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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
vays this has been done in the past and sets the present work in its

architectural context.

Section 2 discusses the environmental factors and the dynamic thermal
regulatory mechanisms involved in predicting people's responses to

changes in the thermzl.environment.

Section 3 describes previous atteﬁpts at simulating the regulatory
mechanisms involved, using control aystem equations. Fanger's model
is discussed in this section to illustrate the limitations of models

that ignore the body's regulatory actions.

. Section 4 is new work and is a discussion of the problems associated
with applying one of the models outlined in section 3 to the simulation
of human wotion through buildings. ‘l'he modifications made %{o the model

are described.

Section 5 is also new work. freviously, simulation of people's
transient responses 6& 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 stuqfes within buildings.

Predictions by the model are validated by this data.




Section 6 is concerned ﬁith People's responses to changes in lighting
level. Thig section centres on siudies of adaptation which indicate
that a model bhased on the photochemistry of the eye may beiappfopriate
, for the simulation of people’'s responses.to changes in lighting level,
experienced on walking through a building, This is followed in section
7 by a description of a model of the photochemical changes of cone
Pigment and how this model is related to the changes of lighting ievel

in a series of rooms.

This is continued in section & with a description of the method of
recoxrding people's impressions of the .lighting level along a routé
through a building (unsteady state) and whilst viewing a small scale
office (steady staée). This data is analysed and a simple éxpression
is &erive¢ for the prediction of changes in reople's impressions of

brightness. Predictions by the model are validated by the data.,

The estimation of the average luminance of the surfaces of rooms is
also validated by this data. The method of estimation is dealt with in
section 9, together with a description of the simulation of the indqoi
thermal environment. |

Section 10 concludes with an indication of the direction of future
studies. Yhe models are described by a number of FORTRAN subroutines,

included in appendix C.




1. Introduetion

1.1 The Past

There has always been an awareness on the part of
gome architects that it is through movement that we
perceive works of architecture,

At the beginning of his introduction to 'An Outline -
of European Architecture', Pevsner applies the term
architecture to bvildings designed with a view to aesthetic
appeal and states how aesthetic sensations may be caused;.

“Phirdly, there is the eéffect on our senses

of the treatment of the interior, the seguence of’

rooms, the widening ont of a nave at the crossing,

the stately movement of a Baroqgue staircase. The
first of these three ways is two-dimensional; it

is the painter's way. The second is threc-

dimensional, and as it treats the building as a

volume, as a plastic vunit, it is the sculptor's

way. The third 1s three-cdimensionsl too, but it
concerns space; 1t is the architect's way more

than the others." (ref. 1)

Pevsner gives the sequential experience a centrsl
pléce in architecture. However, the history of
architecture shows no coherent continuvum in the development
of this central theme. Often it is forgotten or becomes
subservient to other themes. Occasionally it is re-
1n§ented; always its Interpretation is mouvlded by the
individval architect to fit the circumstances.

Fﬁr Michelangelo, the seguential experience ideallﬁ

expressed tension. The Biblioteca Laurenziana (Figs. 1.1.1
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Pigure 1.1.1 Plan and section of the main reading foom and

ricetto (Laurentian library, Michelangelo)
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Figure 1.,1.2 Plan of the unbuilt rare book study (Laurentian
library, Michelangelo)




and 1.1.2) formed a succession of three spatial units; a
square (the ricetto), & rectangle (the library proper) and
a triangle (the unbuilt piccola libreria). The experience
was to be one of conflict within the ricetto, followed by
& harmonious but rhythmic celm in the library proper,
concluding in peace in the presence cf the rare books of
the piceola libreria (ref. 2).

The building is a landmark in architectural history
and has been called "the most influential building of the
sixteenth century" (ref. 3). However, the sequential
aspects have little antecedent or precedent except in
Michelangelo's an work.

The segquential experience, which for Michelangelo
expressed tension, for Palladio, was to express harmony.

- "Beauty will result from the form and
correspondence of the whole, with respect to the
-several parts, of the parts with regard to each
other, snd of these again to the whole." (ref. ¢)

To this end, Palledio used a systematic method of
proportions (usvally harmonic) which covld be extended
from two dimensions to three and from three into a series
so that rot only rooms, but whele plans could be encompassed
by the system,

The Villa Rotunda (Fig. 1.1.3) is an excellent
manifestation of this system. The transition of spaces
through the building, which in the Laurentian library was
dynamic, is here hermoniocus, It is interesting to see that

whereas the dynamic experience of the Lanrentian library is
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lost in plan drawings the harmonious gualities of the Villa
Rotunda are not. This may be one reesson wﬁy Pailadio's
works were more réadily adapted in otherrperiods.

Thomas Jefferson's hovse at Monticello (Fig. 1.1.4)
also took advantage of the difference in character of its
rooms. The entrance and hall face east. From there one
moves into the warmer living rooms of the house facing
west. The publication of Leoni's Palledio, at the time of
the design of Monticello, is said to have exerted a
controlling influence.

The harmoniowus sequence of rooms based on an axial
plan as seen in Palladio and Jefferson becéme in Wright an
"organic" sequence of spaces bounded and directed by
intersecting planes (Fig. 1.1.5).

The building was to be experienced through movement
anc. the experience was thus to be a dynamic process. This
is what Wright meant by "The complete goal of the ideal of
organic architecture is never reached." (ref. 5)

However, little is said of how one experiences the
harmony or tensﬁon within these interiors. Le Corbusier
is a 1little more explicit.

Le Corbusier was so ettracted to the séquential
experience of buildings that he invented his own term.

'La promenade architecturale' was a recurring theme in
Corbusier’'s buildings but is most evident in the Maison
La Roche. Corbusier's record of his own work shows us how

he considered this aspect in design (Fig. 1.1.8).




Pigure 1.1.6 Perspective views of the Villa La Roche,

drawings by Le Corbusier.
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Mucn like the layout of Greek cities ne had.previously
visited, "les perspectives se developpent-avec une grande
variete." (ref. 8). The promenade is treated es a series
of dramaﬁic views, leading from the hall to the gallery,
One is left to presume that this route; in this direction,
was all that was worthy of study.

Le Corbusier's approach is in almost direct contrast
to thls statement by Roger Scrutton (ref. 7).

"Moreover it would be wrong to concentratc only
on the visuval aspect of the experience of architec-
ture. We do not treat buildings simply as a geriesg
of dramatic facades. We walk through snd around
them, testing them, as it were through movement."
This apparent paradox can be resolved if we are

prepared to accept that Corbusier uvnderstood an important
aspect of experience: that change of stimulvus is of the
essence 6f perception and that it is where this change 1is
abrupt that the stimulus is perceived. More is said of
this in paragraph 1.3.

The phenomenon of parsllax as a further explanation
of hdw buildings may be experienced sequentially is
~provided by (ollins. Not only are Le corbusier's and
Wright's works susceptible to this Interpretation but so
also 1s the 18th century delight in the interior use of
colonades and mirrors. Wolfgang Hérmann, as guoted by
dollins, provides us with a concise descerintion of this
experience, "While the visitor moves forward, the cluster
of columns seéms to move too, opening up constantly

changing views." (ref. 8)




1.2 The Present Day

It is worth noting at this point that it is not only
ouf impressions of the great works of architecture that are
gained through the sequential experience. A person's
everyday experience of a building is often transient.

Occupants have to enter and very often pass through
entrance foyers, lobbies, receptions and offices, along
corridors and up and down by stairs and 1ifts. Ewven
‘essentially sedentary occupations involve movement from
space to space within a building, especially where users
share resources, for example.in educational huildings.
Transience cen, in fact, be a major aspect of the experience
where the occupants move'around or through as an essential
part of their use of a building, for example in galleries,
or, as we have seen above, where the architect tekes
cognizance of the scguentiai experience in his design.

| One of the aims of a building is to provide a comfort-

able environment for the people within, one that is ’
sympaﬁhetic to the activity 1t encloses. In protecting the
Occupants from the natural heat and cold, rein and winds,
Ve presume to construct an artifieial environment more
comfortable than that provided by nature. The increase of
industrialisation has resulted in most people spending by
far the greater part of their lives in such artificial

envirecnments,
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A visitor's experience of most buildings is therefore
of ten the transient experience of a series of similer or
dissimilar artificial environments.

Other historic examples of works of architecture carn be
found which have ss a central theme the deguential experience,
for exahple the Spanish steps in Rome, the Bazaar Kashan in
Iran and many works where processional functions occur.
However the previous examples are sufficient to illustrate
that architects have recognised the sequential experience

of buildings as a central element of the vocabulary of

architecture.

This thesis will seek to show how the theme can be
considered in a wey consistent with, and hopefully extending,
today's study of the 'environmental' aspects of buildingg,

At present, little acconnt is taken of the transient
aspects of an occuvant's experience in the design of the
physical environment (here taken to mean the heating, light-
ing and acoustics) within the building.

At a perticnlar stege in the design process each space -
or room is given its overall physical gqualities. The shape
and size having been determined, generally on the basis of
the activity or numher OfI0ccUpantS to be honsed, the
services are installed and finishes applied. The heating
{and possibly ventllation) system is, more often than not,
designed to keep the whole of the bnilding at a constant

temperature, the more sophisticated systems incorporating

12




thermostatic contr@l and zonlng to achieve this end, the
system in each room or zone being designed to maintain the
desired- temperature of that room or zone. Criticisms are
now beginning to be levelled against this approach (ref, 9)
and research is being conducted into the effects of
changing conditions (refs, 10 and 11).

Specific acoustic treatment is applied in rooms where
nécessary, and the acoustic environment throughout the rest
of the building may be conéidered in a general way when
choosing finishes for each room.

Lighting systems too are Usually designed on a room by
room hasis, each one taken on its own merits and the
luminaires designed to provide the desired 1ighting for
‘that room. A partial angwer to the question, ﬁhy?, is given
in paragraph 1.5.

Each aspect is considered, in providing an environment
within each foom or space, while often it is the change from
one to another which impinges on our consciousness. ‘Hore-
over, there is evidenée that the human systems of perception
are adapted to detecting change of rather than absolute

levels of stimulus., A note on this point follows.

1.3 Experience and chahge of Stimulus

Within the real world (that excluding laboratory
experiments and drug experiences) our expérience of objects
and their gualities is mediated by the senses,

A change in the sequence of stimuli from point to point

or from moment to moment is of the essence of perceptual

13




experience. With regard to each of the senses this has
————

been shown to be the case, 4(

T

The homogeneovs total field experiment demonstrates
that when every ray (of light) has the same wavelength and
- intensity there is no perception, and this experiment implies
that the organism cannot respond to ray directions as such.,
What the retina does respond to i3 a differential intensity
from point to point over the retina (ref. 12),

Thermal receptors hzve been shown to exhibit both
phasic and static responses. Belbw an average skin tempera-
ture of about 349¢, the stimulus for warmth has been shown
to be moat probably an increase in temperature of the warmth

Fecentor sbove the temperature to which it 1s adapted.

(ref. 13)

1.4 Architectural Movement Studies

The recognition of the importance of movement in
architecture has generated a2 number of studles. These may
be broadly classed as either predictive of beheviovr or
descriptive of experience.

Studies falling within the first category include the
analysic of people's movement pauterns as part of a general
theory of movement systems within buildings. Burberry
(ref. 14) proposes that the movement system of people exhibitsg
similar characteristics to the movement systems cf other flow
media (water, air, vehicles.and'eledtricity) and, as such, is

Susceptible to a similar analysis,
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Hallberg (ref. 15) also provides a classification of
movement, regarded as a "personal characteristics"., He
obtained the following five dimensions as a descriptive
classification of movement behaviour: stiff/laborious/
heavy, tempo, jerky/floppy, amount of movement, careful/
mono tonous/restrained.

Also within this category is Whitehead and Elders'
classic work on spatial allocation‘based on the associaﬁion
of activities and the number of 'standard journeys' between
activities (ref. 16). The analysis of route patterns (ref.
17) is an extension of this approach to the study of
movement.,

Other studies have been concerned with more specific
situations. The movement-of people through air terminals
has been studied (ref. 18) and simulation techniques
applied to the analysis of qdeuing. The movement of people
through museum environments has also been studied with the
aid of simulation models (ref. 19) and canter has studied
the behaviour of people in fire escape situations (ref. 20),.

A.few studies have been concerned with the experiential
aspects of movement and have been notable in producing
systems of notation. The notetions of Halprin (ref. 21) and
Thiel (refs. 22 and 23) fail in this category. Essentially
these gystems allow the designer to describe either the major
physical aspects of a route (Fig. 1.4.1) or the experience of
a route (Fig. 1.4.2) and to write this description in a form

much like a musical Score,

15




- Figure 1.4.1 Space-form notation for orthogonal surfaces
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No attempt has been made in these studles to correlate
the description of a route with people's experience of it
or the description of one's experience with a constructed
route. These studies must therefore remain descriptive and
not predictive.

However, the nature of the present study is both

experientiel and predictive.

_1.5 Models

A model is a representation of certain relevant
characteristics of reality. It is therefore less complex
than reality, wherein lies both its strength and weakness.
The fact that we dv not need to represent gll the facts of

Jdore s 7
reality is to our advantsge but the fsct that we cannot
means that a model is once removed from reality.

The guestion of why we shouvld wish to construcﬁ.models
is thus answered. We construct them to investigate certein
characteristics of reality without the necessity of
possessing knowledge of the whole of reality.

Echenique makes a classification of models {(Fig, 1.5.1)
on the basis of three categofies: what the model is made
for, what the model is made of, and how the time factor 1is
treated (ref. 24). Of particular interest 4s the last
category.

A look at the use of models in architecture shows

. that by far the most common type of model used by architects

18
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is the visual model. Plansg, sections, elevations, isometric
projections, perspectives, photograpns, card models and
heliodons are ell of this type.

With fespect to the third categorylof Echenigue's
clagsification these models treap the time factor statically.
The answer to the guestion, Why?, in paragraph 1.2 1s now
evident. There are inherent difficulties in modelling e
dynamlc process, such as movement, with models that are
static.

The problem of modelling a person's response to the
environment, as he or she moves through a sequence of spaces,
is complex and the previous failure to develop a modelling
gystem of the dynamic process of the sequential experienge
may therefore be partly excused.

However, computer simulation offers s possible spproach

towards a soclution.

1.6 concluding Remarks

The seguential experience is seen to be an important
aspect of architectural experience. Furthermore, change is
central to perceptual eiﬁerience itself.

Previously, the impressions gained by someone moving
through a building have been considered in drametic or
nebulous ways. The heating, lighting and acoustics of a
bvilding are designed on a room by room basis, without
taking account of the sequential experience, and this is in
large part dve to the complex problem of modelling the

response of a person in this dynamic situation.

20




The general acceptance of the importance of movement
as a determinant of architectural form has led to a number
of related studies, mentioned above, none of which are,

however, predictive of experience.
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2, Towards a Model df Human Thermal Response

2.1 Environmental Factors

Any comprehensive study of a person's thermal responses
and thermal sensations must take into account the following
four environmental factors governing the heat loss from the
body.

Radlation from surrounding surfaces

Alr temperature

Air humidity

Air velocity
Table 2.1.1 Environmental factors governing heat loss from
the body. _

Air tempersture is perhaps the oldest r3gognised
environmental factor affectjng one's feeling of warmth.
Figure 2,1.,1 illustrates this effect of ajr temperature on
Warmtﬁ. The'regression lire in Fig. 2.1.1 is fitted to
data from 1296 observations (ref. 1). |

The codling effects of moving air are commonly recognised
and a3 early as 1914 the kata-thermometer vasg introduced as a
measure of warmth., Figure 2.1.2, teken from Bedford (ref, 2),
illustrates the redvction in forehead temperature due to
moving air.

The effgct of air hmmidity on the ?ppression of warmth
~has been recognised and nhas been shown to have greater effect
at higher temperatures. Figure 2.1.5 is a re-plot of data

from Koch and colleagues (ref. 3) and shows the reduced air
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- temperature at which & particular thermatl sensation is
registered with an increese in relative humidity. This
effect can be seen to incigase with an increase of air
temperature,

The radiant heat of surroungings has also been shown
to affect comfort, In 1930, Vernon (ref. 4) introduced
the globe thermometer es a means of assessing this influence.
Figure 2.,1.4 shows data plotted by Humphreys (ref. 5)
indicating the effect of the variation of globe temperature,
from the monthly ﬁean, on the variation of the comfort vote
from the monthly mean. The two outer lines are at one
gtandard deviation on eithef side.

This brief outline of the environmental variables
associated with the study of the thermal environment
introduces a few concepts which will be further clarified.

The existence of four'variables is an inconvenience if
& prediction of.the impressiop of the warmth of an environ-
ment is desired. For example, an environment with s
particular air temperature and relative humidity might be
considered as waprm as one with é higher air temperature but
lower reletive humidity. This can be seen from Figure
2.1.3, The sitnation‘is complicated by the inclusion of all
four environmental factors and engineers have attempted to
express the combined effect of these factors by one figure
or index. These will be discussed in section 2.2,

In mentioning the influence of the environmental
variables, the words 'comfort', 'warmth' and ' thermal

sensations' have been deliberately vsed. These will be

28




.0

=

b4

[

g

3o } [ | | | |
o 2 4 6 8 T B )
GLOBE TEMPIRATURE  (°C )

Figure 2.1.4 Variation of. comfort vote with variation of

globe temperature

29




discussed in section 2,3,
The word 'vote' has heen vsed in connection with
comfort, warmth and thermal sensations and numbers have been

used in this context. This will be discussed in section 2.4,

2.2 The Search for a Single Index

In 1923 Houghten and Yagloglou conducted a climate
chamber experiment (ref. 7) in which semi-nude men and men
in summer clothing wallted te and.fro between two rooms. Air
temperature and relative humidity were adjusted in both
rooms, in various combinations, so that the men felt the
same thermal sensation in the one room es they did in the
other. Each group of egual thermal sensatién votes was
plotted.for the various values of air temperature and relative
~humidity and a series of "equal comfort lines" produced. By
definition, eny Eombinaéion of air temperature and relative
humidity locating a point on a comfort line woulg produce the
same thermal sensation as any other combination locating ang
other point on the same-line. This experiment on three
subjecfs formed the basis_of the Effective Temperature Index.

The effect of air movement was incorporated into the
index by Yagloglou and Miller (ref. 8) and in 1932 Vernon
and Warner (ref, 9) incorporaﬁed the effect of radiation by
replacing dry bulb temperature with réadings from a globe
thermometer. Vernon had already shown globe thermometer
-temperature to be an index of warmth (ref. 4). 1In 1933
Missenard introduced the Resultant Temperature which also

corrected Effective Temperature fonr radiation.
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Figure 2.2,1 shows the Corrected Effective Temperature
cnhart as it stends today. It is implied that any
combination of globe thermometenr temperatqre, wet bulb
temperaturé and air veloclty producing a value for Cofrected
Effective Temperature will indvce the same therma; sensation
as any other-combination producing the same value.

- It is worth roting that it is mot possible to predict
thermal sensations as such with Effective Temperature (E.T.).
It cannot be inferred from E.T., as it stands, that an
environment with for example 32.200, globe temperature
21 c. wet bulb temperature and air velocity of 3.05 m./sec.
will be felt warm or hot, but only thet it will register the
same_thermal sensation as for example 240C. globe tempera-
ture, 249¢. wet bulb temberature and an air velocity of
0.1 m./sec. ‘ ,

In IQSG, Dufton (ref, 5) introduced the term Equivalent
Temperature based on measurements made with his eupatheo-
séope. The rate of heat loss from the surface of the
eupatheoscope varies with the temperature and velocity of
the surrounding air and with radistion from surrounding
surfaces. The r'eaLdJ.ngs of the instrument depend on the heat
input to meintain a constapt temperature inside. The
instrument therefore gives_an indication of the combined
effects of air temperature, air velocity end radiation.

The evpatheoscope is needed for the precise meaqurement
of Equivalent Temperature hut if the environmental veriables

are known it can be estimated,
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In the same yesr, Bedford made a very important advance
(ref. 10),. Honghton and Yagloglov had determined comfort in
the laboratory, in which subjects had equated different
thermal environments. Bedford studied the subjective assess-
ment of comfort of a large nimber of people (nearly 2000 in
all, mostly women) in the factory, engaged in their normsal
Occupations. Furthermore, he recorded their impressions on
8 gcale ranging from 'much too warm' to 'much too cool' and
assigned numerical values to eéch category.

Unlike E.T., which gives no indication of whether any
combination oflvariableslis warmer, cooler or more preferable
than any other, Bedford's method mekes it possible %o relate
predictions of an index directly to verbal statements of
warmth.

Bedford compared his data with predictions made by
thermal indices. Table 2.2.1 shows his results. The closest
correlation was found to be with Dufton's Eguivelent
Temperature, with a correlation of -0.52. From his results
Bedford then prepared a provisional index of warmth, the

index of Eguivalent Warmth.
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Sensations correlated with: " correlation coefficient

Equivalent Temperature - 0.52 £ 0.010
Globe thermometer temperature - 0.51 * 0.010
Effective Temperature - 0.48 % 0,010
Air temperature - C.48 % 0,010
Dry Kata thermometer cooling power - 0,43 T 0.011

Table 2.2.1 Correlation between thermal §ensations ana
environmental indices
t i3 interesting to see from table 2.2.1 that E.T.
does not correlate as well with Bedford's dats as does
Equivalent Temperature. 1In fact it_is no more a superior
index than is air temperatnre alone, both having correletion
coefficients_of - 0.48. _

However, Bedford's conditions were neither hot nor
humid, nor was there a wide range of air movement. Further-
more the E.T. was not corrected for radiation. When this
is doﬁe, thg correlation coeffieclient is - C.51 (ref. 11),
However, Hickish confirmed Bedford's vwork with a study of
male and female factory workers in summer (ref. 12). He
found the correletion coefficient for E.T. with subjective
sensations wes 0.368 and for air temperature with
subjective sensations 0.377. E.T. was corrected for
radiation.

Many more environmental indices and instruments have
_ been developed over the years with the aim of either

predlcting thermal sensations or the conditions under which
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thermal stress will occur. A discussion of these 1s beyond
the scope of the present study and can be found in the text
books on the thermal environment, see for example refs. 1,

11 and 3G,

2.3 Thermal Sensation, Warmth and gcomfort

There is clearly a distinction between comfort and
thermal sensation. comfort is e recognizable state of
feeling which is normaily associated with conditions that are
pleasant and compatible witﬂ health and happiness.

It is possible to conduct studies of thermal comfort
without subjects stating their thermal sensations, for example'
the words 'comfortable', 'slightly uncomfortable’,
"uncomfortable' and 'very uncomfortable' have been vsed {ref.
13) and it is also possible to refrain from the vse of the
word comfort with such words as 'wvery pleasant', 'pleasant',
"indifferent', 'unpleasant' and 'very vnpleasant' (ref. 14).

The rela;ionship betw§en gomfort end thermal sensaticn
is illustrated in Figure 2.3.1,'where comfort data, divided
into three categories (too cool, comfortable, too warm) are
plotted ageinst air temperature (ref. 15). Increesing air
temperature though causing an increase of 'too warm' votes
does not necessarily entsil an increase of comfort votes.
Nelther does a decreése of temperature which causes an increase
of 'too cool! votes necessarily cause an increasse of comfort
votes. However, there is some temperature at which comfort

votes are at a maximum, which lies about half wey between the
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threshold temperatures eliciting the maximum numters of
'too cool' and !too warﬁ' votes,

The mid point or comfortable temperature varies from
study to study. However, Gegge (ref. 13) illustrates an
interesting point (Fig. 2.3.,2).

Three sets of deata are compared and we can see that the
choice of words vsed to describe the sensations affects the
discrimination of the subject. For a glven change of
temperature a change of 'pleasantness' vote is more likely
to occur or will be greater than a change of ' tempnerature
sensation'. However, all three sets of data point to the
same range of temperatures for nevtral temperature sensa-
tion, pleesantness and comfort.

Bedforq's stucdy of warmth (ref. 10) made vse of a
combination of wvords describing thermal sensation and
comfort, ranging from 'much too warm' to 'much too cool'.
This feature has been c¢riticised on the grounds that the
relationship betwveen the two is rot necessarily constant
(ref._16) although a recent study has shown these cete-
gories to predict very similar comfortable temperatures to
the scale of thermal sensgtion {ref. 17).

What is c¢lear is that some thermal comfort workers and
physiologists have used the terms loosely. Rohles and
Nevins (ref. 18) used the categories in Figure 2,3,3 in
thelr study of 'comfort'. Gagge (ref. 19) has vsed an
" extended version of this Sscale in a study of ' temperature

sensation' (Fig. 2.3.4) and chrenko used Bedford's
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1 COLD

2 COOL

3 SLIGHTLY COOL
4 COMFORTABLE

5 SLIGHTLY WARM
6 WARM

7 - HOT

-
Figure 2.3.3 Categories for comfort votes used by Rohles

and Nevins (ref. 18)




VERY HOT

ROT

VIARM

SLIGHTLY WARM
NEUTRAL
SLIGHTLY COOL
COOL

COLD

VERY COLD

Figure 2.3.4 Categories for temperature sensation used by
Gagge and colleagues (ref. 19)
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categories in a study of 'thermal sensation' (ref. 20).
However, as shown above, the choice of these scales will
have 1little effect on the estimation of comfortable or
neutral temperatures,

The predictive model developgd in the present study will
be confined to thermal sensations, ranging from 'cold’ through
'neutral' to 'hot'.

2.4 Methods of Scaling

The subjective estimates of warmth or comfort are ob-
tained by means of rating scales, an example is shovwn in
Figure 2.4.1, The number of categories on the scale can
vary, seven being the most common, and the scales may be
assvmetrical avont the mid poiﬁt but with the possibility of
a bias of results. |

The two most commonly vused scales are the Bedford scalé
(Fig. 2.4.1) and the scale used by the American Society of
Hégting, Refrigerating and_Air condi tioning Engineers
(ASHRAE) shown in Figure 2.4.2 in its revised form (the word
'comfort' has been replaced bv the word 'neutral').

