of obstruction) 
1 (terminator) 
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SUBROUTINE SK 

SUBROUTHIE SK deals with sky illuminance. 'Ihe input format i s P7.0 
SUBROUnWE ST 

SUBROUTINE ST deals with the transmittance of glass. The input foimat 
i s P5.2 

SUEKOUTINE ROUTES 

SUHROUTINE ROUTES deals with the description of a route, A route i s 
described by a series of points defined by their 3 - D coordinates. A 
mode of travel between points must be specified (see section 4-1)• The 
following describes a route, walked along slowly, from the bottom l e f t 
hand comer of room 1 to the bottom ri g h t hand comer of room 2 via the 
connecting door of the previous example. 

*^0.5*0.5*2•5*3 (x,.y, z, mode) 
*2.0*2.0*2.5»5 { " ) 
*6.0*2.0*2.5*3 { " ) 
*7.5*0.5*2.510 Ix, y, z, terminator) 

SUBROUTINE S I 

SUBROUTINE SI deals with the dii*ect input of the average luminance of 
2 rooms i n cd/ra . The input required i s the t o t a l number of rooms and the 

luminance of each room. The following defines the limiinance of rooms 1 
2 2 and 2 as 60 cd/m and 90 cd/m respectively. 

*2 (number of rooms) 
60.0 (luminance of room I ) 
90.0 (luminance of room 2) 
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SUBROUTINE PHOTIC 

SUBROUTINE PHOTIC deals with the calculation of average luminance and 
prediction of apparent brightness at required intervals. Input required 
i s the print-out interval ( i n seconds) and the impression of apparent ; 
brightness at the starting point of the route (1 « very dark, 2 =» dark, 

3 = dim, 4 = satisfactory, 5 = l i ^ t , 6 = bright, 7 =very bright). The 
following requests output at 1 second interva-ls along a route with the 
i n i t i a l impression •satisfactory'. 

*1 (output interval) 
4 ( i n i t i a l state) 

SUBROUTINE THERKL 

SUBROUTINE THERI.IL deals with the prediction of thermal sensations at 
required intervals, input required, i n the following order, i s the 
thermal sensation.at the s t a r t of the route (1 = cold, 2 - cool, 3 => 
s l i g h t l y cool, 4 = neutral, 5 = s l i g h t l y warm, 6 = warm, 7 = hot), 
the output interval ( i n seconds), body height (cm), body weight (kg) . 
and clothing insulation ( c l o ) . The following requests output at 1 
second intervals, along a route with the i n i t i a l sensation 'sligVitly 
warm' , for a man 180 cm high, 70 kg i n weight with a clothing insulation 
of 1.2 clo. 

5 ( i n i t i a l sensation) 
*1 (output interval) 
180. (height) 
70. (weight) 
1.2 (clothing insulation) 

SUBROUTINE::SCALES 

-SUBROUTINE SCALES deals with the scale of graphical output. aTiis may be 
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1:100, 1:200, 1:250, or 1:500. The fllowing requests output at 1:500 scale, 

500 (scale) 

SUTROUTINE SH 

SUBROUTINE SH deals with the direct input of the thermal conditions within 
the building. Input required , i n the following order, i s the room number, 
a i r temperature (^C), mean radiant temperat\ire (̂ C) and r e l a t i v e humidity. 
The following describes the conditions where room 1 has an a i r temperature 
of 15*̂ C, mean radiant temperature of 17*̂ ^ and relative humidity of 5OJ0. 

Room 2 has an a i r temperature of 20^C, mean radiant temperature of 21*̂ 0 
and relative humidity of 50^. 

*1*15.*17.*50. 
*2*20.*21,*50. 

(room number,Ta,Tr,RH) 
(room n\amber,Ta,Tr,RH) 

SUBROUTINE SHB 

SUBRCUTTOE SHB deals with the estimation of the thermal conditions within 
the building- Either summer or winter conditions may be specified. Summer­
time temperatures are calculated according to the admittance procedure 
outlined i n the Ih'VE Guide, Book B 1970. Winter conditions need input of 
outside a i r temp and outside RH, the room nimiber, the thermostat setting 
for room temp and type of heating (radiant « 0, convective = 1 ) . The 
following requests winter conditions and specifies 5̂ C outside a i r temp, 
30^ RH, room number 2, thermostat setting of 20°C and convective heating. 

1 
5.0*******3O.o 
*2*20.0******1 
1 

(winter) 
(Ta outside,RH outside) 
(room number,thermostat temp,convective heating) 
(terminator) 
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