Numbers are assigned +o the.categories vhich allows
statistical analysés to be verformed on the data collected
with the scales and numerical predictions made which can be
related to the verbal categories. The numbering of Bedford's
scale (Fig. 2.4.1) is as originally used by Bedford and
acconts for the negative correlation with the indices shown
in table 2.,2.1. Later workers have nsed this scale with the

numbéring svstem slown with the ASHRAE scale (ref. 20).
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Numerical value Senaation of warmth

1 MUCH TOO WARM

2 00 WARM

3 COMFORTABLY WARM
4 COMFORTABLE

CCMFORTABLY COOL

A%

6 TOO COOL
7 MUCH TOO COOL
Figure 2.4.1 The Bedford scale of warmth
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Numerical value Thermal sensation

Figure 2.4.2

+3 HOT

+2 WARM

+1 SLIGHTLY WARM
0 NEUTRAL

-1 SLIGHTLY COOL
-2 COOJ,

-3 COLD

The ASHRAE scale of thermal sensations
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In Bedford's original study the observer asked sach
respondent about his gstate of éomfort and then classified
his reply on the scale. waever,-voting slips ard cards
are often vused for convenience. People's responses can
eglso be recorded automatically (refs. 21 and 22).

The Bedford and ASKHRAE scales have been compared (ref.
17) and have been found to behave in a similsr manner;
theyishow similar neutral temperatures and standerd devi-
tions, about votes, of 0.8 for closely controlled sitvations
but incressing as the unusualness of the environment
increases. Although the rate of change of vote with respect
to temperature is glightly higher for the Bedforg acale, the
difference 1is not significant.

Humphreys suggests that the behaviovr of the scales is
influenced by the différence in the number of éategories of
the scales and not the terms used (ref. 23). However the
Bedford end ASHRAE scales have the same numbep of cate-
gories. (compsarison of the 'comfort' and ' temperature
sensation' scales in Figure 2,3.2 shows that the rate of
change of votes with respect temperature is higher for
comfort than thermal sensation. Both scales have the same
number of categories. Humphreys' data are teken from field
studies, however, and McIntyre's and Gagge's from climate
chamber work,

Other methods have been used in eliciting subjécts'
'responses in thermal studies including daial voting, multidi-

mensional scaling, direct determination and megnitude

estimation.
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The present study will be confined to predictions of

thermal sensations using the ASHRAE seven point scale.

2.5 Limitations'of the Environmental Indices

The environmental indices provide a.method of comparing
different environments, for example the Effective Temperature
index allows us to predict that a sedentary man, lightly
clad, would feel gs wvarm in an environment with 32,29¢.
globe temperatgre, 21.1°9¢. wet bulb temperature ard air
velocity of 3.053m/sec..as he wovuld in an environment with
240¢, glohe temperature, 2400, wet bilb temperature and
0.1 m/sec. air velocity,

Also, those indices based on data collected by verbal
Scales, for example Equivalent Warmth, sllow predictions of
the sensttions of warmth. For example eguation 2.5.1 relates
comfort votes to environmental condltions from Bedford's
dats, disregarding changes in humidity which when moderate
have little effect on comfort. Eguation 2.5.1 allows us to_
substitute ﬁhe ﬁalue 4 (the numerical value equal to
' comfortable' on the Bedford scale, Fig. 2.,4.1) for the
variable S and determine combinations of environmental

variables that will be felt comfortabile,

S = Io'-ss-o-oafs(ta.+32)-o-ozsz(tw+32)+o-001ez /6065 v (100 - 0-556(ta+32)) 2.5.1
whebe S = sensation of warmth

ta = dry bulb temperature °g.

'tw = wet bulb temperature-©g.
and V = air velocity m/sec.
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However, the envirommental indices are not generally
applicable to conditicns of varying activity and clothing.
An increase in the level of a person's activitvy ingreases
the amount of heat generated internally by metabolic
processes. (Clothing provides an insulating layer eround
the body and therefore affects the heat lost from the
body. Both these important factors are omitted from the
environmental indices. . |

-. Although Effective Temperature has two charts, basig
and normal, relating to different clothing insvlation
levels this does not allow comparison between clothing
types. For éxample, if, of two environments, one is at an
Effective Temperature of 21.1 ¢. on the basic scale and one
at 21.1°C. on the normal scale what is imolied is that in
the first environment a man stripped to the waist will feel
a3 wvarm as he would if he were similarly stripped in still
and saturated air at 21.1°¢., while in the second environ-
ment a man vearing normal clothing would feel as warm ag if
he were similarly clad in still and saturated aip at 21,1°¢.
It does not mean that a man wovld feel as warm stripped to
the waist in the one environment as he woulé fully clothed

in the other (ref. 20).

2.6 The 'Rational' Approach

The importance of the rate of heat production in the
human body and the insvlation provided by clothing in
determining the conditions of one's thermal sensations has

led to the inclusion of these factors in some indices.
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An early attempt at the inclusion of these two factors
was in the Predicted Four Hours Sweat Rate (ref; 24). The
iﬁdex vas determined.by experiment and presented in the
form of a nomogram with which predictions can be made of a
Basi¢ Four Hours Sweat Rate, to which corrections can be
made for different activities and clothing weights. The
index was developed for conditions not often met in
buildings and is essentially for predicting conditions of
stress.

The 'rational' approach is based on the heat balance
between the human body and its environment.

When the body is doing ro work the heat produced is
equal to the total metaholic¢ energy production. If the
bedy is doing work, the heat produced is equal to the meta-
bolic enérgy production less the energy expended in work,
Vhen the'body temperature remains constant the heat loss
from the body is equal to the heat produced within the
body.

This energy balance 1s expressed by the following

equation:

S=M-W-E&R ¢ watts 2.6.1

where S
M

net rate of heat gain
the rate of metabolic heat production

E = total evaporative heat loss
R = heat gained by radistion
- C = heat gained by convection
and V/ = work accomplished

The energy balance equation forms the basis of two

further indices of thermal stress. The YHeat Stress Indeéx
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of Belding and Hatch (ref. 25) predicts a numerical value
for heat stress using the higher value from the following

two equations:

S = E req x loo 2.6,2
E max
S = E 1o x 100 2.6.3.
516
wvhere S = numerical valve of stress

Er, required evaporation in watts
and max = maximum evaporative cavacity of the
environment in watts

~The constant 516 is the theoretical codling value in
watts of fhe evaporgtion of 1 litre of aweat, taken as the
maximum sweating capacity per hour of an average person
over an B hour period, setting the upper limit of the index.
| The required evaporation 1s egual to the total heat

stress on the body and is given by the following eguation:
Erg = M2 R *tcC watis 2,6.4

Givoni's Index of Thermal Stress (ref. 26) develops
this index and introduces the cooling efficiency of
swveating. By expresaing the value for heat stress in

equation 2.6.2 as a fraction instead of a percentage and
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allowing for energy to be used in work, eguation 2,5.2

becomes:
S= [(M-W) 2 C2R] Emax © watts 2.6.5

and by introducing the .cooling efficiency of sweating
instead of the maximum evaporative capacity of the air, we

can derive Givoni's general formula:
S= [(M-w)ic 2R 1/F) watts 2.6.6

where l/f i8 a function of both Em and ED‘Cci, .

The energy balance equation can be seen to form the
basis_of predictionslof thermal resvonses at high tempera-
tures, with the indices of thermal stress. It has also been
used for predictions under moré moderate conditions (refs. 1
and 27) which will be discussed later,

'Returning to table 2.1.1, we can now extend the list of
factors which need to be taken into account in a complete
description of the factors affecting & person's thermal

state and add:

internal heat produvction

clothing
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The indices are essentially for predicting steady state
condi tions. However, the human body has evolved dynamlc
mechanisms, not accounted for in the indices, which work to
maintain a steady state between the body's heat production
aid heat 1039_30 that deep body temperature remains within
narrow limits. These mechanisms will be discusged in the

next section,

2.7 A Physiolégical Approach to the Human Thermal System

Three of the major dynamic responses of the body's
thermcregulatory system are the controllof metabolism,
vagcular control and control of sweating.

Metabolic rate is the rate at which the body utilises
nutritive material from the oxidation of food. HMetabolism
18 increased by exercise, muscvlar tension, shivering,
chemica} action, thermal stimulus and the specific dynamie
action of foods. The energy given off by the oxidation
prpcess.is converted mainly to heat, Although small amounts
are converted to mechanical power and_electﬁical ciirrents
these can be neglected for many cases,

Figure 2.7,1 illustrates the increase in metabolism,
mechenical efficiency and heat production within the body due
to increase in activity. Data-is taken from Fanger (ref, 1)

and heat production is caleculated vsing his expression:

Ho o.M (- )
A A _

t

where H rate of internal heat production watts
A =Dbody area m
M = metabolic rate watts

and 7 = mechanical efficiency
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In hot environments the boay responds with sudomotor
activity (perspiration), At all times the body is losing
heat by botb evaporation from the surface of the skin and
respiratién, but the human thermal system has evolved to
the stage where evaporatiop.bf mqistupe from the skin is
the‘controlled method of body ccoling. There is evidence
to support the thesis that cooling by respiratory heat loss
1s an earlier and more general Stage in evolution (ref, 28).

Moisture is transmitted to therskin.surface by the
eccrlne sweat glands which are stimylated by the nypo-
thalamus region of the brain (ref. 29) and local recentors
in the skin (ref. 30). Sensible perspiration is the action
of the sweat glands which is both controlled and noticed,
procducing a wetited skin surface. Insensible perspiretion
Occulrs constantly and is nnnoticed, bheing the resvlt of
diffusion of water vapour through the skin (ref. 1) ahd
evaporation of water from the lungs,

The action of.the swveeating response; as stimulated by
the skin receptors, is illustrated in Figure 2,7.2, where
regression lines are drawn through data obtained by Stolwijk
and Hardy (ref, 31). Evaporativg heat loss from the body 1is
plotted against skin temperature.

However, Benzinger (ref,. 29) has shown conditions under
which this dependence of evaporative heat loss on skin
temperature breaks down and he attributes the Fresponse to
control by the hypothalamus. Figure 2,7.3 illustrates his

conditions. Air temperathre is held constant but the
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internal temperature of the subject's body is lowered by
the'ingestion oflice. The rate of evaporative—heat loss
drops with a drop'in internal temperature while skin
temperature rises,

Vasomotor response is the action of the vascular
nerves in controlling blood flow. The muscles whlch control
contraction and relaxation of the asrteries remain in a state
of partial contraction known as '"tone'. The heat produced
in the body by metabolic actidn can only pass to the surface
of the body to be dissipated from the surface, if the
surface is at a higher temperature than its immediate
environment (normally air). Blood flow isg one of the means
by which the body coﬁtrols this temneratore gradient, by
conveying heat from the core to the periphery,

When stimulated by cold, the vasoconstriction nerves
contract the blood vessels, so redgcing blood flow and
therefore heat flow to the surface, reducing heat loss.

When stimulated by warmth the vasodilator nerves widen the
vessels, so increasing blood flow and heat flow tc the
surface, increasing heat loss (ref. 30).

In considering the temperature regulating system of the
body, it is convenient to postulate three zones of environ-
mental thermal conditions stimulating the different resoonses;
the thermally neutral zone (vasomotor résponse); the hot zone
{ sudomotor and vasodilation responses); and the cold zone
(metabolic and vasoconstriction_responses).

The thermally neutral zone, as determined in the climate
chamber, is for s man lying quietly without activity or food
(ife. basal metabolic stabe) between 28 and 31°¢. This zoﬂe
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1s characterised by vasomotor control. On prolonged
exposure, there is no shiveriné or sweating,'slight
sensations of warmth, coolness and absence of sensation.
Heat 1s being lost constantly from the body by insensible
perspiration but control of heat loss is by slight
constriction and dilation of the blood vessels (ref, 32),

..The body's thermal receptors, in the hypothalamus,
skin, respiratory tract and in other tissves act in the
thermoregulabory system but vasomotor control is stimulated
primarily by beceptors in the skin (ref. 32)., The
receptors detect slight cooling of the skin and constriction
Occurs with a conseguent rise of skin temperature dué to a
decreasé in the rate of heat loss. The receptors detect
this temperature rise, resulting in dilation, increase in
tﬂe rate of heat loss and decrease of temperature,

The ¢old zone which for a nude man can be experienced
on sudden exposure to mild cold {10 - 180¢,) is character-
ised by bofh metabolig'and vasomotor responses. On
experiencing the cold, the peripheral receotors of the
respiratory tract and skin detect a chgnge of air tempera-
ture gn@ skin temperature respectively, stimulating both
constriction of the blood vesgels, decreasing heat logs, and
periodic shivering, increasing metabolic rate by as much as
three times normal level. The steady state between heat
prodthion and heat loss is rcached after three to twelve

“hours, depending on the individual,
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If exposure to the cold is gradvel, the receptors in
the skin may not be stimulated. Internal temperature may
continue to fall until the hypothalamus stimvlates
shivering.

Sensation can be regarded as an important output from
the thermoregulatory system, active in sﬂimuleting the
behavioura; responses of adding more clothing and exercising.
Where exercising may not pe possible, a posture_may be
adopted which restricts heat loss from the body, limbs being
kept close to reduce effective surfece area. The vse of
exercise 13, however, not ag effiecient as shivering at
decreasing heat loss because the body activity involved
increases air movement apd consequently convective heat loss.

The sensation of cold stimulates shivering which, in
turn, cavses a rise in skin temperature end a feeling of
warmth. Heat loss is increased and shivering again stimu-
lated. Internal body temperature may drop to a level where
shivering is continuouvs ang equilibrium is reached if the
body does not become exhausted and can generate, by metabol-
ism, the required heat. If this is not possible then the
body cen be regarded as being in & zone of ineviteble cdoling_
which, continued, will resvilt in.collapseldue to hypothermia,

There 1s also evidence that, in extreme cold, vaso-
dilation takes plece with the adverse effect of increasing
body heat loss (ref. 33),

On exposure of a resting man to the change from a

neutral to a warm environment, skin temperature rises,
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stimulating the warmth receptors in the skin which initiate
vagodilation and sweating. As ﬁhe sweat evaporates the
skin is cooled, decreasing stimulation of the receptors
until the sweat dries sufficiently and skin temperature
rises again. If the man remains resting and the warmth is
very mild (31 - 33°¢.) this action would be sufficient to
maintain equilibrium which is usually established in less
than an hour (ref, 32),

On exposure to a warm.environment from a cold one vaso-
constriction is relegsed, with a conseguent 1owering cf
Internal temperature, possibly stimuleting shivering. As
the body temperatiire risges vasodilation Occurs and sweating
begins. The sensation of warmth, like the sensation of
cold, is active in stimulating behavioural responses such as
removal of clothes and a relaxed posture (ref. 34),

- Increasing effective surface ares,

To the extreme of this hot zone, 13 a zone of inevitable
heating. ©Sweat secretion may continue with rising internsl
temperature but evaporation from the skin surface has become
ineffective, due to the increasing area of wetted skin. The
theoretical makimum value for skin wettedness is unity but
the critical point of failure is when the skin is about 80

per ceht covered with sweat (ref, 35).

2,8 Laboratory Studies of Thermal Transients

The physiological study of the. mechanisms of human

thermal control has led to a number of laboratory experiments
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investigating adjustments of the human body to changes in
the thermal environment, Gaining support from the Americén
space and heating, ventileting and air conditioning
Industries, these stvudies have noted the effects on normal
and diseased people of environments more extreme than
normally encountered in buildings in the British climate,
However they do provide guantitative evidence'for the
regulatory mechanisms ouvtlined in section 2.7.

Glickman and colleagués conducted a series of c¢limate
chambel experiments in which subjects set in a room for one
hour, moved into a second room and sat for one or two hours,
then returned to the first room and set fér arno ther hour,
Room 1 was maintained at a dry bulb temperature of 76°F, ¥ 0,5
(24.4°¢, % 0.3), globe thérmometer temperature ranging
between 76.2 and 76.6°F. (24.6 and 24.8°¢.), one of three
relative humidities, 30, 60 or B0 per ¢ent end constant air
velocity of 25 ft,/min. (0.13 m/s). This room was designated
'comfortable', Room 2, designated 'hot', was maintained at
98.5 ¥ 19F, (36.99c.  0.6) air temperature, globe tempera-
ture between 97.2 and 98.8°F. (36.2 and 37.1) and relative
humidity 66 per cent., Air velocity was the same e&s the

'comfortablie' room.

Figure 2.8.1 is a replot of some of their data (ref, 36)
illustrating the riselin average skin temperature which is
seen to be almost complete after the first ten minutes,

'There is & corresponding drop in internal temperature, with a

maximum value of 0.6°F. (0.33°9¢.) for which they give the
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Figure 2.8.1 Replot of data from Glickman and colleagues

(ref. 36).'Changes in internal and skin temperatures

on moving from a comfortable to a hot room
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following explanation. On entering the hot room, dilation
occurs resulting in rapid redisfribution of blood and
conseguently a transfer of heat from the deep to the super-
fiecial tissues, Thls raises skin temperature, stimulating
activity of the sweat glands and increasing heat loss,

On return to room 1, thQ.Opposite effect was found.
Within the first ten minutgs, interngl temperature increased
(a maximum value of 0.59F., 0.280¢.), indicating the
temporary storege of heat due to constriction and reduced

blood flow.

(s}

In gection 2.7 the actién of sweating was associated
with skin,tempergkure and internal tempereture. Glickman
and colleagues observed the onset of sweating in this series
of experiments when the subjects moved from the ' comfortable’
room to the 'hot! room. Dressed in union suits, men were
found to start sweating, on averagé, about 10 minutes afier
entry to the hot room, whilst women started at an averege of
20 minutes. However, skin temperature levels attained in
10 minutes were the same for both sexes (ref, 37). Although
the difference in starting times is significant, it is worth
noting that there was a large variation between subjects and
within subjects between experiments. In the study on men,
the earliest that perspirgtion was rmoticed was 2% minutes
and the latest 29 minutes. One subject perspired between
2% and 4% minutes throughout six experiments whilst ano ther
perspired as early as 10 minutes and as late as 29 minutes

(ref. 36).
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" The role of the hypothalamis in stimulating swesting
was discussed in section 2.7. Hardy and Stolwijk (ref. 38)
provide evidence for the roie of the hypothalamus in stimul-
ating shivering. Figure 2.8.2 shows their datea for a four
hour exposure at 13°C. Shivering is indicated by the sharp
increase of metabolism at ebout the 180N minute. At this
point, no change 1s registered in skin temperature or rectel
temperature. However, there is a fall in tympanic tempera-
ture of about 19¢. 'Although no cavsation is necessarily
implied by the behaviour of these two cirves, it is difficult
to attribute the changes of metabolism to other causes,

If we suppose that as the skin temperature has been
falling gradually throughouvt the experiment (Fig. 2.8.2) it
has reeched a particuler femperature after & hours which
stimulates skin receptors, triggering the increase in meta-
bolism (shivering), then we would expect that as the skin
temperature continues to fall,_met&bolic rate wonld continue
to rise. This is rot the case, At abont the 200%D minute,
metebolic rate is shown to decrease and a corresponding
increase in tympanic temperature is observed. Rectel temper-
ature behaves in much the same way as does skin tempereture

and a similer analysis could be applied.

The rapidity with which the body regulates the heat
losses and gains is indicated by Figure 2.8.3, taken fronm
Hardy and Stolwijk (ref. 38), The arrows indicate the time

at which a change of envirorment wes made. The symbols refer
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to tempereatures in the test rooms. Values of energy exchange
are determined from the differences between the rates of heat
production and loss.

When the subjects moved from gold conditions (rate of
energy exchange is gbout -490 wﬂnz, representing a continuing
heat loss) to the hot conditions, a rapid storage of heat
takes place, decreasing repidly at first and brought to
minimum levels after the 2 hour péripd.

The change from hot environments (energy exchange
approximately zero) to cold ones causes a rapid loss of body
heat followed by a sharp and then more gradual decrease of
heat loss. The sharp decrease is attributed to vascﬁlar
constriction. However, the heat losses are still evident
(at about -30 to -40 w/m2) after the 2 hour veriod. 1In these
experiments the body appears better fitted to restoring heat

balance in the hot environments than in the cold ones.

2.9 (Concluding Remarks

' Psychophysical scales have been used which allow us to
record and analyse people's thermal sensationg (or state of
comfort). It is slso possible to make numerical predictions
which can be related to these scales and, therefore, allow us
to make predictions ahout people's thermal sensations (or
state of comfort).

These numerical predictions must relate to & person's

interaction with the thermal environment, which is complex
and involves many factors. The mejor environmental and

physiological factors have been discussed.
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The factors which must be taken into acgount when

considering the effect of a changing thermal environment on

a person's sensations sre:

The dynamic regulstory mechanisms of the body
Internal heat production of the body

Clothing

Alr temperature

Air velocity

Air humidity

Radiation from surrounding surfaces
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S Modelling the Human Thermal System

5-. 1 control Systems

In early attempfs at computer simulation of the human
thermal system 1t was sgeen that the heat exchange, between
the body end its environment is regulated by the physiolo-
gical mechanisms outlined in section 2.7, in an attempt to
maintain constant deep body temperature (ref. 1). On the
assumption that the body's methods of heat production and
loss are regulated about a 'set point', with this aim, the
technology of control systems has been spplied to simulat-
ing the thermoregulatory system.

Hardy outlines four basic types of 'glosed loop'
control svstems (ref; 2). (Closed loop control systems
have the characteristic of using feedback (the use of out-
put from the system to affect input), in an attempt to
control the system within a prescribed deviation from the
get point. Figure 3.1.1 illustrates the theoretigal
temperature of a system due to fonr types of control.

'The'on/bff'regulator i1s one of the simplest regulators,
characterised by an all or nothing response (Fig. 3.1.la).
The normal thermostat is an example of the on/off
regulator which switches on with deviation from the desired
temperéture. The grezter the thermal lpad, the longer the
{on' period of the regulator and the greater the value of
the controller output, the greater the ability of the

system in controlling heat loss or gain,
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Tﬁis response can possibly be seen, in the thermo-
regulatory system, in controlling shivering which can ogcur
in bursts. The length of time spent shivering will
increase with the cooling load and the 'on' periods may
fuse into a continmous effort. By acclimetisation, the
capacity of the regulating system, and hénce its abllity
to regulate, may be increased.

With on/off regulators, due to thermal lags in a
system, there must always be oscillations in temperature
about the set point. Where close control is reguired,
thls may be vnacceptable.

A stable type of regulation is 'continuous propor-
tionel contrel' (Fig. 3.1.1b)., In a thermel system this
is characterised by 2 relationship between the controlled
tempereture error, the deviation from the set point (input),
and the maghitude of effector action (output), This type
of control is illustrated by the fact that body tempberature
(and therefore the cooling load of the system) rises in
proportion to exercise, over a range of cold and warm
environments, the cooling system therefore being driven in
proportion-to the difference between body temperature in
exercise and the body temperature at rest.

A third type of control is '"rate controi! (Fig. 3.1l.1c),
characterised by a relationship between the rate of change
of temperature and the magnitude of effector aétion. It
can be seen that this type of regulator will quicken the

response of a system but mot regnlate temperature at a fixed
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level. This type of control, being responsive to rate, can
be said to 'recognise', at once, the magnitude of & thermal
lcad and 1s sometimes called "anticipatory', pcssibly pro-
ducing what may appear as over’corrections. It is often
combined with proportional control, providing s more rapidly
responding system.

Stolwijk and Hardy have suggested that the rapid
response of the body in restoring the heat balance when the
envlronment changes from 280 to 38O¢. compared with a much
slower response, when the change is from 280 %o 330,.

(Fig. 3.1.2) may indicate that the thermoregulatory system
has a significant degree of rate control (ref. 3).

It has been suggestea that this simplified view of the
thermoregulatory system, as a tvpical negative feedback
loop, differs in several particulars from the biological
control system that 1t is (ref. 4), However, models of
physiélogica; temperature regulation in man have been
produced.

gontrol systems alone do not describe the body's thermal
regulating system. Eguations describing body temperature
equilibrium (the set points) and body heat transfer ( the
passlve system) together with control systems provide a more

complete description.

5.2 The Development of Mathematical Models of Temperature
Regula tion

One of the earliest godels of the human thermal system

was a model of the human forearm, developed by Pennes (ref, §).
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A description of this model is not necessary here but it
1s worth roting that an important aspect of the model wasg
its simplification of the geometry of the arm, approximating
it to a ¢ylinder,

Machle and Hatch presented the following model as the
basic equation of heat balance and introduced the concept

of concentric shells, referring to the core and shell of

the body (ref. 8).

M+ D-V=R+ (¢ +E watts 5.2.1

where M = metabolic rate :
D =rate of change of body healt content
V = rate of heat loss by respiraticn
R = rate of heat exchange with the environment
due to radiation
= rate of hesat exchange with the environment
due to convection
E =rate of heat exchange with the environment

due to evaporation

Crosbie and colleagues considered heat trensfer through
the human body in a model of even more simnle geometry, that
of a .slab (Fig. 3.2.1). However, they made an imovortant
edvance by including the regulatory mechanisms of temperature
control (ref. 7).

The slab's cross section is divided into three layers,
of appropriste thickness, representing the body' s skin layer,
muscle layer and core. Each layer is aésumed to have uniform
thermal properties and each layer will lose heat to or gain

heat from its adjacent layer, in proportion to the temperature
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Figure 3.2.1
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Diagrammatic representation of heat flow from

interior of body to skin surface, in the model

"of physiological temperaturé regulation by

Crosbie and colleagues (ref. 7)
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difference between it and its édjacent léyer. The heat flow
is unidirectionzl (from core to surface) and the core 1is
ideally insulated except for heat flow to the surfane.

The heat transfer, for the whole model, is given by
equation 3.2.2 (symbols for equations are given in

Appendix A).

/OC —._......__j: = K_i.tx-r_z, + M' —_ R' —_— V’ 302.02

Equation 3.2.2 states that.the rate of thermal energy
stored, in a unit volume, is egual to the rate of heat
conducted into the system, plus the rate of heat generated
by metabolism N', miﬁus the rate of heat loss, by radiation
and convection R', minus the rate of heat losg by vaporisa-
tion V', (Crosbie and colleagues approximeted equation
2.2.2 bj writing heat balance eguations for each layer,
Thus, eguations 3.2.3, 3.2.4 and 3.2.5 glve the amount of
heat stored per unit time, per vnit cross sectional area, in

the outer, mlddle and core layers respectively.,

The Passive System

RADIAT 08

coppucTve(FROM Msct.) CoNvELTIoN VAFORISATioN
——— e e ——
/OCAXSd_TL = K (T;"Ts)" "l(TS"TA)‘- \ 3.2.3
) d A Xsy . .
CONPICTIVE (FROM LORE)  COMDUCTIVE (To SRIN) sa"x';'r&f:?‘
————— —_——
FCAX;—AT' = _K (T'L—Tl )—_.___._K (Tl —T})— AM 3.204
4t AXia AXSI
H#A?o'h,n CONDXIvE (To Muscre)
/JCAXLLT_’:_ = Mo ___{S__(T,_—T.) 3.2.5
d t ) AX, .
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We can see from the above.equations how the thermal
system is represented,. h(Tg -'TA), heat locss by rediation
and convection and V, heat loss by vaporisation, are
surface effects only.lﬁ M, additionél metabolic heet, is
generated in the muscle layer, due to shivering and exercise.
Mo, basal metabolism, is a property.of the core.

The system, as represented so far, in terms of control
systems, is an 'open loop'. There is no feedback to the
controlling system; change of metébolism, conductance &nd
vaporisation. Physiologically these represent muscle

tenslon, shivering and exercise;. vasomotor activity; and

sudomo tor activity respectivelw.

The anverage body teﬁperature is calenlated on a weighted

basis according to layer thickness, as in equation 3.2.6.

The Set Point

Teo - AXs Tsa + AXi Tio + A XzTio 3.2.6
i Ax; + AX[ + sz

Besal average body temperature reoresents the set
point of the system. changes in body temperature cause

changes in the controlling system, as described by equations

3.2.7 and 3.2.8.

The Controlling System

If body temperature is greater than basal:

K = Ke (1 +xk + ATz + Yo 418 ) [ visomoTor ReESponse |
dt
AM = E . [MeTapoLic REﬁPche] 3.2.7

V = Vo+ 8 (xvATe + Av A_Ea") [SubonoTor Respontse
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If body temperature is less than basal:

K = Ko (l+ ek —ATs + Yk;ﬁ. ) [ VAsoMoTor Respenst ]

. dt
AM= —xm ATs + E [MeTaBoLtc  Resmouse 7| 3.2.8
V =V [5UDOMETr Response ]

Crosbie and colleegues used an analogue computer to
gsolve the equations describing the model and made predictions
for various transient situations. Figure 3.2,2 shows the
case where a person is suddenly moved from a warm environment,
32°C. air temperature, to a cold one at 16°¢. (ref. 7).
Superimposed on these predictions are data from ar earlier
experiment by Hardy (ref. 8). Predictions of skin temnera-
ture and rectal temperature correlate well with datz, Heat
loss and metabolic rate do not correlate so well.

The_durves predicted by the model are shovwn egain in
figure 3.2.3. Superimposed on these curves are curves taken
from other data by Hardy and Stolwijk (ref. 9}, for two-
similér conditions. The curves for skin and rectal tempera-
ture illustrate changes from 28°¢. to 189G, and from 4300,
to 17°C. The predi;ted curve of rectal temperature changes
more slowly with respect to time and is higher than both
these cur§es, for the first two hours, although the curves
are wvithin the range to be expected between individuals
{(ref. 9). Similarly, the predicted curve of skin temperature
chﬁnges more slowly than curves fitted to data, although

these too are within the range expected between individuals.,
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WARM ROOM | COLD ROOM
32°C 18 °c
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' (@)
T
Figure 3.2.2 ' Predictions by Urosbig of transient response,

when moved from a waim room to a cold room, with

data from Hardy (ref. 8) for the first 3 hrs
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~ DATA FROM
HARDY AND STOLWIUK

WARM gc')orvi COLD_ROOM —— PREDICTIONS BY
32°C -18°C CROSBIE'S MODEL

|
|
|
530} :
w29 L |
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=28 |1 SKIN
- 27 L i : e
' I30= |2 HR. LIMIT TO
B iCOLLECTION OF DATA
noj. i '
90}~ HEAT LOSS
701 METABOLISM
50 [~ | HEAT LOSS -
A .
- e T
30l METABOLISM
('\IE 5 I
- 10 .
> e
. O1 23 4 56789.D|112l3l4l5
TIME IN HOURS
Figure 3.2.3 | Predictions by Crosbie for thermal transients

compared with ‘data for first 3 hrs from Hardy
and Stolwijk (ref. 9)
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The curves for metabolic rate are fitted to data for
the same transient conditions. The heat loss curve is
fitted to data for the transient conditions 29%¢. to 170G,

anéd 43°¢. to 18°¢.

The predicted curve shows an immediate increase in heat
loss falling sharply for the first hour and having almost
levelled off affer the second hour to an almost steady value
of 895 w/m2 (heat loss). In contrast, curves fitted to the
data are not so steep in the increase of heat loss within
the first ten minutes, but after two hours have reduced to
an almost steady velue of 45 w/mz. The difference vetween
the predictions and data is outside the limits to be
expected.

The ingrease of mepabolic rate which the model predicts
as a function of body temperature in an attempt to balance
the predicted heat loss is consistent within the model
(metabolic rate finally reaches the same value as heat loss)

but unrealistic when compared with the data.

The data show that with only small fluctvations, meta-
bolic rate is seen to drovo slightly over the two hour veriod
recorded. The general level is around 45 w/m2, balancing
against the 45 w/me heat loss. The difference between the
prediction of metaholism and that taken from data is well
oitside the expected limits (a range of 40 to 58 w/m? at
17%. ).

Returning to Figure 2,B.2 which shows the metabolic
increase taken from Hardy and Stolwijk for more severe cold
conditions, we can see that over a four hour period, there
1s a slight rise in metabolic rate (from 52 to B1 w/m2, with
a short peak at 95 w/m<).
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As moted earlier, this curve of metabolic rate shows a
close recivorocal relationship with the curve of tympanic
temperatuore, indicating the action of the hypothalamus..
This svggests that Crosbie's eguation for metabolic rate
control 35.2.,9 would be better founded asg a function of-
internal temperature rather than whole body température,

with its over-emphasis cn skin temperature.

AM = —cam AT + E .2.9

»

This 1s indicated by Crosbie's prediction also. Figure
3.2.3 shows a similar recipfiseal relationship between the
predicted rectal tempereture and metabolie rate data over
fhe first two hours.

A model devised by Stolwijk end Hardy (ref. 10) makes
several advances oh this model. As Crosbie and colleagues
realised, the body cold be better represented by a
cylinder and the model by Stolwijk snd Hardy oproposes a
series of three cylinders to represent the human body (Fig.
3.2.4). The model contains another important addition, in
taking into account blood flow and containing a central
blood pool (contailned within the trunk)., Each cylinder
loses heat to the environment radially and heat is
transferred between cylinders via the blood.

The head is represented by two concentric cylinders
(core ana skin); the extremities are similarly represented
by two concentric cylinders; and the trunk is represented

by three concentric cylinders (core, muscle and skin).
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Figure 3.2.4 Block diagram of thermal model of man, showing

heat exchanges (arrows), as proposed by Stolwijk
and Hardy
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The whole system is again seen as comprising two parts,
the passive system and the controlling system. The passive
svstem doés not exhibit control characteristics but
represents a complex transfer function between contrcller
and disturbance (regulatory response and receptor message).
The controlling system accepts signals, from the passive
system (recentor message)- and exerts corrective actions on
the passive system, if the receptor message indicates
deviation from preferred conditions (set point (s)).

A series of heat flow squations, 3.2.10 to 3.2.17. one

for each layer, describes the passive system.

The Passive Svstem

Heat flow through head core

) B8ASAL SHIVERING
_ caNvectve (Broed ) MeTABoLisv  METAROLISM
—_—— N T N—,
: d Tie .
Chc 5~ = %K qc x 43(Ts »Tnc) + Motte + 0-0p. AM 3.2.10

( AMRWAYS )
CoNpueT vE (To Skun ) EVAPORATIVE
e e e P e ]

'KHCHS(THc’THS) ~ Evr - Ev

Heat flow through head skin

. BASAL INSENSBLE
Colbucqive (FRMcoRE)  METABaLIsM — PERSPIRATION EVAPORNT 10N
J.T —— — f-—/_\ﬁ ———
Cus- =" - Kucas (T;fc—ﬁ.s)-r Motis — 06-09kv.ds = 0-09Ev 3.2.11
ALt
CoNvecve (Blool ) RabkTion | calaveerion ’
e e e

+ o s Qe X 0438587 (Tea - Tus )~ Ans.ho(Tas-Ta )
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Heat flow through core of extremities

Conveerive. (BLoon) CONDILTIVE (To SKtM)
,___.A____
Cee - +Tee e £ Qc x osgmar(Tes-Tec)- Keces (Tec~ Tes ) 3.2.12
d e
SHNr:qu EXERCISE

+ 058 AM *+ ©is8 E

Heat flow through skin of extremities

BasAL INSENYELE
CONDUCTIVE [ FPLr CoRE) METRBOLISA  EVAPBRATION EVAPORATION
Ces - o Tes = K.u.ss(Ter.—TEs) + Moes - ﬁ’ésfdo - Pes Ev 5.2.13
ot
ComveeTive  ( Blood ) RADIATION [ cOMVECTIor
pu N ————

T X es gt X  O-535MBF (Tm -7.:;5)— Ac—s,ho (Tes— Ta.)

Heat flow through core of trunk

BASAL
‘ reTRdousm  CONvECTwe (Boap ) ConpucTIve (To MUsiLE)
W
d Tve
C-"' . - Mote + aTe qc X a0 (T(.B-Trc) - KT:.TM(TTC-—TT") 35.2,18
4t
RESPIRATORY  WATER VAPOUR
/"‘-"R
~Evre

Heat flow through trunk muscles

BioaL
MeTABoLISM  SHIVERING  EXBRLISE CoNDUCTVE (To Skum )
Crn- = Mitn + 038AM + 033E - K (Tem~ Trs) 3.2.15
at
CONVELTIvE  ((Broon ) conpvetive (7o core)
— ——" —

+xTM ge K 038MBF(Teca~Tem) + Krerm (Tre- TTH)
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Heat flow throughn trunk skin

BASAL INSENSIBLE
‘ METAdoLISM  CONDULTIVE (FRoM M.sa.) EVAPORATION  VAPORATION
CTS : L L= MoTj + KTMB (TTH-TT:) - ,67': Ev, - ﬂfs Ev 3.2.16
At
CoNvecTive  (Broas ) RADAT oM /cwvsqva,u
e — : et ™ e

f,ou:s gc x O-ZBGSBF(Tf_g—Trg) - /T,.s.;u (7-,.,_7;)

Heat flow t}n;'ough central blcod compartment

AL TERMS CONvegrive
. d Tee ' e

= ~—&AC gc x 53 (Tea-Tuc) - « tic gc x 0-13%358F x 3.2.17

Ces

dt

(Tea-Tus) - xee ge x 0-60mBF (Tes — Tee ) ~ xXE5 Qe
X 0-535SBF(Tc5-Tés)— x7c gec X UO(:”E&-TN)

o TmM gc X o-4meF( s ~Trm) -~ ofs ge x 02¥6 38F( Tes-Trs )

crosbie's model used basal average body temperesture

as the set point. Stolw'ijk and Herdy use three set points.

The Set Points

7;1'50 = 36.6°¢c 3 7—.-50 = S4.1 °c -_T-Ho = 35-93 °c

}

The choice of set points 1s based on the assumption
that recepters are located in the head core (brain), in the
muscles and evenly distributed about the skin. The following

four eguations 3.2.18 to 3.2.21 describe the system responses.
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The controlling System

Ev = (The—366)(T-34)63 + (Ta—>588)( THe-36-6) 200 5.2.18
SéF = 106 + 36( Tfff.-aw)(?;-sq-./) + 0-33(7’; - 34.1) | .3;.2.19
MeF = 5+ %%AM - E—,ngw)dr +(F-2%2s 3.2.20
BM s 60(The-366)(Ts 341 3.2.21

Eguation 3.2.18 is the complete expression for evapo-
rative heat ioss control (sudomotor activity). The value
of the eguation is set to zero if Tye is below the set
point (56.600.) to prevent a negative evaporative heat loss.
The term includes average skin temperature (TS) and esverage
muscle temperature (T)), to take into account both resting
and exercising states,

Vasomo tor resbonse is described by equation 3.2.19 and
can be seen to increase or decrease with the fluctuation of
skin temperature ahove or below its set point, 34.1°¢. Skin
blood flow is set to zero if the terms of the equation are
negative.

Muscle blood flow, as given in eguation 3.2.20, is seen
"to be under the control of metabolig activity (either
shivering or exercise) and 1s responsive to the rate of

change of metubolism.
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Muscle bloed flow is glso under the control of average
skin temperature and 1s set %o zero if the walue of the
eguation is negative, Metabolic response is given by
equation 3.2.21 and controlled by receptors in the hrain and
skin.

Conditions for the ahove controlling eqguation are that

M)0 and (Tys; - 36.6){0, assuming that the brain contains
‘the major cold Eeceptors,_for the stimulation of shivering.

Stolwijk and Hardy compared predictions by this model
wlth experimental dats from earlier experiments. - Flpure
3.2.5 shows a comparison of their predictions with data f rom
Hardy and Stolwijk (ref. 9), the same data as used for my
comparison with crosbie‘g mocdel. Skin and internal tempera-
ture are agein closely bpredicgted. Metabolie rate is also
well in accord with deata, although there is a short veriod
of shivering predicted. Their prediction of internai
temperature is for tympanic temperature (head core tempera-
ture) which now plays-a part in control of metabolic raxe
(equation 3.2.21). Further velidation of this controller is
provided by the ability of the model to simulate the ice
ingestion experiment (see Sec¥ion'2.7 and Figure 2.7.3),
Figure 3.2.,6.

This model by Stolwijk and Hérdy was modified by
Kuznetz (ref. 11), having a total of 14 layers or nodes
(each equation in the passive system represents a layer or

node) and was compared by Wissler (ref. 12) to his 250 node
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Figufe 3.2.5_ Theoretical and experimental results compared

for conditioné-of thermal transient.Te, tympanic

temperature, Ts, mean skin temperature, Ev,

‘evaporative heat loss and M, metabolic rate. Data

is from Hardy and Stolwijk (ref. 9)
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Figure 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,
Hoom temperature 42 deg C. Data. from Stolwijk
and Hardy (ref. 10)
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model (Fig. 3.2.7)., Wissler's model contaiiied only the
passive system but he proved what Crosbie (ref. 7) had
préviously stated, that the more layers the model contains
(the more each layer approaches the infinltesimally small)
the more &accurate the model will be,

Wissler formulates a thermal energy balénce for an

infinltesimal element of tissue by eguation 3.2.22,.

THERMAL CoNbULTION MeTAfor1c HEAT TRANSFER, FRODM

ThRovghr TiSsvE HEAT BLO®A To CAPPILLIARIES
/OCEI = i(rﬂ) + hm 4 Qc.(Tq—T)
dt -1 ot
HEAT TRANSFER FRDM HEAT TRAMIFER FROM
BLetp To ARTERIES BLooD T LARGe VEINS
+hq(Ta—T) + Iw(Tv—T) 3.2.22

When an element is divided into radial shells, equation
3,2.22 18 integrated over a given shell. For say the third

shell one obtains equation 3.2.23.

(/oc)b 4T = Koow (T-T3) = Ko (T5- L)+ hma + Qes (Fas-T5)
d t

+hay (Ta,—T5) + /\VJCTVJ—TJJ 3.2,23

(Jay—T5 ) and ( Jvy; - T3 ) are the mean thermal differences

for computing rates of heat transfer from blood to tissue.
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E i
=~
l- Bach element is divided
into 15 -~ 21 radial, shells
ecach containing an arterial
and venous pool :
Figure 3.2,7 *  Schematic diagram of the human thermal systém,

- its elements and circulatory system, as proposed
) by Wissler ' ‘ '
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However, Figure 3.2.8 shows two different tempereature
profiles which do have equal means for adjacent shells, n
.aﬁd n+ 1.

curve 1 is typicael of a steady state profile and
gurve 2 is more representstive of = transient‘stéte gene-
rated during cooling (ref, 12). ~Although (Tn+l - T,) is
identical for both profiles, the thermal flux for curve 1
is greater than for curve 2. The magnitude of this problem
diminishes as the size of the .elements is reduced.

Wissler concluded that the vse of gimple models is
probably justified in ceses of pronounced vasodilation
(Curve 2 in Figure 3.2.8 represents the cese where vascular
constriction is taking place) and small differences between
central end surface temperatures (i.e. moderate conditions).

The models of groshie and colleagues end Stolwijk and
Hardy were lmplemented on anslogue computers., Stolwijk
advaenced on the model by Stolwijk and Hardy and imolemented
it on = dig;tal computer. The program deseribing the model

in
was writtenLFORTRAN (ref, 13). Equations sre here given in

FORTRAN notation.

The model differs in several respects from its pre-
decessor, Stolwijk's model approximates, geometrically,
more closely to the humen body (Fig. 3.2.9). The head is
represented as a sphere end the exéremities are represented
b& four elements; arms, hands, legs and feet., (rosbie had
represented the body as having three layers or rodes,

Stolwijk and Hardy's model had two or three nodes in esach
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' TEMPERATURE ACROSS ELEMENTS

] n n+l
RADIAL THICKNESS OF ELEMENTS

Figure 3.2.8 '~ Pwo possible temperature profiles having

identical means
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Figure 3.2.9 | Diagrammatic_represehtatién of the mathematical

model of physiological temperaiure regulation
. in man , by Stolwijk
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body element. Stolwijk's model contains four nodes, in
each element, representing the core, muscle, fat snd skin
layers., _The eariier model contained three set pointa, for
the controlling system, positioned in the brain, skin and
muacles; while in the later model set points are assigned
to each node. Lach node 1s also assigned its own basal
metabolism and blood flow rate. |

One of the reasons for producing models of the human
thermal system hes been to develop a more detailed knowledge
of the controlling system. For this purpose, Stolwijk's
model subdivides the controlling system into three distinct
parts. The first part conteins the sensing mechenisms,
which recognise the thermel state of the passive system,

The second part receives informatiorn regarding the thermal
state, integrates i1t and sendas out appropriate commands to

the effector systems (metabolism, vesomotor and sucdomotor
responses). The third part of the controlling system receives
the effector commands and, if appropriate, modifies them
according to the conditions at the periphery cf the tody,
before translating the commands into action.

In the model, thermal receptors are in all leyers, The
receptor signal is given as the devistion from the set point,
plus a term describing the dynamic sensitivity of the
receptor (if krnown). (central recentors are assumed o be in
the brain. |

The equations describing the passive svstem and the con-

trolling system are given in eguations 3.2.2¢-3.2,30 and
3.,2,31-3.2.39.
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The Passlive System

BC(K) = BF(K)®(T(K)-T(25)) 3.2.24
M(K) =  Te(K)R(T(K)-T(K+1)) - 3.2.25
HF(K) = Q(XK)-E(K)-B¢(X)-TD(K) 3.2.26
HF(K+1) = Q(K+1)-BC(X+1)+TD(K)-TD(K+1) 3.2.27
HF(K+2) = Q(K+2)-Bc(x+2)+TD(K+;)—TD(KQB) 3.2,28
HF(K+3) =  Q(K+3)-BC(K+3)-E(K+3)+ TD(K+2)-H({I)*®
(T(K+3)-TAIR) 3.2.29
HF(25) = .HF(25)+BC(K) 3.2.30

The Controlling System

ERROR(N) = (T(N)-TSET(N)+RATE(N ) ¥F (1) 3.2.31
COLD(N) = ERROR(N) if negative 3:2.32
CWARM(NM) = ERROR(N) otherwise ' 3.2.33
WARMS = WARMS+WARM(K)“SKINR(I) # 3.2.34
cOLDS = " COLDS+COLD(K)®*SKINR{I) 3.2.55
SIEBAT = CSV®ERROR( 1 )+ SS® (WA RMS-COLDS)

+PswthRM(1)KWARMS 3.2.36
DILAT = CDIL®ERROR( 1)+ SDIL¥(WARMS-COLDS)

" +PDIL*YARM( 1 YFWARMS 3.2.37
STRIC = CCON*ERROR(1)—SCON*(wARMS-c0LDS)

+PCON*COLD( 1) ¥coIDs 3.2.38
CHILL = CCHIL®ERROR(1)- SCHIL¥(WARMS-COLDS)

+PCHIL¥cOLD(1)*cOLDS 3.2.39
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Stolwijk compared prédictions by the model with data
from earlier exveriments (refs. 3 and 9). Figure 3.2.10
illustrates the comparison. Predicted skin temperature
and eveaporative heat loss correlate well with the data'but
again metebolic rate, predicted by the model, is too high
af ter a period of about 45 minutes in the cold (a predicted
bout of shivering) with a corresponding drop in internal
temperature at this point.

Stolwlijk ettributes this.error to the effect described
Above by Wissler. "Since each of the segments in the
controlled system consists of only 4 layers, there will be
errors in the finite difference method of solution during
ﬁhe development of new gradients in the relstively thick
mu%}e and core layers." (ref. 13)

During heat stress, convective heat transfer in the
circulaﬁory system reduces these gradients buﬁ in the cold
this convective heat transfer largely disanpears due to
constriction and gradients appear. The remedy is to use

more layers.

3.3 Gagge's lModel

The models described so fa} have been concerned with
predicting the response of the physiological system and
have been validated egainst measured curves of skin tempera-
ture, rectal temverature and evaporatiﬁe heat loss etec.,

produced by the model, with curves produced from experimental

results.

100




DATA
' MODEL

43°C 8B°c | a3°c

38

N

. TEMPERATURE
(o0}

T D I T T T T

O 30 60 90 20 150 18O 20
. TIME IN MINS '

g ) Figure 3.2.10 Comparison of' predicted results of r'esponse to

' -thermal transients with data. Predictions by model
(Stolwijk ref. 13) and data from Hardy and Stolwijk
(ref. 9) ' '
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A model has heen devised by Gagge and colleagues
(ref. 14), based on earlier models by Gagme and colleagues
(ref. 15) and Stolwijk and Hardy (ref. 10), which relates
the human thermoregulatory system to thermal discomfort
and thermal sensation.

As thls model forms the basis of a model devised later
for the prediction of the transient experience of a person
moving through different environmental conditions, some of
its main factors are worth o ting.

The model is of simple geometry (Fig. 3.3.1), repre-
senting the human body as a single cylinder, having a core
and a shell (2 nodes). The shell layer contains an
importent eddition in c¢lothing.

Thermoreceptors are assumed to be in the skin snd ecore

and the set points sre given in equetions 3.3.1 and c.5.2.

The Set Points
TX = 34.0 5.3.1
TCR = 37.0 _ 5.3.2
The equations degeribing the passive system and the

controlling system are given by equations 3.3.3 and 3.3.4

The Passive System

HFCR = RM-ERES-CRES-WK-(5.28+1.163%SKBF )»( TCR-TSK) 3.3.3
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ENVIRONMENT
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SKIN SURFACE
SKIN SHELL

CORE

Figure 3,.3.1 Diagrah'lmatic representation of simple concentric
' shell model of man end his environment, by
Gagge and colleagues
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HESK = (5.28+1,163%SKBF )& ( TCR-TSK )-DRY- ( EV-ERES) 3.3.4

The Controlling System

REGSW = 250#( ALPHA% SKSIG+(1- ALPHA ) % CRSIG ) %EXP

(SKSIG/10.7) 3.3.5
SKBF = (6.3t+DILAT)/(1+STRIC) : 3.3.6
RM =  MR+19.4#COLDS»cOLDC 3.3.7

considering now the prediction of thermal sensation,
Gagge states that for any combination of independent environ-
mental veriebles there 1s a unigue value for skin temperature
(TSK) and area of skin covered by sweat (w) at any point in
time. These two variables are predicted by the vhysiological
model described above.

Humid operative temperature is defined as the imaginary
temperature et which the body will lose the same heat as it
would by radiation, convection and evaporation in the actual
environment. Hest is lost to the envifonment from the skin
surface. .

| considering the case of.equilibrium, the heat flow
through ﬁhe skin surface is dependent on the temoerature

difference between the skin and the operative environment.

Msk = C(Tw — Ton) 3.5.8

where _
C = A+whH
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A = KEL
amd
& = 41 ke Fpu
Toh i by yuuwn
T = (AT + wB. Tdew) / C 3.3.9

Gagge compared predictions pf Toh for three values of
clothing with E.T. (Effective Temperature) (ref. 15) and
found close correlation between the two. :The closest
corrélation was with the 1 clo prediction, the clothing
value of Houghten and Yagloglou's original subjects, for
the normal scale (ref, 16).

On this basis, Gaggé states, "although it (E.T.) was
constructed originally by empiricai experimentation it can
nov be derived on a physical and physiological basis." This
allows Gagge to revise the old E.T. in terms of 0.6 clo
instead of 1 clo, making it more representative of the typés
of clothing worn today. This forms the basis of the new
Effecfive Temperature or E.T.%, This is however still
expressed in terms of 100% relative ﬁumidity, a level of
satura£ion not normally encountered in buildings.

Ccompering the humid operative temperature (100% R.H.)
and standard humid operative temperature (50%), for the same
mean skin temperatufe, for the total heat exchange (Total),

from the skin surface:

Total = C(E—Toh)

from 3.3.8
and

7;(1! = C_s (T.Sk - 7;011 )
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- Effective Tewmperature is established in terms of environ-

It follows thet Tsen = (C/Cs)Toh + C/-—-C—/C.s)_T;k‘,
where the suffix s refers to the standard (50% R.H.)
environment. |

For each value of 7s.a  there is a unigue value of
S.E.T.% (E.T.% related to a standard 50% R.H. environment).

This can be determined by iteration from eguation 3.3.10.
Ton = [As (SET*) + wBs {05 Rer +25-3/f-31}] /¢ 3.3.10

derived from eguation 3.3.9 for standard conditions and
substituoting S.E.T.% as the operative temperature.
Thus, having established an operative temperature based

on environmental conditions and ohysiological reactions an

mental condltions only. This Effective Temperature (S.E.T.¥)
is now used to predict thermal sensations.

The multiple regression equation derived by Rohles and
Nevins (ref, 17) from data on more then 1000 subjects is

vsed to predict thermal sensations. Their equation is:

Ts = o-z4sTa + 0033 Pap — 6-471 3.3.11
wheme '

Ta = akir tempombure °C
and

Pa’p = safurafed vBpaur  pressure ok Ta mm Hg

Gagge substitutes S.E.T.* for Ta asg the Effective

Temperature and the eguation becomes:
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The prediction of thermal sensation, 7s

T

= 01#5 SET* T 0'0\33@51* - 6‘1‘-7/ 3.3.12

, therefore

takes into account the envirommental varisbles and the

physiological responses to those variables via the index

S‘E.T.K-

5.4 Fanger's Model

Fanger has also develcped a complex model based on

the energy balance equation (ref. 18). Fanger writes the

heat balance as such:

where H
Ed
Esw
Ere
L

K
- R
C

H

LU | I | I T I

0

i

— Ed - Esw —Hre - L=K= R+ ¢ 3.4,1

internal heat broduction

heat losy by water vapour diffusion through skin
heat loss by evaporation of sweat

latent respiration heat loss

dry respiration heat loss

heat transfer from skin to outer surface
of the clothed body

Heat loss by redistion from outer surface
of the clothed body

heat loss by convection from outer surface
of the clothed body '
(all terms in kcal/hr, x 1.183 = watts)

Zssentially, what Fanger is presenting is a complex

pabsive system. The regulatory mechanlsms of sweating,

metabolic rate and vascular control are omitted on the

assumption that these can be neglected in conditions of
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comfort. Thus, heat input into the body, skin temperature
and evaporative heat loss due to sweating are given as

functions of activity only.

H = M ([ - ’Z) ka hr (X L3 = Waﬁ\'o)

Ts = 357~ 0-03 H °c
A by

Ecw= o042 Abu(AH - 50) kca//hr (xrtes « wah’s)
bu '

If Fanger only considers the comfort condi tion, how
does he predict other thermal sensations devizating from
this condition? PFanger asserts: "It is therefore reason-
able to assume that the degree of discomfort is greater,
the more the loed on the effector mechanisms deviatés from
the comfort condition." (ref. 18).

Thermal sensstion (or comfort as Fanger cells it) at
a given activity is therefore a function of the thermsal
load of the body or the metabolic increase needed to restbre

this load to zero. Thermal gensation Y 1s given by the

general cxpression:
Y = (s ) . 3.4.2
Asy
where L 1s given by:
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L =M (/1-n)-035{us- 0ot M (I —=n) - pal| -
Aoy [ A s ]

_0-1,7.[ M (1-n)- so] - 00023 M (44~ pa) - o-001y
ADU Asv

M (34— ta) = 3007 e[ (tt + 273)" (bt #273)] -

pv

fel he (td - éa) ' 5.4.3

- The evidence in support of this is conflicting.
Humphreye (ref. 19) criticises the model for a dependence
on temperature which is not in practice encountersd, nro-
vosing that in the absence of sweating a better agreement
would be between thermal sensation and change in skin
temperature required to restore equilibrium.

Inouye and colleagues (ref. 20), In a study on the
effect of change of enviromment, found after a change from
comfortable to a hot humid enviromment, that continued
Increases of heat storage over a two hour period were not
followed by a change of thermal sensation.

Fanger finally derives the following equation for the
prediction of thermal sensation (Y=o 1is neutral) where

L, the thermal load, is given by egvation 3.4.3.
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M '
Y = (0-352_e.'°'°'*°'(“°") + 0032 ) L 3.4,4

In a study of thermal transients Hardy and Stolwiik
{ref, 9) provide data on the energy exchange (thermal load)
during steady states and transients (Fig. 2.8.3). 1In
ano ther study on transients (ref. 21), Gagge recorded

thermal sensations for the same environmental conditions

~

(Fig. 3.4.1). We can therefore compare this data with _ -
predictions using Fanger's equation (3.4.4). - :

Table 3.4.1 gives the deta fop comparisgon, extracted
from Figures 2,8,3 and 5;4.1, with the metabolic data from
'Fanger together with the resulting oredictions using |
equetion 3.4.4. Figure 3.4.2 i35 g vlot of the predicted
‘votes and votes taken from the data (Fig. 3.4.1).

The depeﬁdence of Fanger's predictions on the energy
exchenge (thermal load) is clear. The general trend of the
prediéted vote follows that of the data and after a two
" hour period there 13 g difference of 1 unit on the thermal
sensation scale. However, during the first mimites of the
transient, Fanger's model predicts a much lower vote than
data, a difference of 3.5 votes, well outside acceptable

limits.
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Figure 3.4.1 Thermal sensations during thermal transients.
: vata from Gagge (ref. 21)
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Gagge | Hardy/Stolwijk Fanger Fanger
Time vote L M/A predicted
'kcal/mz/hr w/m? kcal/mz/hr w/m? vote
65 minas | -2.5 -B0 -9 50 58 -6
70 mins | -2 -55 -64 50 58 ~4
90 mins |-2.2 ~e5 -52 50 58 -3.38
120 mins | -2.3 -45 -52 50 58 -3.38
180 mins | -2.3 =40 -4 50 58 -3

Table 3,4.1

5.5 concluding Remarks

It is possible, using control systems, to model the

dynamic regulatory mechanisms of the human thermal system.

Together with a description of heat transfer through the -

body and clothing these provide a more complete descgription

of the human thermal system.

I have discussed a few of the many models developed to

11llustrate the major features of these models and some of

their relative merits.

Gagge's model (ref. 14). takes us almost full circle

back to Houghten and Yagloglou's E.T., although this is now

revised and is susceptible to prediction using the

physiological model.

Stolwijk's model (ref, 13) has the eadvantage that it

contains a grédater number of layers and represents the body

more exactly and, therefore, shouvld have greater accuracy
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of prediction., Whether such sophistication is needed
reqguires consideration of whether the descriptive scales of
discomfort and sensation warrant such accuracy. Furthermore,
Wissler (ref. 12) has shown that for moderate conditions the
use of simple models is justified. |

Stolwijk's model also provides a better approximation
to the human body and this may brovide a better desceription
of the thermal state of the body, for example whether the
hands are cold or the feet hot,.

However, as all experimental results for thermel
sensations are based on mean responses for the whole body,
representation of the body as a single cylinder may be
justified (ref. 22).

Gagge'é %odel has two advantages. (lothing insulation
13 included and in most cases we would want to simulate
clothed éonditions although swimming baths could be an
exception. This can in principle be included in Stolwijk's
model by modifying the skin layer of the passive system.
Secondly, Gagge's model relates physiological predictions
to thérmal sensation using data from over 1000 subjects
(ref. 17).

Fanger's model has been included in the above discussion
to i1llustrate the difficulties in trying to predict thermal

sensations with a model that contains nane of the regulatory

mechaniams.
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Section Four. The Problem of Motion

4.1 Description of Movement

For cur present purpose, we can confine a description
of movement to specifying a route through a building and
modes of progression along the route. A series of voints,
defined by their 3-D co-ordinates, is sufficilent to
describe the geometry of the route._ Modés of progression,
including two stationary modes, are confined to sitting,
standing, walking slow and wa}king fast. Slow walking is
aséumed to be at a speed of 3.2 km/hr (2 m.p.h.) and fast
walking to be at a speed of 6.4 km/hr (4 m.p.h.). By
reference to these four modes end to the co-ordinste system,

the list can be expsnded to the follovwing, in Table 4.1.1,

1. Sitting N
2.  Standing
Explicit
3. Walking slow
4. Wlalking fast J
S, Walking slow upstalrs \
6. Walking fast upstairs
Implicit
7. Walking slow downstairs
8. Vlalking fast downstairs J

Table 4.1l.1. Modes of activity showing explicit and
implicit modes )

If either iode 1 or Mode 2 is specified, then the
stationary period must be specified. Figure 4.1.1 is a
typical input statement describing a rovte. Figures in

brackets are not part of the inout statement but are the
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hbdes of prbgression referred to in Table 4.1,1., Distances
are in metres.
Each mode of progression or stationary state is

repregsented in the model as a level of activity.

INPUT X¥YZ2 MODE . 0.0 0.0 0.0 3 (3%
INPUT X¥Y2 MODE 16.0 10.0 0.0 3 (5)
INPUT XYZ MODE 10.0 13.0 3.0 4 (4)
INPUT XYZ iMODE 10.0 15.0 3.0 2 (2)
TIME IN MINS AND MODE TO NEXT POINT 2.5.4 (4)
INPUT XYZ WMODE 8.0 15.0 3.0 10 (%)

¥NOTE mode 10 terminates input

Figure 4.1.1 Typical input statement for a route

4,2 The Paysiological and Physical Variables Associated
with Movement
Study of the models described in Section 3 shows
that a change in activity incurs possible change in the

following independent physiological variables:

Metabolic rate (MR) w/m?
York rate (WK) w/m?
Cconvective heat transfer coefficient (cHg) w/m2OgG.

and the Ratio of the body's radiating surface to the
surface area of the whole body (RTO)
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Table 4.2,1 shows the corresponding values

each variable for each activity, with reference
The values for Mode 1 have been chosen %o agree
specified by the Kansas State University ASHRAE
being the one most deécriptive of man's typical

environment (ref.

MODE MR

W /me

58.2

69.8
116.3
221.0
422,85
782.28
199.64

@ 3 O U B W N

369.33

(+) ref. 2, (++4) ref. 3

Table 4.2.1. Modes of vrogression and associated values for-
: independent physiological variables

Metabdlic rate increases with activity and for the
present study takes values from 58.2 to 646.1 w/m2. A polint
of note is that walking down stairs (modes 7 and 8) incurs a

greater metabolic rate than walking on the level at both

(+)
(+)
c(+)
(+)
(+4)
(++)
(++)

(++)

1).

WK
W /15

0.0
0.0
0.0
- 0,0
58,067
58.72
58,067
58.72

, () ref.
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(+)
(+)
(+)
(+)
(+1)
(+ +)
(+1)

(++)

1,

cHC
W M2 Og

2.9 (=)
3.1 (%n)
B.0 ()
11.6 {(%x)
B.O (xn)
11.6 (xx)
8.0 (xx)
11.6 (#=n)

(#n) ref. 4.

given to

to sources.
with thet
project as

everyday

RTO

C.696 (+)
0.725 (+)
0.725 (+)
0.725 (+)
0.725 (+)
0.725 (+)
0.725 (+)
0.725 (+)




speeds (liodes 3 and 45. This is in agreement with the
results given by Orsini and Passmore (ref. 3) and as they
e%plain is due to thé extra muscular activity in maintaining
body posture whilst lowering the body.

The values for metabolic rate are extrgpolated from
data provided by Orsini and Passmore (ref.>3). Data from
two subjecys, whose total load was little more than their
nude welght, was used. &ubject 1 had e weight of 63 kg and
height of 1.82 m. Therefore his body area, according to
the Dubois formula (ref. 5) for estimating body area from
height end weight, was 1.817 m2. Subject 2 had a weight of
77 kg and a height of 1,77 m. His body area was therefore
1.939 m2. The metabolic cost of wa}king up and down stairs,
for the two subjedts; taken from Orsini and Passmore, is
given in Table 4.2.2 in watts, together with the cost per
m2 body area and finally the totals and average metabolic

costs converted to w/mz.

Table 4.2.2,

. cost of Walking
Subject
Up Down
1 558.240 290,750
vatts
2 628,020 267.49
1 307,232 160.016
v /m®
2 323,889 137.353
To tal 631.121 297.969
w/m2
Average | 315,561 148.985

at speeds of 2.23 km/nr
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Fanger (ref, 2) shows that walking up a gradient of

' 25%, with 100% increase in speed, metabolic rate increases
by approximately 85%. The data giveniin Table 4.2.2 apply
to a walking speed of 2.23 km/hr. An increase of 1.07
.km/hr (slow walking is 3.2 km/hr) is egual to an increase
of 40% in metabolic rate. The average values from Table
4.2.2 are therefore corrected for the slow speed by a 409
increase and these values corrected by an increase of 85%

for the fast speed. The new values are given in Table 4.2,3,

Speed Up Down

8low 422,852 199.5640 5
w/m
fast 782,276 369,334

Table 4.2.3. Final valves for metabolic rate walking up
. and down stairs

The values of work rate for the sedentary modes and
walking on the level (iodes I, 2, 3 and 4) are derived from

the eguation:

n =W " (ref. 2) | 4.2,1
M
where n = mechanical efficiency
w = work rate w/m2
and M = metabolie rate w/m2

The values of 4 are given by'Fanger as zero for the

sedentary state and light activities.
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Work rate increases with activity but it can also take
negative values when external work 1s transferred into
heat, for example when walking down hill or stairs.

| Values for work rate when walking up and down stailrs
have been extrapolated froﬁ the Orsini and Passmore data.

For the two subjects the metahbolic rates ‘and work rutes are

given in Table 4.2.4

Subject Metabolie¢ rate Work rate

1 558.24 95.366

vatts

e 628.02 106.996

Table 4,2,4., Metabolic rates and work rates

Fanger (ref. 2) shows that an increase of 100% in
walking speed 1iIs equal to an approximate inerease in
mechanical efficiency of 1%. Using equation 4.2.1 we can

derive the following values for mechanical efficiency (7 )

from Table 4.2.4.

- Subject n 3.2 km/hr | 6.4 km/hr
1 0.170 0.171 0.173
2 0.183 0.184 0.186

Re-arranging eguation 4.2.1 we can now determine the

following values for work rate (W ):
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Subject W= Mnp w = Mn,
3.2 km/hr | 6.4 kxm/hr
1 95.459 96.576
2 115.556 116,812 watis
Average 105.508 106,694
. w/me
58,0867 . 58.72

Except for Mode 1, all values of the convective heat
transfer coefficient (cHe), in Table 4.2.1, have been taken
from Nishi and Gagge (ref, 4) who give a comparison of
measured values of the coefficient. Examples are guo ted of
both higher and lower valuves of the coefficient, for
various conditions, and as their reswlts fell in between
the extremes it would seem appropriate to use them.

The. values of CHC are derived by direct measurement

and related to the power function:

AvE 4.2.2

1

CHC

where for free walking in still air A = 8,6
: V = walking speed m/sec
B = 0,531

Welking speed determines the relative velocity of air
acrosas the body in an environment of sfill air. However,
we can see from the results of Nish and Gagge (ref 4) that
it would be erronedus to decrease the value of V to zero

when wélking in the same direction as the air movement at
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the same speed as the body is not simply a rigid plane
moving in one direction, but consists of limbs moving both
with and égainst the general direction of body movement,
In this case 1t would be appropriate to vse thelr values
for treadmill walking, where, using equation 4.2.2,

A= 6.51 and B = 0,391,

The ratio of the effective area of the body's radiating
surface to the total surface area of the body (RTO) has been
shown by Fanger (ref. 2) to differ with activity. A value
of 0.696 was found for the sedentary body and 0.72 for
standing posture. These values were found to be independent
of sex, weight, height or ares.

All velues in Teble 4.2.1 are mean valnes and con-
siderable deviations can ogceur, However, as a tentative
table it should provide reasonably accurate values for the
environmental conditions to be simuleated. /

The insulation valve of clothing can also be affected
by body movements (as well as tailoring and fit).

The insulation value of a particulsr clothing ensemble
(measured in 'clo' units, 1 clo = 0.155 m2 Op/w) is
depgndent on both the conductive resistance of the textile
i1tself and the layers of air in between the various
textiles. Its reduction would be related to relative air
velocity, permeability of the textiles, looseness of
garments and vigour of movements,

As yet no data are available for ¢clo values §f clothing

‘ensembles on moving bodies and as a first approximation it
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1s proposed that a clothing ensemble having & value 0.6 clo
or lower will be affected by fast'walking and a reduction
of 25% will teke place.

No abcount is taken of the increase which may occur in
clo values, for example'due to sitting in a well upholstéred

chair.

. 4.3 Further Nodifications

The physiological model devised by Gagge (ref., 6, see
seétion 5.3) was modified t ailow change of the activity
variahles discussed in the previons section (4.2)., Further
modifications were slso made.

The increase in radiation area of the bodyv, due to
clothing (FACL) is given as 15%, Fanger (ref. 2). However,
a more recent’ study has shown this to be approximately 25%,
based on rough measurements of two uniforms (ref. 7), . This
value has been included in the oresent model.

The constant 70 (body weight in kg of a 'standard man')
affects both the thermal capacity of the body core and the
thermal capacity of the skin shell. This sonstant has been
replaced by the variable BDYW in the following equations

(in FORTRAN notation):

TCCR 0.97%{1-ALPHA )%790.-,

1}

and

Tex

1)

. 0.97xALPHAX70.
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where TCCR
TcSK
end ALPHA

Thermal capacity of the core (whr/°g)
Thermal capacity of the shell (whr/°¢g)
Ratio of mass skin shell to mass core

N

The constant 1.8 (body area in m? of a standard man)
affects both the rate of change In core temperature and rate
of change in skin shell temperature. This constant is

replaced by the variable BDYA in the following eguations:

DTCR = (HFCR%1.8) /TCCR
DTSK

[

(HFSKx1.8) /TCcSK

where DTGR rate of change in core temnerature O¢g/hr

HF CR = heat flow from core to shell O
DTSK = rate of change of skin temperature ©¢/hr
HF SK =

heat flow from skin to environment og¢

Body area (BDVA) is not a conventent term from a progream
user's point of view. Therefore BDYA is determined by the
Dubois formula (ref, 5):

o

A = 0.00718 x w0.425 x HO.725 (¥2) (ref. 5)

vhere A = surface area in m®
W =  body weight in.kg
and H = body height in cm

As body height and weight are mow defined as variables,
the program user can vary the physique of the model.

No attempt has been made to include other personal

differences such as sex and age. Fanger (ref. 2), after
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experiments with Danish and American subjects, shows no
difference in comfort conditions'between elderly and college
.age persons and no significent difference between males and
females, éither ceuntry, college age or elderly. More
recently Humphreys (ref. 8) in a survey of field studies
finds little or no significant sex related difference in
thirteen studies mentioned. The tendency if any is for
women to feel slightly cooler in the same environment.

Rohles and Nevins (ref. 9) found similar results in
that men are shown to differ from women in their rate of
adeptation, men being significantly warmer over the first
hour of exposure. They also show that the relative import-
ance of temperature and hmmidity 1s not the same for men as
for women.

No attempt has been made to include differences_in
pérsonality. Although there is sone evidence that comfort
requirements may partly depend on versonality factors
(ref. 10) there is none to suggest thast personality affects
thermgl sensations.

Gegge's model contains a routine for numeriecal
integration (Fig. 4.3.1a) in which iteration to simulate
regulation is at one minute intervals or by a change in core
or skin temperature of not more than 0.1°¢. Where we are
cpncerned with pnredistions df the thermsl state of the hody
at time intervals of less than one minute, say at 5 seconds,
this time interval of one minvte is too large and should be

reduced. The routine for integration was therefore modified
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DTIM = 1./60 . VIIM = 80./TINC
U = ABS(DISK) : DTIM = (1./60.)VTTM
IF(U-0.1)5,10,10 i U = ABS(DTSK)
16 DTIM = 0.1(Ux60.) I¥(U-(0,1/VTIM))5, 10,10
5 CONTINUE 10 DTIM = (0.1/VTIM)/{U#80.)
U = ABS(DTGR) 5 CONTINUE
IF(U—0.1)105,110,110 U = ABS(DTCR)
110 DTIM = 0.1/(Uns80,) IF(U-(0.1/VTIHM))105,110,110
105 CONTINUE 110 DTIM = (0.1/VTIN)/(UxE0.)

105 CONTINUE

DTIM = inecrement for numerical integration, U is a local
varisble, ABS( ) is the FORTRAN ahsolute funntlon DTEK =.
rate of cnange in skin temnerature O¢/nr, DICR = rate of
change of core temperature ®¢c/hr, TINC = desired print
out interval and VIIM is a local varieble

Figure 4.3.1. Routines for numerical integration
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to vary with the ‘ime interval (print out interval) desired
by the user and output at say one minute intervals along
the-route will use & relatively coarse integration whilst
output at say one second intervals will use a relatively
fine integration.

The increment for numerical integration (DTIM) is set
initially at the print out interval in hours, in agreement
with Stolwijk (ref. 11). If the change in skin temperature
1s greater than 0.1/VTIM kwhere VIIM is 60/print out interval
in seconds) then DTIM is reduced. Similarly, if the change
of core temperature is greater than 0.1/VTPIM then DTIM is
reduced, so that for each itersation the maximum temperature
change in either skin or core is 0.1/VTIM (Fig. 4.3.1Dh).

It can be seen thaﬁ at & print out interval of one
minute the routine is in agreement with that of Gagge
(ref. 6).

The environmental variables within the model are TA
(eir temperature ©c¢), TR (mean radiant temperature O¢) and
PPHG.(vapour pressure, mm mercury). .Air velocity is
implicit in the establishedvvalue for gHc (convective heat
transfer coefficient),

The model presented by Gagge is set for prediction of
values at 507 relative humidity. The relative humidity
constant occurs in the equations for linear dew temperature
and temperature sensation, Gagge (ref. 6), The constant
has therefore been replaced by the variable RH. Relative

humidity is a more common description of the water vapour
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content of air and has been chosen to replece vapour
pressure as the input variable. RH is related to vapour
pressure within the model by the equation:

PPHG = RHxSVP(TA)/100

where PPHG:
RH
and SVP(TA)

vapour pressure (mm mercury)
relative humidity (%)

saturated vapour pressure at air
temperature TA (%¢)

nu o

A comparison of results from the two models is givenin
Table 4.3.1. Also included are values predicted by the
regression equation of Rohles and Nevins (ref, 9) after a
survey of over 1000 subjects. These are taken as the basis
for comparison.

.I*‘rom Table 4.3.1, the general trend is for the present model
to be slightly more accurate at relative humidities of 50%
and 100% and slightly less accurate at 0%.

The values of thermal sensation (TSENS) are given to
four decimal places to illustrate the trend. The four
decimal places represent ten thonsand incremental steps in
between each consecutive verbal category on the TSENS scale,
for example between 'slightly warm' and 'warm' and therefore
1t should not be inferred that‘a change in value represents
8 noticeable change in sensation. Values for TSENS given by

Rohles and Nevins, T4 (air temperatures) and PPHG (vapour
'pressure) have been determined by eye from the data given by

Gagge (ref. 6).

130




PSENS TA = TR| PPKG RH%

G |- 0.087g 26 0
. P |- 0.0930 26 )
R,N 0.0

G 1.3857 32 0

P 1.3840 32 0
R,N 1.7

G 2.6181 37 0

P 2,617% 37 0
R, N 3.0

G 4.7990 46 0
| P 4.8227 46 . 0
R,N

¢ 0.0280 25 11

P 0.0537 25 50
R,N 0.0

G 2.7270 35.1 20

P 2.B433 35.1 50
R,N 3.0 :

G 4.5943 41.25 29.4

P 4.6156 41.25 50
R,N 4.7

G 0.3315 24 .5 22.9

P 0.3546 100
R,N 0.2

G 1.6409 29.1 30

P 1.6581 29.1 100
R, N 1.7

G 2.9072 33.1 57.9

P 2,0128 33.1 100
R,N 3.0

G: Gagge (1972b), P: present model, R,N: Rohles and
Nevins (1971). S,

TSENS: temperature sensation, TA: air temperature,
TR: mean radiant temperature, PPHG:  vapour vressure
(mm mercury), RH: relative hUmldltv (%)

Table 4.3.1 Comparison of results for a msn of ' Standard

Characteristics', sedentary, with clothing velue
0.6 ¢clo after one hounr exposure (Standerd
Characteristics gre body weight, 70 kg, body
surface area 1.8°m , ratio of body's radiating
surface to total area O. 72, minimum skin
condugtance 5 28 w/m2 oc and normal skin blood
flow 6.3 L/m%hr).
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4.4 The Initial State

In climate chamber studies, care is often taken %5 that
subjects start the experiment in a condition characterised by
basal or near basal conditions (of metabolic rate and blood
flow rate etc.), by comfort and neutral thermal sensations.

However, someone entering a buildiné may have welked
for some distance, cycled even or just aliéhted from a bus
or car., |

The variety in activity, clothing and climatic conditions
can define innumerable conditions affecting one's thermal
state under which oﬁe may enter a building.

However, we may also define a person's initiél thermal
state in terms of his or her thermal sensation, which if
seen to be éffective in determining later thermal sensations, .
can be usefully incorporated in a model for prediction.

Gagge' s model assumes that the initial condition is one
of neﬁtral thermal sensations and basal activity of the
physiological system. Skin temperaturé (TX), core tempera-
ture (TCR), the radiation heat transfer coefficient (cHR),
evaporative heat loss (EV), the ratio of the mass skin shell
to the mass core (ALPHA) and skin blood flow rate (SKEF) are
physiological veriables which are assumed to be at basal
levels for the initial state. For the sedentary case the
model was used to establish values for each of these variabhles

corresponding to each thermel sensation on the seven vpoint

»

scale used (Fig. 2.,4.2). .These values, shown in Table 4.4.1
are incorporated into the program as a tabie and their
selection determined by the program user's choice of the
inltial thermal sensation of the model.
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TEK TCR
35.7879 37.1575
35.3044 37,1074
54 .5925 7.0582
33.9294 37,0286
31.8754 37.0172
30.1999 &6.9988
29.0522 36.9571
Table 4.4.1.

ALPHA

C.0559

0.0605

0.06%76
0.0785
0.1259
0.2068
0.2397

SKBF

29,9260
21,5074
15,0259
10,2306
4,3074
2,1724

1.8083
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EV

56.7378
42,6320
29,3991
16,2084
12,6388
12.4761

12.5108

cHR

5.3340
5.1984
5.06358
4.9230
4.,7642
4.6209

4.4878

TSENS

QO +~ N W\

I
[ab) o

R

sensation

Hot

Warm
Slightl;
Yiarin
Neuv tral

Slightl;
cool

Cool
Ccold

Values for independent physiological variables
and associated initial thermal




4,5 concluding Remarks

A physiological model, described by Gagge (ref. 6),
dischssed in section 3.3, has been modified to allow pre-
dictions to be made cf thermalisensations as the model
simulates the activity of walking about (or sitting or
standing in) a series of different envirdnments, defined
by air temperature (oC), mean radiant température (0¢) and
relative humidity. Air velocity is implicit in the deri-
vation of the convective heat transfer coefficient, Effects
of clothing are alsc incorporated.

The model has also been modified to allow for differences

in body build and for the initial sensation of the model to
be changed.
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Section Five., Validation Studies
5.1 Introduction

A field sﬁrvey was conducted with 70 subjects who
gave verbal statemehts of thermal sensatlons as they walked
along a set route through a building. Data from the survey
was anelysed and compared with predictions made oy the
model described in the previous section._ Environmental
conditibns were monitored to provide input for the computer

program.

5.2 Subjects

The subjects were chosen mainly from the School of
Architecture as thev were the most readily available. They
were, therefore, mainly British (all had been living in the
country for some years); college age; male; familiar
with the building and had been working in it for most of -
the day. Each subject was asked whether or mot he had had
a meal within the last lour or two. Table 5.2.1 shows the
number of subjects in each of these groups.

The height and clothed welght of each subject was
measured, A list of garmenté.being worn by each subject
was recorded together with an indication of whether the
total ensemble was light or dark in colour (the ensemble
vas divided into top and bo ttom)., The average height of
the subjects was 1.81 m; the average clothed welght was
75.44 kg and the average clothing insvlation value (see

sub-3ection 5.5) was 0.97 clo.

5.3 Procedure
Each subject was handed a form giving a brief intro-

duction to the purpose and procedvre of the survey (see
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Male ' S 64

Female .. . ...... . . ....... .. 6
Familiar with the building 65
~Unfamiliar with building 5
College age (18 - 28) . 57
Over college age . .13
- Meal within last hour or twoc 13
Ko meal ) 57

Table 5.2.1 Clgssification'of subject groups
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Fig. 5.3.1). Personal details of each subject were taken
and helght and weight measured. The information relating
to each subject was noted on a sfandard form (see Fig.
5.3.2). ’ )

The route was described to each subject (three subjects
not from the School were shown the route) and each subject
was informed that each point along the route, at which he
was to state his thermal sensations, was marked by a red
triangle placed on the flbor. It was stated that these
were at approximately five second intervals elong the route.
The observer walked along the route with ecach subject, for
a distance of three markers, to indicate the desired sneeé
(approximately 0.9 m/s). |

Before walking aloﬁg the rouvte, each subject was asked
to state hils thermal sensation according to the scale-shown
in Figure 5.5.3{ This having been recorded, the subject
walked the length of the route and back. The observer
walked behind him recording his statements on the standard:
formv(Fig. 5.3.2). The statements were made according to
the scale shown in Fig. 5.3.3, a cooy of which each subject
carried.

| The total treavelling time was recorded and it was found.
that subjects were not able to walk at the desired speed
while thinking about and statihg thelr thermal sensations,

and they esutomatically rediced their walking speed to an

approximate mean of 0.7 m/s.
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The purpose of this study is to record your'thermal sensationa, that is how
you feel whilst walking through the building.

you are asked to walk along a prescribed route through the building, at =&
congtant speed and {o state your thermal sensations using a prescribed scale,
at five second intervals, :

You will be shown the rcute, and the speed at which to walk wili 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 will state your sensations is given below (Temperature

Sensation). You will slso be given a copy of this to carry with you.

Temperature Sensation

SLIGHTLY SLIGHTLY
» . LCOLR COOL .COOL NEUTRAL WARM . WARM HCT

You are also asked to give your state of comfort or discomfort due to thermal
sensations, The scale by vhich you will state your comfort or discomfort is.

given below (Discomfort). You will also he given a copy of this to carry with

you.
Discomfort

SLIGRTLY VERY
COMFORTABLE UNCOMTORTABLE UNCOMFORTAELE URCOMFORTABLE
. 0 1 2 3

You may find it quicker to give your discomfort vote by Stating the corresponding

number, as shown above.

Figure 5.3.1 Introduction to survey handed to cach subject.
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RATICIALITY (LENCTH OF T T TS COUATRY):

WAL, WITHD! THT LAST HOWR OR 50 2 CLOTIES (LICHT Ox DAMED)

L3N S | - ERIGAT) - WEICHT:

LIST OF GATAZITI IZNING TiOsM1

DISCCHFORT:__ ' TRIPISATIRE Si3SATICH

~

BOT ! |

b

e T T T T

——

-

A

SLIGHT.Y
1 Xbedd -

RETTRAL

SIIGIHTILY
CoOL

. COOL | !

—

= ———

COLD ! ; |
TINE PATEA

s

" Figure 5.3.2 Standard form for collection of data
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(a)

SLIGHTLY

COLD COOL COOL
(b) |
.. SLIGHTLY
COMFORTABLE: UNCOMFORTAELE
0 1
Bigure’ 5.3.3

NEUTRAL

SLIGHTLY : .
WARM . * WARM  HOT
VERY |
UNCOMFORTABLE. UNCOMFORTABLE
2 : 3

(a) Verbal Scale for thermal'sensétipn vote

(b)' Verbal Scale for comiort vote




5.4 Environmental Conditions ~
A route was chosen through the School of Archltecture
which traversed the length send height of the building. The
route, or.parts of it, are well used as it encompasses the
main entrance; the student coffee bar; the ground floor
corridor; and the only internal staircase. The route
passed out of the building into part of the court uncovered
on one side. This side was screened off each evening just
before the survey to reduce alr velogity at this voint.
Figure 5.4.1 shows the route throngh the bvilding, the
points et which thermal sensations were stated and the
positions et which environmental recordings were taken,
Globg £hermometqr temnerature (00.) at 8 point approx-
imately 1.14 m above fToor level, dry bulb and wet bulb air
temperature (°c.) and air volocity (by Kata thermometer)
were rec§rded at seven paints (sece Fig. 5.4.1) along the
route at the beginning end end of each evening's survey.
Relative humidity was deduced from the wet and dry bulb
readings. Globe thermometer readings are affected by both
radiant temperature and air velocity. If air velocity is
known, globe readings can te converted %o mean radiant

temperature. Mean radiant temperature is given by:

&g (1+ 235/v) - (235, ta /v )

tr =
where tr = mean radiant temperature Og.
tg = globe thermometer temperature °c.
tz = air temperatnre °g.
and Vv = air velocity m/s (ref. 1)
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The survey was conducted 1n the evenings, when few
people were 1n the building, for two reasons. Firstly,
répid fluctuations in air temperature due to opening of
doors and windows would be reduced. Secondly, fluctuations
in air velocity due to people moving and opening doors and
windows would be reduced.

The survey was conducted on ten separate days in
November and fluctuations in conditions occurred both
between and within each day's .survey., Table 5.4.1 gives
the maximum and minimum valves for each of the four variables
recorded at each point throughout the whole survey.

To facilitate comparison between results each thermal
sensation vote was given a value -5 to+3 and all values
were normalised about one standard sequence of environmental
conditions. The standard conditions sre shown in Table
5.4.2. These were the conditions recorded on the occasion
when the lowest temperatures were recorded at recording
point B.

A point on the route was chosen at which votes were
conéistently lowest (marker 4). For each evening's survey
the mean vote was established at this peint together with
the mean air temperature, mean radiant temperature, relative
humidity and air velocity.

The following multiple regreséion eguation was
éstablished, relating change of thermal sensation to changes

in the environmental conditions:
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Marger A B C D E F
me'x 23.8 22.2 21.4 21.4 | 21.7 14.7 19.6
Tz min 19.6 18.75 19.3 . 19.5 | 17.7 8.6 14.5 |°c
max 23.8 22,0 21.8 22.0 |21.3 15.7 19.6
“Tr min 20.7 18.9 19.5 20,0 119.1 8.7 15.0 |°c
max 57.0 60.5 62.0 58.0 1§ 61.0 90.0 86.0
RH min 30.8 28.0 35.0 32.5 |35.8 52,0 48.3 1%
mas 0.2 0.25 0.25 |- 0.25 0.25 0.26 0.20
V, min 0.04 0.65 0.05 0.05 [0.05 | 0,05 0.04 |M/S

o

Table 5.4.1 Maximum and minimum values for environmental variables



Recording
Point
Ta ©C
Tr ©C
RH %
Va m/s

Table 5.4.2.

A B c

15.0  B.6 18.7

15.5 9.6 19.8

49.0 54,5 39.0

0.08 0.14 0.15

D E F G

20.0 19.8 18.75 19.6
20.4 20.4 19.7 21.6
36.0 37.0 £1.0 40.0
0.25 0.22 0.15 0.06

Standard sequence of environmental conditions
to which ell votes were normalised
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A Ts = 0.049-0.022ATa+0.132ATr-0.001ARH-0.3754Va

where A Ts change of thermal sensation

A Ta = change of air temperature (°g.)

A Tr = change of mean radiant temoerature (°g.)
A RH = change of reletive humidity (%)

AVa =

change of air velocity (m/s)

The assumption was made that the change in environmental
conditions for each evening's gurvey was linear with respect
to time.

| The environﬁental conditions for each thermal sensation
vote were stated as deviations from the standard conditions
(Table 5.4.2) and using the regression eguation a new value
for each vote was estahlished, normalised with resvect to

the standard conditions.

5.5 (Clothing

for our purpose clo values (clo units are a measure
of clothing insulation, 1 clo = 0.155 m2°c/w) for
clothing ensembles may be more usefully stated as values
for individual garments rather than whole ensembles, pro-
viding for a large combination of gafments and the
possibility of more nearly suiting most énsembles.

Seppanen and collesgues (ref, 2) have determined clo
values using a heated manikin, and present tables of clo
values for various male and female ensembles. It is
possible to extract from ﬁhese values for.individual items

of clothing.
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These values do differ for some ensembles. For example,
the difference between ensembhles 18 and 19 (Table 5.5;1) is
a tie with no difference in clo value, With a tie having no
clo velue one wounld expect the difference between ensembles
11 and 18 to be that cavsed by a sleeveless undershirt. This
then has a value of 0,03 clo. Comparing ensembles 12 and 10
where the only difference is egain a sleeveless unde#shirt,
the difference in clo is 0.11,

However, values for individual garments have been
derived from the tables and these are given in Tables 5.5.3
and 5.5.4.

Clo values have been re-cstablished from Tables 5.5.3
and 5.5.4, for the varions ensembles, for comparison and are
given in Tables 5.5.1 énd 5.5.2.

An attempt has been made to maintain the re-established
values as close as possible to the original measured values.
Where values differ, they have been made to err on the high
éide for the re-established ensembles. It is normally
assumed that British clothing ensembles have higher
1nSUI§tion valves than do Amerlcan ones. -

An attempt has also been made to retain the existing
order of increasing insvlation for the ensembles, except
where tﬁese appear to contradict common sense. TFor example
in Table 5.5.1 the difference between ensembles 13 and 12
i1s the difference between a short sleeved undershinrtitandd
a sleeveless undershirt. The latter 1is given a higher clo

value in the Seppanen estimates. These two ensembles now
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comble | under trou- jack- | CLO | cLO
No. . shirt | sccks | sers |shirt tie sweater et 1 2
15 cool cool |S8S-cool 0.48 | 0.48
.24 cool ' | cool |[LS-cool 0.49 Q.49
23 cool jeans |SS-woven 0.49 0.49
10 cool cool |[SS-woven 0.51 0.51
16 - cool cool |SS-warm 0.52 | 0,52
14 warm | cool |SS-woven 0.57 | 0.58
13 SS cool cool |SS-woven 0.59 0.63
26 '_ ccol warm }S8S-woven 0.61 _0.61'
12 SL cool cool |SS-woven 0.62 0.62
17 SL cool |cool [LS-woven 0.65 | 0.65
25 cool cool |[LS-woven C.76 0.73
21 SL cool |{cool [SS-woven LS-cool 0.81 | 0.81
11 cool. {cool. [SS-woven | narrow : cool | 0.89 | 0.89
22 SL cool cool [SS-woven LS-warm | 0.9 0.9
18: SL cool cool |SS-woven ‘ cool {0.92 1.00
19 . SL <001 cool |[SS-woven | narrow ' cool [ 0,92 1.00
_ t 20 SL cool |cool ;SS-woven |narrow warm | 0.92 | 1.00
. ~ 27 SL cocl |warm |[SS-woven | narrow : - |, warm {1.00 | 1.10

respectiively.

SL = sleeveless, S8

CLO 2 - values re-established from individual values in Table 553

" cool and warm refer to low

~and higher

thermal resistance of the garment

shert sleeves, LS = long sleeves
all ensemnles include cotton briefs and low quarter shoes
CLO 1 - values provided by Seppancn et al (ref 2)
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respectively.

Underweay is as in Table 5.5.4

CLO 1 - values provided by Geppanen et. al. (ref 2)

CLO 2 - values rq—gstwblished irom in

dividual values in Table %:5.4

bay,

semblé : : under | CLO CLO
No,’ dress skirt slacks | blouse sveater | jacket |wear 1 2
45 SL-cool 0.21 0.21
44 SL-cool 11 |-c.21 1} 0.21
65 SL-cool SS-cool 11 0.32 | 0.22
60 cool ' §8--cool 11 0.33 | 0.32
- 61 cool LS-cool 11 0.236 0.34
49 cool LS-cool i 0.4 0.39
53 cool SS-cool | SL-cool 11 0.42 0.40
62 cool LS-cool LS-cool| 11 c.45 | 0.50
63 cool §S-cool LS-cool| 11 | 0.49 | 0.48
50 warm LS-warm 11 | 0.51 0.5
o7 cool SS-cool 11 0.51 0.51
55 “cool LS~cool 11 0.58 | 0.58
59 cool | SS-cool |SL-cool 11 |0.58 | 0.60
47 warm LS-warm 11 0.65 | 0.65
48 warm L3—warm 1. | o0.65 | 0.65
18 warm LS-warm V. 0.€6 0.66 -
42 LS-warm | 11 | 0.68 | 0.58
66 warm LS-warm V1 0.68 | 0.68
1 LS-warm 111 | 0.69 | 0.69
40 LS-warm v {071 | 0.71
'cool' and 'warm' refer to low and higher thermal resistance ¢f garment



LGL

§3TQWOsUa

£°G6*G a1qel

8,usw Jo sjuaulred TENPIATDUT I0J sanfyea JuTy}OT)

- Garment

CLO

Underchirt. SS

Undersnirt 8L
Socks
© Socks
Trousers
Trousers
Jeans
Shirt SS
Shirt : _ SS
Shirt ' S8
Shirt LS
Shirt 1.S
Shirt _ : LS
~.Sweater LS.
Sweater LS
Jacket'
Jacket
Briefs

cool
walm

cool

_warm

cool

woeven
warm
cool
woven
warm

- ¢cool

warm

cool
warm

Avbreviztions aé ir Tablie 5.5.1

0.12
0.11

0.22
0.32
0.20

0.22
0.25
0.26
0,23
0,28
0.47
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Abbreviations as in Table 5e5e2

.. Garment .

Dress SL cool 0.20
Press. LS warm 0.67
Skirt ccol 0.20
Skirt warm 0.35:
Slacks cool 0.39
Slacks warn 0.59
‘Blouse SS cool 0.11
Blouse- LS cool 0.13
Blouse LS warm 0.19
Sweater _ SL cool 0.02.
Sweater LS Co01 0.18
Sweater LS warm 0.29
Jacket ' LS cool 0.16
Jacket LS warm 0.29
1 cotton bra, acetate panties - G.01 .
11 cotion bra, acetate panties, nylon pantie hose-| 0.01
111 11 plus full length nylon slip 0.02
1v 111 plus elastic nylon lycra girdle 0.04
\' 11 plus nylon half slip and elastic nylon lvcra

girdle 0.02
vl 11 plus knee socks



. naturally reverse position, Similarlv, ensembles €2 and
63 in Table 5.5.2 change vosition, the difference being
between a short sleeved blouse and a long sleeved blouse.

Clo values have been established for each subject's
clothing ensemble. The distribution of values is shown in

Figure 5.6.3.

5.6 Results

- The median response, together with confidence 1limits
of plus or minus one standard deviation, for the whole
group is shown in Figure 5.6.1.

"The inflﬁence of the lower temperature of the court is
clear. There are slight chanzes in thermal sensation
within the bullding but there is a sudden drop on entering
the court and a steep rise on re-cntering the huilding from
the court,

From the total data we can see that the response given
at Point 1 1s significantly higher at the end of the route
than at the beginning. The almost spontaneous explanation
of thi§-is thet 1t is dve to the increase in metabolism in
having walked through the building and up and down stairs.
However, ancother explanation can be offered which can
better account for the response.

IIn considering thermal sensation votes at Points 1, 2
and 3 which are all higher at the end of the route than at
the beginning, it is notéble that the vote preceding these
three is significantly different on both ogcasions.
Initially they are preceded by a mean vote of 0.2 (neutral)

and on the second ocgasion 2.3 (cool),

D
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The effect is similar to the o0ld trick of putting the
right andvleft hand in hot and cold water respectively and
simultaneously putting them both in tepid water. The
sensation of each hand on placing in the tepid water 1s
affected by the previous condition.

If this is the cause of the higher yotes at the end of
the route, we would expect the same trend to be evident
when comparing other points along the route,

If we consider votes at Point 6 then we find this holds
true. 1Initially preceded by the cooler experience of the
courtyard the vote is 0.8 and secondly when nreceded by the
warmer experlence of the building the vote is 0.5.

This influence of the previons experience.holds true
for all sub-groups irrespective of starting condition,
clothing and sex.

It is interesting to note at this point that Houghten's
original exveriment (ref. 3) was conducted with men walking
from one room to another (see section 2.2), (Criticism of
this asnect was later levelled by Yeglou (ref, 4). In a
different experiment, Houghten and colleagues (ref. 5)
reported a 'reasonably good correlation' hetween the degree
of warmth before entering a cooled space and the comfort
vote on entrance. This correlation was negative, suggesting
that the higher the vote in the hot room, the lower the vote
will be on entrance to the cooler room.

The mean standard deviation for the whole group is
1.1 . McIntyre (ref. 6) has shown that a minimum standard

deviation of 0.8 is found in closely controlled climate
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chamber work with homogeneous sedentary groups and that
thls can be increased by variations in activity and clothing
and novelty of environment, |

Two people acted as subjects on more than one ocgcasion
(in one evening) to see how much votes might be expected to

vary within subjects. M.O. participated-four times and
D.P, ten. The mean probable error for M.O0. was 0,7 and
for seven occasions by D.P. (those having the same initial
thermal sensation) 0.3 , .

The lower mean probable error for the two individuals
1s mainly due to using a sample of one subject, but may
partly be accounted for by memory. Indeed D.P. said he hag
been trying hard not "to remember votes on nrevious runs.
This factor, though effective to a much lesser degree,
canmot be ruled out for the whole group as almost all
subjects were familiar with the building.

The groups defined by initial thermal sensetion are
éompared in Figure 5.6.2, 1In general the groups retain
thelr order of magnitude of votes throughout the route. The
influence of previous experience is displayed within each
group (see Points 1 and 6 on outward and return journey of
route), yet not consistently between grouvs,

Little else can be drawn from -the comperison, (Con-
sidering the cool experience (Points 4 and 5} with respect
to the iﬁitial sensation, the magnitude of drop can be
related to the magnitude of initial thermal sensation,

although the closeness of voting between groups at Points
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4 and 5 also sugéests a closer dependence on environ-
mental conditions at these points. This closeness of
voting is also evident at the warmest part of the route
(Point i6). This is also partly due to bunching et the
ends of the scale.

Figure 5.6.3 shows the distribution of clothing
insulation valves. The distribution is bimodal with the
total group divided almost egually about the mean of 0.97
clo (36 subjects 0.97 ; 34 ‘svbjects 0.96 ). The
difference bhetween the means of the two groups ies 0.33
clo.

The two groups are taken as the basis of comparison.
Figure 5.6.4 shows the votes of each group. It can be
seen that as msy be expected, an overall increase in the
level of votes is given in the higher clo vaelue group (a
mean difference hetween group votes of 0.3). However,
the difference is less than that between individvels in
each group. The mean probable error for the two groups
is 1.1,

Two groups defined by initial thermal sensation were
then compared for each clothing group. Figures 5.6.5 and
5.6.6 show the reswlts., For the group initially voting
'9lightly cool' the mean difference between the two clothiﬁg
group votes is 0.7 and for the group initially voting
Ywarm' 0.1,

However, a closer inspection of the data shows that
the effect of increase in clothing insulation on the

"slightly cool' group is in votes above the 'neutral' vote
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(a mean difference of 0.8 above 'neutral' and 0.0 below
Fneutfal'). For the 'warm' group the effect of the
increase of clothing insvlation is in votes below the
'neutral' vote (a mean difference of 0.0 above ' neutral'
and 0.7 below 'neutral'),

The role of clothing as a buffer to changes of
environment has been stndied elsewhere (ref. 7). Figure
5.6.4 shows a very slight tendency to this éffect. The
higher clo group were less cool on immediate entry to the
low temperature court on both ogcasions. This is more
evident for the group initially voting 'warm' (Fig. 5.6.5).
Hovwvever, there is a tendency for this to reverse for the
group initially voting 'cool' (Fig. 5.6.6). |

Figure 5.6.7 shows the differcnce in response between
the malg and female groups, together with confidence limits
of probable error for the male group. The overall votes of
women are seen to be lower than those of men. The meen
difference is 0.3.

. However, the two groups have different ¢clo values. The
mean clo value for men is 0.99 and for women is 0.77 (a mean
difference of 0.22), 1i{le can see from Figures 5.6.3 and
5.6.4 that a difference of 0.33 ¢lo would agcount for a
difference in votes of 0.3, The mean clo difference
between the groups of 0.22 can therefore account for =a
difference in votes of 0.2,

The college age group (range 18 to 28 years, mean
21.8) was compared with the over collecge age group (range
29 to 49, mean 37). The votes for the two groups are
" shown in Figure 5.6.8, together with the confidence limits

of probable error for the college age group.
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The mean vote for the over college age group is 4.6
end for the college age group 1is 4.4, a mean difference of
0.2,

The mean clo vélue for the above college age group is
1.06 and for the college age group is 0.95. The mean
difference of 0,11 can éccount-for a difference in votes

of 0.1.

5.7 Discussion

The resnlts of the present sthdy would indicate thst,
in predicting the thermal response to a scguence of
different environmental conditions, shorf term past
experience shouvld be taken into account.

No significant difference is fonnd between the two age
groups (57 college age and 13 over) and between the two sex
groups (64 males and 6 females). (Clothing insvlation is
éeen to have & small overall effect in the order of 0.3 clo
= 0.25 sensation vote althongh the effect is not evenly
sbread over the sensation scale for all grouvps defined with
respect to initial sensation.

Any differences due to sex, clothing, age or initial
sensation are seen to be small in comparison with the mean
confidence limits of plus or minus one sensation vote for
the whole group. This is especially the case when
ultimately we wish to.relate the values back to the verbal

scale (5.3.3a) and the values are rounded to the nearest

whole vote.
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The model described in Section 4 1s modified to account

for previous sensation by the following two eguations:

_E5= ObeE, + O-4-5 Ts.
Ts =-T:,3 + O-6 (E; —Ts,_)-fo"i;
where T, = prediction by physiological model
Tsy = previous thermal sensation
and T- = predicted thermal sensation

The envirormentsl conditions shown in Table 5.4.2
together with the mean neight, weight and clothing valuve of
subjects, formed input to the computer progrsm.

Figure 5.7.1 shows the response predicted by the model
compared with the results of the survey. The two are in
close agreement, The predictions bv the model are within

one stendard error of the median resvonse from the data.

5.8 A Second Validstion Study

The nmodel described in Section 4 hes been further modi-
fied to take account of short term past exverience. This
adjustment was based on data from a survey of vedple's
responses given along ore route in a bvilding. Therefore,
it was thouvght worthwhiie to conduct a sécohd survey in
Qnother building to see how accurately the model could pre-
dict other situations.

The experimental procedvure was the same as that described
in Section 5.3, Ten subjects from the School of Architecture

participated and their personsl details were recorded on the

167




891

L0 —mn w

o

THERMAL  SENSATION
W

Vi

" HOT

' | é i T | | | WARM
%'% % % % % % é. ' % - . SLIGHTLY WAR!
T ‘ ' | % NEUTRAL
L | "1 SUGHTLY CoC
B % cooL
% é | % COLD
ST N U NN TN T UK N N U TN TN A U TN VNN N T T I S Y G W S
"> 3 4 5 6 78 90 12314151615 141311 10987¢65432]1
MARKER  NUMBER -

Figure S.T.1 Comparison of median responses for whole group with predibtions_by madel. -
o = model, o = data . C



standard form shown in Figure 5.3.2. All subjects weie
college ege (range 18 - 28 years), The mean héight of the
group was 1.8 m and the mean weight was 73 kg. Figures
5.8.1a, b and ¢ show the route through the building, the
points at which thermal sensstions were stated and the
positions at which environmental recordings were taken. The
route started in a first floor room, proceeded out, down to
the ground floor and around a corridor, down into the base-
ment and back &gain.

The small grovp of subjects allowed the survey to be
carried out in one afterncon within approximately one hour;
Therefore, no corrections to the thermal sensation votes
were made. Table 5.8.1 shows the environmental conditions
recorded at each point before and after the survey together
with the mean values. These mean values were used as input
to the computer program for comparison. Thermal sensations
only were recorded, vusing the categories used in Figure
'5.5.5a., fhe medien of the responses was teken to represent
the sverage voté at sach point. These sre shown in
Figure 5.8.2.

comparison of votes at Points 1, 2, 3 and 4 shows an
average increase at each point of about one vote on the
return journey. On the return journey, the envirorment at
these points is experienced efter a relatively cool part of
the route, suggesting an effect of previous experience on
vo tes.

The mean clothing inéulatiOn value for the group was

0.99. Figure 5.8.3 shows the distribution. The group was
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(ol

-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.

170




C D E F G H T
17.3 | 14.7 {11.8 |12 10.€ 11.7 (11.8 {11.8 |10.1 | max.

Ta 116.8 [14.,5 [11.6 [ 11.8 |10.5 |11.1 | 11.3 1.4 } 9.9 | mean (°
16.25| 14.25(11.3 |11.5 |10.25{10.5 | 10.7 |11 9.7 | min,
17.0 | 14.2 |11.7 |12 10.2 [11.1 [ 11.1 |11l.1 {10.2 | max.

Tr |15.7 |14.1 [11.7 11.8 {10.1 {10.8 | 10.8 11 10,2 | mean g€
14.4 |15.9 (11.7 |1li.6 |10.0 ]10.5 |10.8 [10.5 |10 min.

63 65 70 68 68 72 72 73 74 max.,

RH | 60 62 69 | 67 68 70 70 71 69 mean %
56 58 67 65 68 68 66 68 63 mirn.
0.102/0.112{0.046|0.0987(0.046|0.064] 0.076|0.078 m/s

Va

0.084

Table 5.8.1.

Measurements of air volocity (Va) were taken on one occasion

along the route
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divided into those above 1 clo (mean 1.19) and those below

-
"1 clo (mean 0.87) for comparison. Figure 5.8.4 shows the

results, The difference in mean cloﬁhing insvlation is
0.352 and the mean difference in votes is 0.5. This

is greater than in the first survey (approximately 0.3 clo

= 0.25 sensation vote). However,-it'would be unwise to

generalise from this data as the groups were so small (6

and 4).

As with the first surveﬁ, consicderable differences
between individuals werc moted. Not only déid general levels
of votes cdiffer but also subjects varied in their sensitivity
to chaqges. Figure 5.8.5 shows the comoarison of two
gubjects, both very similar in age, physigue and wearing
similar clothing.

Predictions méde by the model are compared with the
median responses for the whole group in Figure 5.8.3. As
to be expected; the two are not a2 close as in the first
sﬁrvey. Howevel', the predictions follow the general trend

of the data and the two ere in reasonably close agreement.
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Section Six. Towards a Dynemic Model of Human Visual
Response

6.1 Introduction

The human visual system has evolved to cope with levels
of luminance varying in the order of 1 to 10 , from shadows
on a starlit night to snow in full sunlight. The visual
system can adapt so that vision is possible under both
extremes.

This range is not likely to be met within a buildiné
although the often guoted experience of walking into a
cinema from a bright street provides us with a ¢close example.

The interlor of a building provides the visual system
with a different nroblem from that of the natural range of
illumination. Whilst the range within the building will be
‘not nearly_so great the changeg may Occur more rapidly.
However, the same mechanisms are at work in an attempnt to
produce optimum vision under the given conditions.

The word aduptatién has been used in vision studies
to déscribe two conditions (ref. 1). The first is ' steady
state adaptation' where the eve 1s given time to reach an
equilibrium at a particunlar sdapting level and variations
of visual performance are gi§en as a function of that level.
The second is ' temporal adaptation' which describes the
state where the eye has not reached an equilibrium and
performance is given as a function of the time thet has

. elapsed since a change in adaptation level.
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In considering the visual response to changes in
lighting level as one moves abou®t a building no equilibrium
can be assumed and examination of temporal adap tation

should prove the more fruitful endeavour.

6.2 Temporal Adaptafion

Temporal adaptation has been studied vsing variations
in the threshold level throughout its time course as a
measure of changing condi tions of visibility. The earliest
work on adaptetion (refs, 2 and 3) and later work on the
photochemlstry of vision (ref. 4) has been conecerned with
the leter stages of the development. Other work has cenﬁred
on the initisl stages of adaptation (refs. 5, 6 and 7).

The classical dark adaptation curve illustreting the
later stages of the time course is shown in Figure 6.2.1.

This classical dark adaptation enrve illustrates the

situation where an observer is plunged into darkness and

the threshold (L) is defined as the luminance of the test
object needed to be just visible ahove the black background.
The falling curves sihow that as time progresses from the
moment of the change of lighting level less and less light
is needed on a test object for it to be seen. Beside the
fact that the threshold decreases as time progresses the

curve exhlbits two major features:

'1. The course of adaptation is very rapid for the first

twenty minvtes. Eguilibrium is ettained after about

one hour el though evidence has been found suggesting
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that the threshold continnes to drop even further for
periods up to eight hours (ref. 8).

2.. The curve is distinetly broken at the time period of
about eight minutes, the change from photopdc (light
adapted} to scotopic (dark adapted) vision. The
physiological basis for this change is a change from

cone vision to rod vision.

The two phases of this curve can be examined separately
by stimulating the appropriate part of the retina. Figure
6.2.2 shows the distribution of the cones end rods in the
eye. There is a marked difference in distribution. The .
cones are goncentrated in the centre of the retina and their
density deglinss rapidly as the distance from the centre
increases. The rods bégin to appesr about 19 from the centre

reaching a maximum density at about 200,

If an observer is plunged into darkness and a small test
flash delivered to the fovea only, then the threshold chenges
recorded are due to stimulation of the cones only. The
change of threshold is shown schematically in Figure 6.2.3.
If the small test flash is delivered to an area on the
pefiphery of the retina, where the distribution of cones is
sparse, then the threshold changes are dve to stimulation of
the rods. This change is also shown in Figure 6.2.,3., The
derk adaptation of the cones is almost comolete after about
5 minutes whilst rod adaptation takes about 30 minutes. At
firsﬁ, the cones are more sensitive than the rods but after

abodt 8 minutes the rods are the more sensitive.
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If instead of a small test flash we now use one large
enough to stimulate both the réds end the cones, for the
first 8 miﬂutes the cones are more sensitive and the dark
adaptation curve will follow the curve of the cones alone,
levelling off after about 5 minutes. After about B minutes,
the rods become more sensitive and the threshold droos agaln,
followlng the curve of the rods. This composite curve is
shown dashed in Figure 6.2.3,

Variation in pre~adaptation moves the ﬁhole curve
perallel to the time sxis so that the photovic phase 1is
extended more and more with the product Loto (Lo = pre-
adapting luminance, to = exposure time to Lo). This can be
seen in Figure 6.2.4, where the solid-line curvé illustrates
the extreme individval results from 110 subjects studied by
Hecht and Mandelbaum (ref. 9). Preliminary adavtation was
for & minutes with & uniform white field having a luminance
of 5000 ¢d/m? end an spparent diameter of 40°. The test
patch was 3" diameter viewed with one eye with the natural
pupll and was centred 7" from the point of fixation. The
dashed=line curves show the range covered by three guarters
of a group of 45 subjects studied b&-Sheard (ref. 10), where
preliminary adaptation was for 3 minutes with a uniform
white field having a luminence of 500 ¢d/m2. The test patch
of 20" diameter was viewed with one eye at 10° from the

point of fixation. The'pupil was artificially dilated and
'luminance corrected to a constant pupil diaméter of 5 mm.
The break between the dashed-line photopile and scotopid

curves 1s partly smoothed out due to averaging,
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The shape of the curve at the beginning of both the
photopic and scotoplc stages becomes steeper as preadaptation
is redvced. 1If preadaptation is by a short bright flash then
the photonle phase also consists of two parts - an earlier
gain of sensitivity more ranidly than rormal. Rushton
proposes that this is due to a photochemical process (ref. 1l1).

When Haig (ref. 12) varied preadapfa;ion intensities and
gurations the rod portion of dark zdaptation occcurred earliier
following shorter or weaker preadantation. At a given level
above final threshold the curve fell more steeply for weaker
preedaptation., The differcnce seemed to depend solely on the
product of intensity and duration, as if the guantity of
rhodopsin (a phbtochemical pigment) bleached were the
determining factor. This recilorocal relationship has been
shown to break down under conditions not-studied by Haig
(Barlow ref. 1).

When the apparent size of the test is varied the curves
snirft parallel to the ordinate. Also, as fhe apparent size
of the test is increaéed the discontinuity between the two

phases of the curve diminishes,

6.3 Initial Stages .

The course of adaptapian discussed so far has typically'
been measured at intervals of minmutes after a change of
stimulius and not surprisingly early studies were confined to
this magnitude of time scale. Measurements taken at much

shorter time intervals had to wait develcopments in experi-

mental eguipment.
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In 1947 crawford (ref. 5) reported on a number of war-
time studies of adaptetion to brief stimuli, these stimuli
simulating gun flashes. He noted that no difference in
recovery from a flash wes found between positive and negative

contrast of object, contrast being defined es:

(Brightness of background) - (Brightness of object)

Brightness of background

Also, a simple relation exists hetween recovery of the
eye to total darkness &nd to partial darkness. The curve: of
the recovery to partial darkness follows that of recovery to
complete darkness until .the threshold for the finite field
brightness 1s nearly reuached, then rapidly flattens out.

The time course of recovery from the simulated flash
was about l.1 seconds and Crawford also studied the fluctua-
tions in the threshold that occur within this brief time
cburse. Figure 6.5.1 shows his results.

'These complex threshold curves illustrate the initisl
stages of both light and dark adaptation (the onset and
cessation of a conditioning flash) and are characterised by:.
1. The initial rise at the onset and cessation of the

condltioning stimulus
2. The rapid drop that flattens abruptly into the regular

slow adaptation curve.

Baker (ref. 6) has shown that the rapid fluctuations
are not particular to brief flashes but occur whenever

adaptation to dark or light begins. He also showed that for
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Figure 6.3.1 Crawford‘s measurements of threshold during Erief
light adapting flashes. puration of flash was 0.5
seconds starting at time O (ref. 1)
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dark adantation the initial rise is a funetion of £he
intensity of the adapting light (Fig. 6.3.2).

Baker distinguishes three phases of the curves shown
in Figure 6.3.2. These are illustrated in Fignre 6.3.3., To
explain the first stage (an initial rise of threshold level),
the single visual receptor of the limulus (horse-shoe crab)
is suggested as a model of the human visual receotor. The
discharge rate of the optic nerve of the 1limulus depends on
the height of a slow poteﬁtial charge in the receptor. This
slow potential results from illumination of the eye and it
falls a little at the moment when illumination is terminatgd;
A slightly more intense flssh of light is therefore reguired
at this point to raise the potential emvgh to cavse e
threskold discharge. |

The second phase (a rapid drop) is due to nervous elements
beyond the receptor. This explanation slso derives from
cpmbarison of the human eye with that of the limulus. The
limulus preperation, which consisted only of the receontor and
attached nerve fibre, disblayed no abruvot fall of threshold.
The fall of the human threshold mﬁst therefore be due to
causes higher in the system. Photochemical processes must
occur in the limulus eye so these are ruled out,

The third phase of the gurve is thét of reéular dark
qdaptatioﬁ. This phase appears flattened out in Figures
6.3.2 and 6.3.% because of the expended time scale.

A common feature of Figures 6.3.1, 6.3.2 and 6.3.3 1is

the apparent anticipcatory rise of threshold before the onset
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of both dark and light adaptation. Baker dismisses this as
being 'essentially artificial', resuiting from the conditions
of measurement (ref. 13). '

craviford cffers two explanations. Either the relstively
strong‘conditioning stimulus overtakes the weaker test
stimulus on its way from retina to brain end interferes with
its transmission, or the process of perception of the test
stimulus takes a time of the order of 0,1 seconds so éhat the
impression of a second (lérge) stimulus within this time
interferes with the perception of the first stimulus (ref. 5).
cornsweet states that there is ample physiological evidenge
that neural activity in the retina begins more slowly when
the stimulus is less intense. Therefore, although the test
flash may actuvally be deiivered tefore the adsoting light is
extinguhlshed, because it is considerablymless intense than
the sdapting light, the nevwral change resulting from the test
flash may occur after the neural effect of the extinction of
the adapting light (ref. 14), This phenomenon has also been
observed in the study of metacontrast (ref, 15).

The early fluctuations of the threshold level due to a
sudden change of luminance have alsc been studied by Boynton
(refs. 16, 17 and 18) who introduced the term 'masking' to
describe the elevatiorn of the test threshold due to the
gimultaneous presence of another stimulus, the effect, he

believes, being non photochemical {(ref. 7). Boynton defines

visibility loss (¢) as:
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(increment threshold 0,3 sec after)
(change from Bl to B2 )

I

(final increment threshold after )

(steady state adeptetion to 82 )
Bl = level to which eye is previously adapted
B2 = level to which background luminance is changed

This means that visibility loss is defined in terms of
what it would become after fully adapting to the new luminance,
‘and for some cases where the change .of luminance is upwards,

a real increase of visibility may be & loss as defined by the
index .

However, from his experiments Boyvnton concludes that,
provided luminance levels of 1370 ¢cd/m2 are not exceeded, s
value_of # depends most Ilmportantly on the retio of change
end nmot on the absolute levels of luminance. This rule breaks
down seriously when the change of luminance is to or from =
level above 13700 c¢d/m?. Although Boynton is concerned with
the transient effects of a sqdden change or brief stimulus»
his work is more akin to that of steady state adaptation in
that the time interval between change of luminance and test
condition is held constant at 0.3 seconds. Therefore, the
results cannct be assumed to apply to all time intervels afterp
a change of luminance.

Tﬁe above studies have been concerned with the investi-

gation of the quantitative a spects of adaptation. Other
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studies have been descriptive in nature. For example, in
-considering the visual experience of & brief stimulus to the
visual system Jung puts forward the concept of reciprocai
neural mechanisms signalling brightness and darkness (ref. 19).
Although the eye has receptors for light only, it has two
neuronal systems which signal light increment and light
decrement (the B and D systems respectively). Each system
receives stimulus not via a single receptor but vis & field.
A simplified description of the receptive field for each
syatem 1s the peir of concentric circles shown in Figuie
6.5.4.

The B system (on centre) sipnels light increment when
- stimulated in the centre of the field. Stimulus to the
surround causes inhibition of the light signals from the
centre.

The D system (off centre) signels light decrement when
gstimulated in the centre of the field. &Stimvlus to the
surround inhibits this signal.

The two-systems which carry information from the retina
to the cortex have a reciprocal relationship. Their
relationship to visual experience is shown in Figure 6.3.5.

Flicker studies have also produced modelling studies of
visual dynamics. These derive primarily from De Lange who
noted the similaerity between plottings of his flicker data
and the characteristics of a cascade-filter consisting of

R-C integrator stages (ref, 20).
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8.4 Other Studies

Little work has been done in relating the vrevious
temporal adaptation studies to the situvation in buildings.
Apparent brightness has been explained_in terms of generatl
luminence (ref. 22), 'adaptation level' (ref. 23) and spatial
interactions (ref. 24). Hopkinson and gollins state that the
'adaptation of the scene' can be measured, taken as the

luminance expressed in Foot-Lamberts (the numerical equivalent

of illumination) expressed in Lm/ft2 at the observer's eye

(ref. 25). Alternatively, several reedings of luminance can
be taken with a restricted-angle luminance meter and the
adaptation level taken as the average of the values so
obtained. It is therefore assumed that the observer is fully
adapted to the particular lighting level of the scene. These
studies are therefore concerned wiéh steady state adaptation.
Road lighting studies are worth mentioning at this point
because 1t might be assumed that the dynamic situation that

exists when, for example, a driver meets oncoming headlights

" or enters and leaves a tunnel may have stimulated study of

temporal adaptation.

- Hills (ref. 26) has studied the problem of visibility
under night driving conditions and has shown thet, vsing
object detection as the criterion for visibility, the
visibility of @iscs can be related to their visual radiﬁs by-

the following equation:

AL ~ [+ (r,,,(r‘)}z
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where AlL= the increment of dlse luminance above the
: luminance of 1its teckgronnd (cd/m?)
Fm = . a constant for constant backgrouné luminence and
retinal eccentricity
retinal radius of disc (min)

"

r

The increment of disc¢ luminance above background luminaence
for the condition of just visible is therefore given as a
function of the erea of the object and its distance from the
driver (retinal radius) and a constant taking account of the
change in summation across the retina with position of the
image on the retina.

The model was valldated experimentally under two
conditions: &t night with road lights on (mesovic vision)
and at night with road lights off {scotopic vision). Subjects
were therefore edavnted fully to the test conditions.

The state of adaptation of the driver has been equated
with road luminance in the study of discomfort glare (ref.
27).

For tunnel lighting, the CIE recommendations make the
following assumptions:

1. -kt the initial stage of approach, the driver's eyes
adapt to the 'outdoor luminence'. This is estimated

as & weighted averege of luminances of part of the

field of view within a éolid angle of 2 x 109 in the

direction of travel, and at distances of 250m, 150m

and 50m from the tunnel entrance for mountainous

regions and built-up areas.

2, The initial state of adaptation of the driver's eyes

remaing constant until he reaches the edaptation point.
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3. The distance between the adaptation point and the
tunriel entrance, i.e. the 'adaptation distance', is
about 25m for tunnel mouths of rnormal height (ref.
28).

These assumptions are made in determining a value for

L1 (the level of luminence which wovld give en eguivalent

state of adaptation to the visual svstem of the driver).

Although the changing state of adaptation i3 taken into

account by considering the state of adaptetion at various

distances on the approach, the recommendations are not easily

applied to the situation of a person welking through a

building. Furthermore, not all the problems are solved:

".... research is needed into the averaging

mechanisms so that thevy can be taken into
account pnrovérlyv, both spatially and temporally,
for the determination of Ll in practige."

(ref. 29)

6.5 Methods of Assessment

The curve illustrated in Figure 6.2.1 is plotted through
values of the difference between the luminance of a test
object and the luminance of the beckground, for a test object
just visible with both eyes. ‘%here the background luminance
1s zero, this difference is known as the absolute threshoid.

For values of luminance of the test greater than
threshold this technigue cannot be used because the light
source of the test affects the adaptation of the eyes.
However, the almost complete indevendence of adeptation of
the two eves makes it possible to use one eye, kept in a state
of constant adaptation, as a standard with which to cdmpére»
variations in adaptetion of the other eye. This is the

technique of binocular photometry.
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In the study of the initial stages of adaptation,
crawford {(ref. 5) used 1antern.slides of various scenes and
the time measured between switching off a conditioning
light and the observer being able to see a chosen object was
teken as an indication of adaptation.

The method of searching for one object (a sgquare),
positioned randomly among different objects (circles) was
used by Boynton (ref. 30), This method involves the observep
in vusing peripheral vision as well as foveal vision. Boynton
(ref. 17) has also vused the discrimiration of test letters.
In both experiments, the time taken to correctly 1ldentify the
test is taken as a measure of gsensitivity of the visual
system.

These methods, mentioned above, are typical methods useﬁ
in laboratory studies and have been useful 1in attempts to
understand the mechanisms of adaptation. Other technigues
have been developed in the assessment of the lighting of
building interiors,

A similar technique of discrimination to that used by
Boynton was used in the study of hosvital lighting (ref. 31).
Here, observers spent some time adapting to the illuminaticn
in an artificially 1it room,  then walked across a corridor
into & daylit ward and viewed either s Landholt ring chart
or a fnellen chart (as a measnre of acwity). The time taken
to perform the task correctly was recorded as a measure of
adantation.

'In this study, observers also adapted to a daylit ﬁard,

then walked across a corricdor into an.artificially 1it room

and adjusted the lighting level until they found it "just
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too low", then "preferred" and finally "just too high".

It ie worth noting that as observers took time in setting
the lighting level of this internal room, they were undoubtedly
becoming adapted to the lighting level of this room and not the
daylit room. Any errors caused by this problem gould have been
reduced by the observers setting "just too high" first and
"just too low" last. The daylit room was of higher luminance
than the internal room and the rate of adaptation to the darker
room would be slowed down by encovntering the higher luminance
values in the second room earlier. Errors could also be
requced by running separate tests for each rating category.

Observers may also assess the level of lighting by
judgements of the magnitude of their sensstions. One sucgh
method is 'direct numeration' in which an observer assigns a
number to a sensation, & low number to a feebie sensation and
a high number to a strong sensation (ref. 32)., The numoers
may be freely chosen by the observer,

Lighting levels can elso be noted gs part of an overall
assessment of the lighting of interiors by the method of
'ratiﬁg scales'., Typlcally, observers may be given a guestion-
nalre concerning many asvects of the situation to be assessed,
of which one 1is the lighting level. The observer's impression
of the lighting may be given using a-scale from 1 to 7, where
llis "too 1little" and 7 is "too much" (ref. 32). Intermediate
nﬁmbers may not be assigned verbal categories.

Hopkinson has stated that rating scales are particularly
useful in experiments where szlterations cannot be made easily

to the situation to be judged (ref. 34). Rating scales
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relating to warmth and thermal comfort have been discussed
in section 2.4 and their vae in the present study illustrated
in section 5.3. 7

A simple scale may be one using the vhrases given above,
jﬁst too low/preferred/just too high. To assess the lighting
level along a route through a building observers may be given
these categories on a slip of paper or they may learn them
and, proceeding to walk through the building, they could rate
the lighting level at specified intervals according to one of
these cetegories. The vse of thlis scele woulé however beg
the question "just too low for whate?".

A study of the use of words for lighting appraiszls (ref.
35) compared 14 categories and suggested the following -two
groups of words: very good/good/favourable/feir/poor/bad, and
very good/good/favourable/acceptable/tolerable/voor/bad/very
bad. However these scales may only be indirectly linked to
the magnitude of lighting level.

The following rating scale is suggested for its simplicity
in recording the observer's impressions of the lighting level,

independent of a task: very bright/bright/light/satisfectory/
dim/dark/very dark.

6.6 concluding Remarks

Changes in sensitivity of the visual system during
adaptation have been stvdied by recording changes in the
threshold. The initial stages of threshold fluctuations,
due mainly to neuvral mechanisms, are confined to e time

veriod of about 1 second after a change of 1ighting level
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(see Figs. 6.3.1, 6.3.2 and 6.3.5). Later changes of
threshold are dve meinly to photochemical activity in the
retina. Figures 6.6.1 and 6.6.2 illustrate recordings of
pigment regeneration in the cones end rods respectively

where the experimental situation is similar to that producing
the curves in Figures 6.2.1 and 6.2.:.

Models based on field studies in both buildings and on
roads are of little usc fqr our purpose as in these studiles
observers are always (presumed) adapted to the experimental
conditions.

A model based on the nho tochemistry of the retina is.
therefore appropriate. Fuourthermore, in most cases photonie
conditions will prevail ﬂthe cye will be light adapted
rather than dark adapted) and the photochemistry mey be

confined to a description of cone pigments.
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Figure 6.6.1 Regeneration of a cone pigment during dark adaptation
(xef. 37)
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Section Seven. A Model Besed on the Photochemistry
of the cones

7.1 The Model

Figure 7.1.,1a illustrates a step-change in luminance
as experienced when walking from a dark room Into a light
room and back into a dark room.‘

Flgure 7.1.1b shows what is assumed to happen to the
cOnecentration of pigment in the cones as this step-change
Occurs. Where the change of luminance is from low to high,
bleaching of the pigment takes place. Where the change ig
from high to low, pigment regenerates due to chemicel -
processes.

Figure 7.1.1c 1llustrates the change'in apparent
brightness that may resnlt from the change in luminance
shown in 7.1.la. #here the change of luminance is from
low to high, the initial appearance of the room of high
" luminance is brighter than it will eventually become. Where
the change of luminance 1is from high to low, the room of iow

luminance will appear darker than 1t will eventually become.
Comparing Figures b and ¢, we can see that as pigment
bleaches rapidly, apparent brightness decreases rapidly and
as pigment begensrates glowly, brightness ingreases slowly.
Also, compsaring Figures ¢ and &, we can sce that an ingrease
of brightness corresponds to an increase of luminance and a
decrease of brightness to a decrease of luminance.  Pigment
‘concentration is not independent of luminance but it is a

convenient expression of luminance history.
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Figure .T.1.1
Step change in luminance with éorresponding changes in

vignent concentration and apparent drightness.

>

211



Therefore, it is proposed that apparent brightness,
illustrated by the curves in Figure 7.1.1l¢, is a function
of luminance and the rate of change in pilgment concentra-
tion as 1llustrated in.Figures 7.1.1la and b respecgtively.

Cone pilgments act under two main influences, bleaching
due to light and regeneration dve to chemical processes,
Rushton proposes that:

1. Pigment is bleached at & rate proportional to
guantum catch;

2. Regeneration proceeds st s rate proportional to the
fraction of the pigment in the bleached state;

3. Proceases 1 and 2 are independent and therefore
additive (ref, 1). |

From Rushton's theory, cornsweet derives the following

equation:
dX . K -X)- AQX 7.1.1
el b
where A = proportion of regenerated pigment 1n a
receptor,
K = probability that an unregenerated molecule.

will be regenerated in time dt,
A = probability that a gquantum incident on a

region containing a regenerated molecule will
bleach that molecule,

and Q = pumber of guanta incident during time dt
(ref. 2),

Equation 7.1.2 is cornsweet's solution to Eguation

7.1.1‘

X = _K s AR mtkrARY )
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cornsweet gives:

A = 64 x jo-8

K = " o0.0077
and redefines Q@ = adapting intensity in trolands.

This solution is valid if X =/ when € =0
In other words, the model is always adapting from the
completely dark adapted state to a state Q .

Figure 7.1.2 shows predictions of bleaching action
using Equation 7.1.2 for three values of the stimulus Q .

For the case where the model is adapting from any
initial value 'Q, to any other value Q,, the following

solvtion to eguation 7.1.1 (see Appendix B) is valid:

X = _K __ _ _KA(Q-Qa) Lo~ (K#A&)¢ 7.1.3
K+ AQx  (K+AQ,)XK+AGL)

If we let P egqual the amonunt of pigment bleached, then:

P= 1- X

and from eguation 7.1.3 we can derive the following

expression (see Appendix B) for the rate of pigment bleaching

with respect to time:
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. Figure 7.1.2 Predictions of bleaching action of cone pigments

using equation 7.1.2 .
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_4_‘3 - KA(Q -Q2) .2 - (k+AQ)e 7T.1.4

=

At (K+AQ:)

Where a step-change of stimulus ogcurs at some value
of ¢ , Q. takes the value of the new stimulus (this is the
prevailing stimulus to which the system will adapt). Q, ,
however, must be at some valine between the original Q+ and
(. values (unless ¢t-=o - or £ anproaches o).

Figure 7.1.3 illustrates this, where in 7.1.3a a light

and pigment
stimulus occurs (change from O to (Qz)kbleaches as 1in
Flgure 7.1.3b. When the stimulus changes again.(change from
Q.. to Q3 ) pigment alresdy bleached is at a level P, . Tt
can be seen that this valué can be less than tﬁe final
steady state level of bleéching, P, .

Many values of the prevailing stimulus will cavse
bleaching or regéneration of pigment to the level P, .
However for each one there is a unigue valune of t. For
example a strong stimulus may bleach to level 7, in a
short time whilst a weaker stimulus will take longer. 1In
Eqguation 7.1.3 when t=0  the model is at an equilibriﬁm
determined by @ . Therefore when a step-change of stimulus
occurs ( ¢t =o ) the new value of Q; is defined es the
stimulus valve which would bleach (or regenerete) to the

steady state value P, . This can be derived from

Equation 7.1.3 (see Appendix B) and is eg follows:
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o = K({'—x) 7.1.5
X A :

The stimulus & (and therefore Q/ and Qz ) is defined
by cornsweet as retinal illuminance (trolands). For our
purpose this may be more usefully stated in units of
luminance (cd/mz). Le Grand provides the following
eguations for the conversion of luminance %o retinal

1lluminance (ref. 3):

Retinal illuminance = L x Se (effective trolands)

and

Se =t d*(1-0.085(Cd™>) + 0-cor(d*mm)) 7.1.6

i
o 8 48

where Se effective pupil srea,

pupil diameter émm),
)

d

and L luminance {cd/m=Y},
The diameter of the pupil cﬁanges with a change of
luminance and the following equation gives approximate

values for pupil diameter, as a function of luminance,

based on a hyperbolic tangent lew suggested by cgrawford:
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d = § -2 tamh (0#lel ) ' 7.1.7

Undoubtedly, as one walks about a -building, one's
field of view changes, O0ften, the walls will form a major
element in the field while at other times we may look at
the floor, celling or & particgular feature such as a door,
or one may move one's view about the whole room. Even when
the direction of one's view is kept parallel to the
" direction of movement, the field will change,

Therefore, no attempt at restricting the modsl to
viewing only a part of a rocom hes been made. Instead, the
average luminance of the room is proposed as the luminance
of the field.

Where the surfaces of a room are assumed to be matt,
the luminanée averaged over all surfaces, in cd/mg, is

giyén by the following expression:

L = _Er~o 7.1.8
24
where L = the average luminance of all surfaces (cd/m )
£ = the average illuminance on all surfaces (lux)
and ~ = the area-weighted average reflectance
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The average luminance of a room or psrt room is

proposed asg the stimulus. Therefore, (J2 takes the value

of the everage luminance of the room or part room, in which

the model is sitvated. Q/ 1initially takes the value of

the averege luminance of the room or part room in which the

model was previously sitwated.
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Section Eight. Validation Study

8.1 Field Survey

A field survey was conducted, for comparison with
predictions by the model, in which ten people participated.
The aim of the survey was to elicit their verbal responses
to the level of 1lighting at set points at approximately
5-second intervals along a prescribed route within a
building. -

The building and route chosen were the sams as described
in Section 5, except that Point O was changed (bv the time
the survey was conducted, tﬁe room containing Point O had
been altered from its condition in the thermal study). The
procedure of the svurvey was similar to that deseribed in
Section 5. |

Figure B8.1.1 shows the building in which the survey took
place and the points along the route at which a statement of
the brightness of the room was made. Subjects were asked to
rate the brightness of each room according to the seven
point scale shown in Figdre 8.1.2, which they carried with
them along the route. The subjects started at Point O and
walked along the route indicated by the numbers o, 1, 2, 3
etc. to Point 16, then, turning around, retraced the route
back to Point 0.

The survey was conducted on two separate days at
) approximately 22.00 hrs. and liéhting was due to artificial

light only. The subjects spent some time in the building
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0 - 9 HMarkers for stating impression of apparent brightness

1 . :
APPROX SCALE - KETRES GROUKD FLOCR

10 - 16 Markers for stating impreséion of apparent brightness

SECOND FLOOR

FIRST FLOOR

~Figure 8.1.1 Plans of building used in lighting study
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VERY , . VERY
DARK DARK DIM SATISFACTORY LIGHT BRIGHT |  pprome
1 2 3 - 4 6 7

Figure 8.1.2

Seven-point scale of apparent brightness
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before the start of the survey and about 5 minutes in

Room 1, the starting point. It was therefore assumed that
subjects were light adapted; furthermore, that they were
adapted to the luminance of Room 1.

Before walking along the route, each person was asked
to rate Room 1. At points along the route, indicated by
the numbers (see Figure 8.1,1), a marker was placed and it
was at each of these mapkers that the subject, without
stopping, made a verbal statement of his impression of the
lighting level. The markers were spaced et espproximately
S5-second intervals along the route,

Each verbal stetement was recorded on a standard form
(Figure 8.1.4) by an observer who walked along the route
just behind each subject. The numerical values associated
vith each verbel category, in Figure 8.1.2, formed the
basis of a simple statlstical snalysis. The median was
chosen to represent the average of the group with values
“that are in most cases integer points on the scale. Figure
B.1.5 shows the median response for the group at each point

along the route.

8.2 Predictions ﬁy the Modgl

The average luminance of each space along the route
was estimated (see Section 9) and together with a description
of the route (the geometry of the roﬁte is shown in Figure
8.2.1) formed the input to the computer program,

Figure 8.2.1 is an example of the graphical output,

from the computer program, of the building and route
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You are asked to walk along a prescribed route through the building
at a constant speed and to state your impressions of brightness,

using a prescribed scale, at five second intervals.

You will be shown the route, and the speed at which to walk will bYe
indicated. The intervals along the route at which you are to state
your impressions are marked on the floor. You are not to stop at any
of these points but proceed along the whole length of the route without
atopping.

The scale by which you will state your impressions is given below.
You will also be given a copy to carry with you, but it will help if

you memorise the scale before walking through the buildings.

VERY . _ ] VERY
papx ~ DARK  DIM SATISFACTCRY — LIGHT  BRIGHT  po.o.-

Figure 8.1.3 Introcduction to survey handed to each subject
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DATE NAME

VERY ERIGHT

BRIGHT

LIGHT |

e e i

SATISFACTORY

DIkt

DARK

VERY DARK

————

Tk TAKEN

Figure 8.1.4 Standard form for recording verbal responses to changes

in lighting level.

226



Lze

AFPPARENT  BRIGHTNESS

¥

. _VERY BRIGHT

o c o - 0
- o o 0 © o o © o o 0
- 0 o o o© ° o o o
— o o . o o o o
- o .
L
N Y S W UOUE S S SN N T SN T TS S SO S SN TN TN S W N N N N N SRR T R I j
O1 23 45 67 8 901N I12I314I151615 1413121110 98 7 6 5 4 3 2 C

MARKER No ALONG ROUTE

Figure 8.1.5 Median responses given at each point.

~BRCHT
LIGHT
_SATISFACTORY

- _DiM

_DARK
~VERY DARK



ii

Figure 8.2.1

Description of building and route geometry used in
predictions. - . .
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geometry. Each rectangle represents a room. The average
luminance of each room can be calculated by the program or
given as input to the program. Only those rooms through which
the rcute passed are necessarily included in Figure 8.1.1. The
three floor levels are plotted separately and the output 1is
originally at 1:500 scale. The single coﬁtinuous line indicates
the route. The program determines in which room the model is

at the requested time intervals and selects the luminance of
that room as data at that moment.

Table 8.2.1 shows the estimated valuves of aversge luminance
in each space slong the route together with the marker number
In that space. We can see that Room O has the highest value
and, as subjects spent about S5oto 10 minutes in this room
before commencing the walk, it is assumed that vigment in the
cones 1s bleesched to a level determined by this value of
luminance. Therefore, we would expect that on moving to other
rooms,'with 2 lower luminance, regeneration of pigment will
occur and as a conseguience sensitivity of the visual system
will increase,

Predictions by the model of pigment concentration at
points along the route are illustrated in Figure 8.2.2, showing
the gradual regeneration which takes place along the whole
length of the-route, only interruvpted temporarily at points
of relatively high iuminance.

If pigment regeneration increases the sensitivity of the
visual system, we should expect a gfadual increase in values

of apparent brightness vote along the length of the route,
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MARKER NUMBER |  LUMINANCE (cd/m)

0 90
1 41
2 41
3 15
4 -6
5 6
6 72 ~"
7 72
8 T2
9 17

10 16

11 5

12 3

13 40

14 40

15 58

16 58

Table 8.2.1 Average luminance of each space and marker number.
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corresponding to the regeneration of pigment. This can be
seen 1in Figure 8.1.4 but is more clear if we join velues on
this graph corresponding to the same points along the rovte
(remembering that points along the rovte are symmetrigal
aﬁout Point 16). Figure 8.2.3 illustrates this, where

points whose values differ on the outward walk from the
return walk are connected and it is c¢lear from this figure
that there is an upward trend in subjective estimates.

However, the points at which there is no change of
estimate are also representative of neople's impressions
and when these voints are included a simole non-parametric
sign test shows this trend to be not significant.

The total number of points (pairs of estimates)
considered is 16. If we assume that there is equal likeli-
hood of votes on the return jovrney being higher than or
lower than votes on the outward journey and we assign a plus
sign when an estimate is higher and & minus 8ign when a vote

is lower, then the number of plus signs will be 8. The

standard error about this value is given by /h xﬁf xE?
where n = number of pairs of estimates. Therefore, the
 standard error is 2. At the 5% confidence level, we are
concerned with deviations of more than about twice this
value. We should expect 95% of samples to be within the
range 8 - 4 to B+ 4, (Comparison of all corresponding
points along the route shows that on the return journey
hlgher subjective estimates are given at 6 points. This is
within the expected range and is therefore not signifiéant.

This suggests that for the conditions experienced in
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the survey, the gradual regeneration of pigment may be
ignored and predictions of fhe subjective estimates.may
be made based on luminance.

Using Equation 7.1.4 we can compute values for the rate
of pigment bleaching at each point along the route. These
values are shown plotted in Figure 8.2.4 where the abscissa
1s log luminance and the ordinate the rate of bleaching
(where values are negative this is the rate of regeneration).

Experience tells ns that as we move from the bottom
left of the figure to the ton right the values of the
subjective estimates should increase. This is bhecause to
the left of the fighre are valnes of low luminance &nd to
the right ere values of high luminance. Therefore, we should
expect an increase in the value of eétimates from left to
right. Also, the bottom of the fignhre corresponds to values
of rapid pigment regeneration, assoclated with a relatively
lafge drop in luminance level. The top of the figure
corresponds to values of rapid pigment bleaching associated
with a relatively large increase in luminance level. iJe
shduld thegefore expect an lncrease in the value of votes
from the bottom to the top of the figure. This general
trend can be seen in the figure. |

By definition, loci of equal apparent brightness should
run across this general trend. This is seen to be so from
Figure B.2.4, where regression lines have been drawn by eye
fqr each group of estimates. Two poihts (Numbers 1 and 12)
at which ;satisfactory' votes (value 4) were given cause

the regression line for this group to be inconsistent if
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included. Examination of these two points shows them to

be on the threshold of spaces with a large difference in
luminance. It is possible that while the luminance of one
space may be relevant on the outward journey, the luminsnce
of the adjacent space is relevant-on the return journey.

- If we plot these two points with the lominance of the
"adjacent space and the computed rates of bleaching, the two
plotted points fall more consistenﬁ with the regression line
fitted to the 'satisfacfory' estimates. The points are
shown marked X in Figure &.2.4,

The disposition of the regression lines accords with
our experience. A line approaching the horizéntal at values
of low luminance and rapid pigment regeneration, that is,

a situation where one is plunged into darkness, suggests
that differences in luminance are relatively unimportant in
the estimaete of apparent brightness, When plunged into =a

dark room, details are indistinguishable. It is only later,
as the room appeers lighter, that differences may be
noticed., |

To establish a relationship between the values of
luminance and the values of subjective estimate, the mean
value of lbg lominance was estahbhlished for each group of
subjective estimates (Column 1, Table B.2.2). These means
were then expressed as ratios between means of contiguous
pairs of estimates. These are shown in column 2, Table
B8.2.2. The mean of these ratios is 1.4. An inecrement of
one vote on the verbal scale therefore corresponds to a mean

ratio of 1.4 between two valnes of log luminance. This is
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10G L

" RATIOS

1OGC L RATIOS SUBJECTIVE

(Unsteady (Steady ESTIMATES

state) state)

0«77 0-96 3
1-74 1-95

1+34 188 4
1430 1:15

1474 2¢16 5
1:10 1:17

1-88 2+54 6

MEAN 14 1-4

Table 8,2.2

Log luminance ratios for steady state and unsteady

state conditions.
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based on data collected in the dynamic 31tuat10n. Steady

state values were also determlned and may be compared.

8.5 Steady State Data

A model office with furniture to V/i2 scale was used
in the experiment. Figure 8.3.1 shows the model and the
viewing posi£ion. 'Figure B.5.2 shows the interior view of
the model, The model contained s translvucent plastic ceil-
ing and was illuminated from above this by 2x150 watt Atlas
'spot' lights, 4x150 watt 'floodlights' and Bx150 watt
'reflectors', positioned to illvminate the ceiling as evenly
as possibie. The lemps were. connected to a dimmer over
which the subjects had control. A4 total of 7 subjects
participated.

The verbal cgategories shown in Figure 8.1.2 were used
by subjects to rate the lighting level of the office. Each
subject was esked to set the level of'lighting in the office -
fo that it appeared 'dim', 'satisfactory', '1light' ete. The
top category on the écale in Flgure B.1.2 was omitted to
avoid artificielly limiting the top of the scale by the
maximum output of the lamps. The bottom category was omitted .
to keep the scale symmetrical. ' .

Each subject made settings for the whole 5-point scale
twice, setting the lighting level for 'dark', then mo ving
up the scale to 'bright' and then back down to 'dark', or
first setting for 'bright(, then moving down the scale to
'dark' and back up to 'bright'. These two procedures were

alternated between subjects.
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At each setting made by =& subject, an observer recorded
the illuminance in the vertical plane, at the viewing end
of the model. The estimated average illuminance on all
surfaces in the office wes found to be in the ratio 1.14
to measurements taken at this point.

The raw data consisted of 5 pairs (one value determined
moving up the scale and one determined moving down for each
of the 5 verbal categories) of values of illuminance for
each subject.

The geometrical mean of each pair was taken, producing
one value of illuminance for each category per subject. . Tﬁe
means of illuminance values for each category were then
taken, producing one valuve of illuminance for each category
for the vhole group. These means of measured illuminance
were sdjusted (x 1.14) to indicate values of illuminance

averaged over all surfaces of the office. The area-weighted

. aversge reflectance of the office was estimaied at 0.63 and,

using Equation 7.1.®, values of luminsnce in cd/m2 were
determined.

These values were converted to log units and the ratios
between these values calculated for comparison with those of
the unsteady state conditions. These are shown in Column 4,
Table 8.2,2, The two sets of ratios are in reasonahle
agreement., The mean of the ratios is 1.4 when calculated
for both the unsteady state ratios and the steady steate

ratios.
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B.4 Model Predictions Vs Field Survey Data

Predictions may now he made ﬁsing the vaiue 1.4
determined ahove and compared with the responses given
along the route., Table 8,2.1 shows the estimated values
of average luminance in eagh Space along the route together
with the marker number in that space., The value of
luminance at Point 12 on the outward journey was estimated
at 27 (cd/m®) and the value at Point 1 on the return journey
& (ca/m2), |

These luminance values were converted to log luminance
values and ratios between values at contignous points
established. Each ratio was divided by the value l.4,
determined above, producing a series of values indicating
the increuase or decrease in subjective estimate between each
pair of contiguous points along the route. The initial
estimate was given the same valne as the survey data (6 =
bright) and values were rovnded to the nearest half wvote.

Figure 8.3.3 shows the comparison between the predic-
tions by the model and the median resovonses from the survey.
The two are in reasonably close agreement. W#e can therefore
make scceptable predictions of the general trend of
estimates without consideration of photochemiéal changes
in the eye.

However, more agcurate predictioﬂs can bé made if we
include these changes in an expression. The following simole
expression was used to predict the values\shown in Figure

B.5.4:
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e

APPARENT BRIGHTNESS

_VERY BRIGHT
0—BRIGHT
—LIGHT

_ SATISFACTORY
- _DiM

- o - - _.DARK -

= . . _VERY DARK

o]

SN N NN T (N NN N S NN NV NS NN S U N (N SN [ S S S S
Ol 23 456 7 8 9I10111213141516 1514113 12 11 10 9
MARKER NUMBER

™ —
~J -
o
)
s
wr
N
O

Figure 8.3.4 Comparison of verbal responses of subjects with predictions by the model



L+ 0ous(X'=XY = 16(YI-Y) 8.4.1

N

wvwhere prevailing apparent brightness

previous apparent brightness

prevailing luminance (cdémz)

previous luminance (cd/m<)

brevailing fraction of bleached pigment
(X antilog 3)

previous ‘fraction of bleached pigment
(X antilog 3)

‘<%C§PJP4

and Y

8.5 (Concluding Remarks

Predictions hy the photochemical ﬁodel end conparison
of these predictions with the survey data indicates that ihe
gradual changes in people's impressions of the brightness
of a sequence of rooms is consistent with chénges in
predicted pigment concentration in the cones. However, the
gracdual changes have been shown to be not significant.
Furthermore, s close approximation to reople's subjective

estimates can be made by the simple expression:
increase in subjective estimate = _r _ 8.5.1

-4

where r = the estimated log luminance ratio of two Successive

rooms.

A closer spproximation can be made when pigment changes

are taken into account.
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- The prediction of average luminance (see Section 9) 1is
‘shown to be adeguate for most cases. However, the dis-
crepancy at Points 1 and 12 suggests thet in some ~ases &
more precise description of the visval field may be

necessary.
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Section Nine, The Indoor Environment

9.1 Introduction

In the previous seétions twvo models have been
developed, capable of predicting veople's verbal responses
to changes in the thermal enviromment and lighting levels
within a bvuillding; changes that result from a person
walking from one room to another.

The two models may be regarded as producing output
and requiring input. The output in each case is the
predicted verbal statement of thermal sensation or sppar-
ent brightness, the input being a desgription of the
thermal enviromment and the lighting level, within each
room, respectively. This section is concerned with the

input to the models,

9.2. The Thermal Environment

The model of human thermal response is written as a
series of FORTRAN subroutines (see Appendix ¢). The inouts
to.the model required to describe the thermel environment
of a room are ambient air temperature (Ta) ©¢, mean
radiant temperature (Tr) °¢ and relative humidity (RH) as
a perceﬁtage. Any computef program which generetes values
for these variables and makes them accessible to FORTRAN
subroutines can be used. The following is based on informa-
tion contained in the IHVE Guide (ref. 1) but has not been
‘validated further.
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In predicting the valves of these three varisbles
within a building it is useful>to consider the building
at two periods in the year; Winter, when the building 1s
subjected to cooling by the environment and Summer, when

the building is subjected to heating by the environment.

9.3 Winter conditions

In the British Isles, most bulldings for human
habitation have some form of internal heating in Winter.
In the early stages of a design the thermosteat setting
or desired temperature (Ta) to the rcoms of a building,
together with a description of the tvype of heating (con-
vective or radiant) is a convenient and resdily understood
description. This brief description assumes that the
desired tenmperature is attained and maintained.

The IHVE Guide (ref. 1) gives vaiues for air tempera-
ture (Ta) corresponding to values of environmental temnpera-
. ture (Te) for both convective and radisnt heating, in
three types of building. Table 9.3.1 gives average values
cohputed from these tables. | |

The Guide also gives an expression for the approxi-

mation of environmental temperature:

le = 2/5 T 414 Ta ~(°¢ ) 9.3.1
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Te

Heating type

Factlory

Open office

Private office

Table 9.3.1

15° 18°%¢ 21°
CON. RAD. CON. RAD, CON. RAD,
16.3 12 19.é 14.9 22.3 17.4
16.3 13.2 19.5 15.9 22 18.5
16.4 14 19.2 16.9 22.4 19.7
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Substituting the values of Ta and fe from Table 9.3.1
.into Equatior 9.2.1 we produce Table 9.3.2 giving values
of Tr,

comparing Tables 9.3.] and 9.3.2, it is élear that
irrespective of building type and environmental temperature
Tr is consistently higher than Ta with radiant heating and
lowver than Ta with convective heating. The average value
by which Tr is lower than Ta is 1.9°C. The average value
by which Tr is higher than Ta 1s 3.2°G¢. Therefore, we will
presume that for Winter conditions, where o design tempera-
ture Ta 1s stated, Tr will take a value 3°¢ higher than Ta
when radiant heating is used and 200 lower when convective
heatihg is used.

In a well ventilated huilding the vapour pressure of
the eir is equal to that outside. 1In erowded buildings end
in Winter, when the windows are closed for days on end, the
indoor wapour pressure may rise 7 mm Hg or more ahove the
outdoor level (ref. 2),

Relative humidity is a convenient expression of the
moisture content of air and may be vsed to describe the
outdoor conditions. Internal relative hbomidity may be

‘calculated as follows;

vpo = _RHe x psso (mm Hg)
{00
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Te

Heating type

Factory

Open office

Private office

15%

18°% 21

CON., RAD. CON. RAD. coM. RAD.
14.4 16.5 17.4 19.5 20.3 22.8
14.4 15.9 17.3 19.1 20.5 22.2
14.4 15.5 17.4 18.5 20.3 21.6

Table 9.3.2
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wvhere Vp. = outside vapour pressure {(mm Hg)
psso = satursted vapour nressure at outsicde
temperature (mm Hg)
and RHo = outgide relative humidity

For & crowded building or Winter conditions,

Vpi= Vpo + 7 (mm Hy ) 9.5.2

where vpe = indoor -vapour pressure (mm Hgz)

Indoor relative hhmidity is,

RH = 1006, vpe
Pssi
where RH: = indoor reletive humidity
and pssc = satbrated vanour pressure gt inside

temperature (mm Hg)

9.4 Summer Conditions

This section does not apply to a naturally ventilated
bullding end assumes that the ventilation rate is constant
night and day.

Summer conditions are charaéteriged by transient
thermal conditions due meinly to solar heat cain, The peak
daily temperature as well as the daily mean temperature may
therefore be usefully calculated,

Summer time temperétures may be calculated using the

edmittence procedure (ref. 3) outlined in the IHVE Guide.
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SOLAR INTENSITY W/ m2

_Is
O tej te;
S NN\ _a
a: LN\ Tl N\ _tag
S -\
tﬂ 1 3 1 § 1
I 2 3 4 5

TIME IN DAYS

I's = Daily mean solar intensity, Is = swing in solar intensity
about daily mean, t'ei = daily mean environmental temp. indoors,
fei = swing in environmental temp. about daily mean, t'ao =

daily mean outdoor air temp., %ao = swing about daily mean.

Figure 9.4.1 Cyclic heat gains in summer heat wave conditions.
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Figure 9.4.1 shows the theoreticel heat input and the
resulting tempereture swings in ovtside alr and inside
environmental temoeratvres,

The method involves, firstly, calculation of the daily
mean heat gains and the resulting daily meen indoor tempera-
ture. Secondly, the swing in heat gains and the resulting
swing in indoor temperature is calgulsasted.

The daily meen heat gain is the sum of the mean solar
and mean casual gains] (cadual gains are heat inputs to the
building from lighting, occuvants, electrical equipment

etc. and are pnresumed to ogcur cvelically),

Q'c= Qs + Qe (watts)
where Qt = daily mean heat gain (watts)

Q's= daily mean solar heat gain (watts)

Q'c= daily mean casital heat gain (watts)

The daily mean indoor temperature is given by,

tei= t'lao + Q'E

ZAU +Cv
where €ec = daily mean indoor environmental tempersature
(°c)
t'ao = daily mean outdoor air temperature (°g)
Sav = Sum of products of arees of exposed surfaces
and the anprooriste U values (w/O(C)
and Cv = ventilation loss (w/Cg)
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-The swing 1n structural heat gains may be neglected
.1n most instances in the United Kingdom &nd the swing

{mean to peak) in heat gain given by,

t = Qs + Q¢ + Qa (watts)

£,

r

wvhere total swing in heat inout (watts)
swing in soler heat gain (watts)
swing in casval heat gain (watts)

swing in air to air gsin (watts)

p o

Q@g@z
onou o

The admittance (Y ) of a surface 1s a measure of its
ability to smooth out temperatnre veriations. The swing

in envirommental temperature is given by,

Eec = _Qt
EAY*' Cv
where Eég = gwing in indoor environmental temperature

(oc)
sum of the products of the areas of exposed
surfaces end the sppropriate admittance values

and S AY

The instantaneous indoor environmental temperature is

.given by,

I L
bec = Eec + Cg



.From Equation 9.3.1, where ta = tr, ta = tei.
Also, where ta = tr, tr = tei.
| Reletive humidity may be calculeted in the same manner
as for the Winter conditioné except that Eqdation 8.3.2

becomes,

vpi = vpe <y

9.5 Estimatlon of Lighting Levels
In Section 8, input to the model for prediction of
apparent brightness (FORTKRAN Program included in Appendix

¢) wes defined as the average luminance of a room, given

by,
L - _Eep
R
where L. =average luminance of all surfaces {cd/m2)
E = average illuminance on all surfaces (lux)
o =area-veighted average reflectance

This section is concerned with the caleculation of
the value E,
The calculation of the illuminance (E) averaged over

all surfaces of an empty room is-described bv Sumpner

(ref. 4).
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9.6 Siﬂgle Enclcsures-

For a room 1it only by an srtificial light,

light flux entering the room = $L x L.0.R. (lumens) 9.6.1

where ¢ = light flux from the lamp (lumens)
tor = light flux from the luminaire
light flux from the lamp
Let

E = average illuminance on all surfazces (1ux)
and let

A = area of each surface (m?)
Then

1ight flux striking all surfaces = £ x> A (lumens) 9.5.2

Any light striking a surface is either reflected,

absorbed or transmitted. Restated,

P+t = | 9.6.3
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where = reflectance of surface

trensmittance of surface
abgsorbtance of surface

R
oA e

andf

Therefore,

flux absorbed and transmitted
by ell surfaces

Ex SA(x+T1)

But from 9.6.3,;

x +7T

4
.~

Therefore;

flux absorbed and trensmitted _
by all surfaces = ExZA(r—p)

In the steady state condition,

P x LOR. = Ex3A(L—p)

Therefore,

(lux) 9.6.4



(B ¢Ly X LORYy

¢LxX LOR.x &)

n

ROOM X ROOM Y

Figure 9.7.1 Section through two rooms, X and Y, borrowing light
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9.7 Borrowed Light

In estimating the 1lluminance of rooms in the field
survey, two complicgtions arose.

Fifstly, rooms were not empty. Here a simple solution
was adopted. Major items, such as filing cabinets and
desks, were regarded as an extension of. the room surface
and accounted for in the calculation. Minor items were
ignored.

Secondly, the rooms are -not separate enclosures and
rooms therefore 'borrow' light from each other. Some rooms
are irregvular shapes, with a clearly irregular lighting
distribution. Both these cases were treated in the same
manner. The average illuminance for each geparate enclosure
(room or part room) is calculated using Equation 9.6.4. The
amount of 'horrowed' light is then estimsted and edded.
Figure é.?.l illustrates a simple example.

Two rooms, X and Y, are shown joined. (onsider the
case where Room X borrows light from Room Y. The dividing
~plane, §, between the two rooms (shown dotted) is assumed
td ﬁe a surface with transmittance egual to unity (where the
two rooms ere separated by glass, the aporopriate valve for
the transmittance of glass is used). Light flux falling on

this imaginary plane from Room Y is therefore transmitted ‘to

Room X.

From Equation 9.6.2;

light flnx striking all : '
surfaces of Room V y X EgAy- (1umens)

11
[T
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Therefore,

light flux striking Surface § - Ey x Ag

end

light flux transmitted
to Room X

- For Roonm X,

light flux entering
room from light source

and

"light flux entering
room from Surface &

= EyxAg(t)s

- ¢Lx X L.O.Rx

= EY x As(T)S

(lumens)

{lumens)

(lumens)

(lumens)

Therefore, from Equation 9.6.4, the average 1lluminance,

Ex, is given by,

Ex = Dlx x LOR.x + Ev x As{(t)s

EA(’ —'/")x
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where the reflectance » of the surface S is egual to

/_('z—f_o()s . VWhen this surf.ace is imaginary p-o

Similarly, for Room -Y;

light flux entering

room from light source =@PLy x LORy (lumens)
and

light f1lux entering -

room from Surface & = £y X As(T)s (lumens)

Therefore, from Equation 9.6.4, the average illumlnance,

Ey, is given by,

ZA (l.—,a)y

(lux) 9.6.5

where the reflectance p= of the surface & is egual to

/- (T +x)s ° Vhen this surface is imaginary, o =o .’
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9.8 Daylight

For a daylit room;

flux entering room = Y. Ag § x  Ew
. 1oo
where ¥ = transmittance of glass, .
A9 = area of glass (mz),
S = daylight factor on outside of glass,
Esky= sky illuminance -(1lux).

Equation 9.6.4 may therefore be rewritten,

E - r.AgS . _Esky (1ux)
2A(L— 2) 100

The daylight factor is defined as,

”(f= £ x loo
Esky

where 4/ = daylight factor.
- Where rooms borrow light, as for example Rooms X and

Y in Figure 9.7.1, Equations $.6.5 and 9.6.6 may be

rewritten,
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Eyx = (EASxxEy + (Ey A(r)s) x 100 (1ux)

and,
EY _ (T.A9.5)y x Esky  + (Ex As(T)s ) x 100 (lux)
ZA(/.—p_)y
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i0 Future Studies

This pilot study has showm that we can make reasonable approximations
to people's sequentiai experiences of the lighting and the thermal
envirorment within ﬁuildihgs. However, it would be a mistake to
regard the two models of human response as definifive; rather fhey

should be regarded as starting points.

For example, it has been shown that, .when l1it by two lamps of different
Colour Discrimination Index, two identical rooms are judged egually
gatisfactory in visual appearance when the interior lit by the lamp ..

having the smaller colour gamut is set to a higher illuminance (ref. 1).

The empirical relationship between the illuminance ratio of the two
rooms to the colour rendering properties of the lamps of the twc rooms

is,
Illuminance ratio = 1:06 - 1-08log (gamut area ratio)

The illuminance ratio may be converted to a log luminance ratio and the
correction added to the estimate of the change in apparent brightness,

as given by equation 8,5.1 ,

The model predicting people's thermal sensations was validated against
conditions during the winter months. Hecent work (ref. 2) has shown .
however that comfort temperatures in buildings are related to the indoor

temperatures and the mean monthly outdoor temperature. This suggests
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that tﬁe temperature corresponding to the mid point on the scale of
warmth (neutral / comfortable) is likely to vary over the seasons of

the year. Winether the whole seven — point scale can be simply moved up
and dovm with the variations in climatic conditions poses an interesting

question.

Clearly, the two models developed are not the whole story, as all our
senses play some part in the total experience of architecture. Present
day design technigques for the acoustics of buildings ignore fhe sequential
experience. Therefore, this wbuld seem an area in vhich to do further

work.

Most of us are familiar with the experience of walking into a fully
occupied, often smoke filled, lecture room or pub from a well ventilated
corridor. The experience serves to remind us that odours play a part in
our experience of buildings, and that they are particularly noticeable

when suddenly changed.

The agé old belief that red rooms are warmer than blue rooms presents a
problem of the interaction of the senses. Some recent work (ref. 3) has
shown that people do prefer a lower ambient temperature in red rooms

than in blue rooms, but the effect is so small as to be hardly of practical
- significance. Nevertheless, the question ok the ;nteraction of the senses
is‘an interesting one and in the context of the seguential experience

degserves further attention.

This study has been mainly concerned with the sequential experience of
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the interiors of buildings. An interesting study is that of the interface
between inside and outside. This is a-special cage of the sequential
experience; one that is often an abrupt experience. Here, there are
special problems associated with the cooling effects of winds, the effects
of changes in wind speed and direction on balance (ref. 4) and direct

radiation from the sun.
It is 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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APPENDIX A




Nomenclature:

Equations 5.2.2 - 3,2.8

p - Density of the tissve )

c . Specific heat of tissue)pc = [cal/cc®C

T Temperature (°¢)

Ts Temperature, surface layer (9g)

Ti Temperature, middle layer (6¢)

To - Temperature, core layer (°g)

Ts Average body temperature (Og)

Ta Ambient temperature (0¢)

t Time {(hrs)

K Specific thermal conductivity of wet tissue
(kcal/m/hr/c_’c X.1.163 = w/m/O¢)

x i+ Thermal conductivity coefficient of proportional
control for ATs )0 = 00.147/°¢

o & — Thermal conductivity coefficient of orooortional
control for A7 <0 = 702086/°¢

Yk Thermal condvetivity coefficient of rate
control (sec/0g)

X Distance from surface (cm)

AXs Thickness of surface layer = 0.8 cm

AXy Thickness of middle layer = 1.6 ecm

AX ., Thickness of core lavyer =3.2 cm

" AXs, B(AXs + AX ) (cm)
AX2 5 (AX, +AX1.) (cm)

M Metabolic rate ver unit area (kcal/m2/hr
X 1.163 = w/m?)

oM Metabolic rate coefficient of proportional
control Tz< o (kcal/m2/hr/oc X 1.163 = w/m</0¢)



hr

che

de

Heat loss (radiation) per unit area (kcal/m2/nr
X 1.163 = w/m®)

Heat loss (vaporisation) per unit area (kcal/m&/ny

X 1.163 = w/m<)

Vaporisation coefficient of proportional control
(kecal/m2/hr/OCc X 1.16% = w/m2/0g)

Vaporisation coefficient of 4th power proportional
control (kcal/me/hr/Oc X 1.163 = w/m2/0¢)

Heat transfer coefficient (skin/air) (kecal/me/hr/og
X 1.163 = w/m2/0q) .

Heat transfer coefficient of radiation (kcal/m2/
hr/0¢ X 1,163 = w/m2/9¢g)

Heat transfer coefficient of convection {(kcal/m2/
hr/oc X 1,163 = w/m2/9¢)

Velocity of air at skin surfece (cm/sec)
Exercise (kcal/m2/hr X 1.163 = w/me)

Incresse -in vevorisation coefficient due to
violent exercise

Equations 3.2,10 - 3.2.21

He
Hs
EC
ES
Tc
™
75

ca

(9 o

Parameters:

Head core

Head skin
Extremities core
Extremities skin
Trunk core

Trunk muscle
Trunk skin

Central bhlood

Thermal capacitence (kcal/0¢ X 1.163 = watt-hours
°¢)

Temperature (0g)

Time (hrs)



MBF = . Muscle blood flow (1/hr)

£ . " Bxercise (kéal/hr X 1.163 = watts)

Ta - - Ambient temperaturs (°g)
A Average skin temperature (©g)

o« - Dimension less fraction accounting for coﬁnter—
: current heat exchange

gc Product of density and specific heat of blood

: (kcal/9Cc X 1.163 = watt-hours/9g)

AM .Shivering metabolism (kcal/nr X 1.163 = watts)
Evr ' Respiratory heat 1553 (kecal/hr X 1,163 = ﬁatts)
Mo Basal metabolism {(kcsl/hr X 1,183 = watts)

Ev, Insensible evanorative heaf Joss (keal/hr

X 1.163 = watts)

Ev Evaporstive heat loss (kcal/hr X 1.183% = watts)
SBF Skin blooé flow (1/hr)

Aﬁiﬁo Product of area and environmental heat coefficient

(kcal/hr/oc X 1.163 = w/og)

K Thermal conductence between layers
(kcal/hr/oc X 1,163 = w/0g)

e

Tm Average muscle temperature (Og)

Eguations 3.2.22 and 5.2.23

C Specific heat of tissue

7 Temperature of tissue (0Q)

F ~Radial distance from axis of cylinder (cm)

Am Rate of tisswue heat genersztion due to
metabolism (watts)

qk roduct of mass flow rate and svecific heat of
blood entering the capilliary beds per unit
vo lume

7a Temperature of bloéd in artery (0g)



ha Proportlonality constant of heat transfer between
: the arteries and tissue per unit volume

hv Pf'oportionality constant of heat transfer bhetween
the veins and tissve per unit volume

Tv Temperature of blood in vein (°¢)

K Thermal conductivity (w/m/0¢)

Egquations 5.2.24 - 5.2,39

BC(N)  convective heat transfer between central bloog
and N (kcal/hr X 1,163 = watts)

BF(N) Total effective blood flow to N (1/hr)

T(Nn) Temperature of N ()

TO(N) Conductive heat transfer between N and N + 1
(kcal/hr x 1.163 = wattsg)

TUN) Thermal conductance between N snd W + 1
(kecal/hr/C¢c X 1,183 =« w/9¢)

HF(N_) Rate of flow into or from N (kecal/hr X 1.163 = watts

Q(N)  Total metabolic heat produgction in N
(kcal/hr X 1.163 = watts)

E(N) Total evaporative heat loss from N

. (kcal/hr X 1.163 = watts)

H(T) Total environmental heat trensfer coefficient
for element I (kcal/hr/°¢ X 1.163 = w/%¢)

TAIR Effective environmental’ temverature (°¢)

FCN) Rate of change of temperature in N (°¢g/hr)

ERROR(N) Output from thermoreceptors in compartment N (°c)
75ET (N) Set point for receptors in N (°¢g)
RATE (v) Dynemic sensitivity of receptors in N (hr)
coL D(N) Output from cold receptors (©g) |
WARM(/'\I) Cutput from warm receotors (0Og)
WARMS Integrated output from- warm receptors (°o¢)
COLDLS Integrated output from cold receptors (©¢)
SKINR(L) Fraction of all skin receptors in element I (N.D.)
4



SWEAT

DILAT
STRIC
CHILL

. Ssw
Psw
. Cbﬂ;
SOIL
PD;L

CCON
SCON
PCON

CCHIL

SCHIL
PCHIL

Total efferent sweat command (kcal/hr X
1.163 = watts)

Total efferent skin vasodilation command (1/hr)
Total efferent skin vasoconstriction commend (N.D.)

Total efferent shivering command
(keal/hr X 1.163 = watts)

Qveating from head core coefficient
(kcal/hr/ ¢ X 1.163 = w/°g) '

Sweating from skin coefficicnt
(kcal/hr/ ¢ X 1.163 = w/°¢)

Sweating from skin and head core coefficient

- (kecal/hr/ ¢ X 1.163 = w/°()

Vasodilation from head core coeffigient

(1/hr/c)

Vasodilation from skin coefficient

(1/nr/%c)

Vasodi%ation from skin and head core coefficient

(1/hr/"c)
Vasoconstriction from head core (1/hr/°g)
Vasoconstriction from skin (1/hr/og)

Vasoconstriction from skin and head core
(1/hr/og)

Shivering from head core (keal/hr/®; X 1.163
= w/°C)

Shivering from skin (kcal/hr/°c X 1.163 = w/°¢)

Shivering from skin and head core (kecal/hr/%¢
X 1,165 = w/%)

Equations 3.3.3 - 3.3.7

HFCR
HFSK

Rm
ERES

Heat fiow from core to skin shell (w/m2)
Heat flow from skin to environment (w/mZ2)
Shivering metabolism (MR) (w/m2)

Respired eveporative heat loss (w/m2)



‘CRES Respifed convective heat loss (w/m?)

wk Wiork rate (w/m<)
SKBE Skin blood fiow (1/hr/m<)
TcR - core temperature (°g)
TSk Skin temperature (°¢)
DRY Dry heat exchange (w/m?)
Ev Total evaporative heat loss (w/m<)
RECSW Sweating-(g/hr/mz)
SKSIq' Receptor signals from skin (5¢)
CRSIg Receptor siynals from core (°g)
- DILAT | Vasodilation (l/hr/mz)
STRIC Vasoconstriction (1/hr/m<)
coLbs Cocld signal from receotors in skin (°g)
coLdc cold signal from receotors in core (©°g¢)

Eguations 3.3.8 - 3.3.12

Mk Metabolic heat loss through skin surface (w/m<)
'.73k Skin temperature (°¢)

Ton Humid operétive temperature (°g)

To | Operetive temperature (©9¢)

w ~ Skin wettedness

T ddew Linear dew temperature (°g)

A | gombined heat transfer coefficient (w/mz/oc)

he cngective heat transfer coefficient (w/m2/0¢)

Fu Burton thermal efficisncy factor (dry heat loss)

(N.D.)
Fpd Nishi permeation efficlency factor (evaporative

heat loss) (N.D.)



Tson Standard operative humid temperature (©°¢)
SET X Standard effective temperature (°g)

Ts ~ Thermal sensation

Equations 3.4.1 - 3.4.4

M Metabolic rate (kecal/hr X 1.163 watts)

7= ' Mean skin temperature (°¢)

A Area of body determined by Dubois formula (m?)
Y Thermal sensation,

L Thermal load (kcal/m%/hr X 1.163 = w/m°)
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Derivation of Equation 7.1.3

X = K(1 - X) - AQX
at
= K - KX - AQX
= K = X(K + AQ)
Therefore ax = dt

K - X(K + 4Q)

However;

4 .(K - X(K + AQ))
at

-(K + AQ)
If we multiply both sides by -{K + AQ) we get

-(K + A0)dX = -(K + 4Q)dt
K - X(X + AQ)

So on intégration we get
| loge(K - X(K + AQ)) = -(XK + AQ)t + B
where'B is the conatant of integration.
Rewriting ve get
K - X(K + Q) = B.e~(K ¥ Q)+ (1)
But when t = O,

X=o K
K+AQ1

where Q4 = the initial retinal illuminance in trolands to which
the eye is adapted. '



X = K
K + AQ,

where Q, = the prevailing retinal:illuminance  in“trolands to which
the eye is adapted. '

To find B, consider X when t = 0,

B =K« KK+ AQ,)
K + AQ,

o
{

= K(K + AQ; - K + AQ.)
' K+AQ,

B = KA(Q1- Q2
K + AQ4

Substituting fer B in equation (1) and putting Q = Q2 because Q, is

-~the-prevailing retinal illuminance in trolands, we get

K - X(K + AQ,)= ¥A(Q, - Qz).e—(x + AQ:)t
K + AQ;

Therefore Xeo K -  ¥A(Qr - 02 .e(K+AQ)t

K+ AQ2 (K + AQ,)(X + A%2)



Derivation of equation 7.1.4

Xe K - KA(Qq - Qi)  .e~(K+ AQ)%
K+ 49, (K + AQq)(K + AQ,)

Let P=1-X
Then,
R S BT R PR GOk
K+ 4Q, (K + AQ4)(K + AQ,)
and
P=1- X +  KAQ, = QJ) (K + 8Qa2)t

K+ A, (K + AQq)(K + AQa)

bDifferentiating we get

&P = KA(Q; = Q) . -(K + AQ,)e~ (K * AQ2)t

at (K + AQy)(K + AQz)

Therefore

© @p = KA(Qu- a) LemtK + AQ2)Y
dt (K + AQq




~ Derivation of kquation 7.1.5

X= K - KA{Qs -~ Qa) Lo~ + AQ2)t
K+ AQ; (K + AQq)(K + AQ,)

From egquation 7.1.3, when t =,

X= K
K + AQ:2

=~
n

X(X + AQ2)

K + AQ2

<=

K1 - X) = 48Q2

Therefore

KS“-)Q a Q2

XA

A8 Q1 = the steady state value to which the system is adapted at
t = O, when a step change occurs Q1 = Qz as derived above and Qi
takes a new value. '
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D HYASTER [OIT ...

C - MASTLR EﬁrT \LL1IH r qurJ'TInN ANMD
C EpITING F DATA FOIR THE NIDELS,

- C SACH ERITIHNG FACELITY 1S CALLED 8Y 4
c SOFIAND LHARER . COONTROL REMAING WITH
c - THE FACILLITY 44TIL TERMIHATED, EACH MADEL
¢ CoAY AF CALLED SERPARATELY T UPERATE ;)
¢ CTHE SAME AULLDING DATA, THE ROUTE MAY
C JE CHAXNGEDN AID DATA UACHANGED OR VICE
C SYERSA BEFORE A HIIEL IS RJUN,

Y ALLI P 2l SPASCS 1aX

C ALLGH 6 2OINTS 01 ROUTE
REYL L YIENC20Y LLLITC2YI) b ILLHAC2D) T LLIAN(20)
INTEAEL . TS(?) = »
INTESER SCALE

< PLOTTER SHFEER AREA
JULIipas Tl ITnuafF¢iand)y
DLYE3Tad TR
CUOLIE LT3, DISTCYY,TLARCS?Y,,STDEY (30)

CLED )N STHEM{IN) L SINEX(IDY,XYZ2(2D),n0DE(SY)
CI LM FLLE, TLLRT o DFTIT(20) ,AREA(A,20)

CJ‘.'.")'l AGLAS (G e2N) ,A0GAR5C4+2) L E(HD)
COALE SEG AN, TLU Y  LUHAEH ,SC120)Y ,6(5,14:))
CIUEYD {1,129 ,0{19,120) ,uLFI(48.,20)
R I NI .\T.f\ﬁ;-‘\))f.\Tl\'(?])...RH(.«_))

C THITErLLY PLUTTER
CALL ®PLITH (!ulF( Yo11230,7)

C 3ET SEALZ .
CALL FACTHY (1)

C S RAW SLASEMS
cFF = 1%, )
CALL SIRELY (FF)
HAAY, =0 . .

79U DELLTE = 0, o . -
i)Y cuYy g

C LEAD Td EHLT THLAAND
READ (1,92v) 114l
GUT‘J (1,21—51‘:0:5"5:?"3,?;10111,12;13014;15,

1 13,1713,10,20,1 1
¢ SpaAlE
T, CALL S5 sy e o
C . JAD ‘ N
2 fALL 55 (TS,0ELETEl,YY.FF) L SLoyE

GUF1_1))_

¢ R ETD Y R

5 cAaLL s (1S;JLLET5:|:Yf FFY
Lo GUTH G239 . NERI - = .
CC 003 L o S
SR A =CALL 53 (TS, oL LETE,it,YY,FF)
GUTY 1)) . o
¢ - e ALFLECTAHNCE - . 0 o el lmnIloTEEL T . S
3 . CALL 5372 (TFrAW) | —_
Z...807T9 12D LT . e Ll e
. C e oooLaT ) . o .
Lol Cn LTS (Fr.SL\LE:YV.J) TR LT :
C e SJTo ’i)) _ _
C---"-=" - £fRase -
f CALL S{ (DELETE)
T eYTo AN )
C Ll ialfneyg
.9 .CALL S\ _ .
aUT 1)



.

y

190 .
c.

11
c

12
C

15
C

14
c

15
C

15
¢

17

18

19

24
C
c
“0v

JIHOD WASTRUCTT VL

CALL 57 (DEL
GUTH 110
ey It

cakbi sX (ILs

GUTa 1930
TRAISH

CALL T (THA

GUT: 199 '
TOUTE

GUT. 119

D T LLUNIRANGE

CALL ST (lFyL

‘UTy 190

pANT I
CALL 2HaTiC
GUTa 1Y)

DENSPE
CALL "4'{51"’!
GUTa 139

T A

£Tc¢)

LUATNAICE

Y)Y

ITTANCE .
N8)

Av)

WInEL

S CALL RMITES (ITOTL,N,FF.YY)

(TFLAS,TTOTL.H,YY,FF,d,SCALEF)

CTIVE

(. oo,

CALL Tiaealy (ITOTL,,4,FE,3CALE,VY i)

G‘jTIJ '-: ‘l)

CALL a»ZaA
GUTa 1)
T

caty A4

PATA 15 TJD RE SAVED,

iRE,

GUTD 1Y }
CALL S (A,FF)
GUT 1)
CcAATI- e
CLOSE PLUTTER
CALL 2LOT (2,8,5,10,200)
1§ Ay
145827 RIOUTIES
FURLAT(L2) ——
o7 p e Lo O
END T L .




SU!‘)’TIIC S5 (Jpﬂiaw) o . . e . i
S LELLL=eRUSHYTIAE LSS CDEALS WITH IAPUT OF SPACES. . 57 Zo cfamd
EaCHd spACE IS DEFIRED 8Y COIRDRS OF THE
LL3aTTOa LEFY_HAND AMD TOr f13dT MAND CURNERS
_.Adj A RO RELGHT, o
<o) 1%-8PACE REF, auM@iR .-
~ INTESGE ¢ T.i C
s i REAL LJic!(43>-ILLIT( T):ILL"A(?P);ILL4"(7U)
GO Y UATTCAM) L DISTA(3I), TINE(S9Y,SIDEV(3Y)
S COTS STOE2(IN) S HIDEZ(FN S XYZ(O0) ,1:0DE(5Y)
CULEE [l LLL*T DFINT(2), ARF‘(h 20)
CORN ABLAS(E:2D) JAGALS (4, 20),E (60
!

OO0

B CCOTL N STON(2 DY L FLLNA, LUHEA,S{(124), G(S 1au>
e CCUT Y DI L (10,120) L, BREFS(H, 20)
COIYE ATA(P) JATR(20) ,ARML20)
pEAg (1,150 4§
C MEFANULT FLAOIR LEVEL
7Y o= 0.
14 redn (1359 {1,771
READ (1,159 %2.Y2
READ (1,7 d8) #
CTFRLALENLDY g q5
G . FLOOR LEVEL
.o RrEAY (1 ,140) 2
1> coaTI )z _ )
RbEan "(i.tany L2 e i
L 7c = 22+ _
CCALL THPUTS (RY, A2 :Y1aY2,2% 02200
CALL POLITS (A1, XE,¥1.YD)
CALL Ml AV, ¥Y1,X2.¥2.M)
‘ Moo= e
- .-. nEAD  (1,320) T -
IF(rJEY, ) .JT) 1n
pos - . -
TR AR, 0T, 1) wuTh 29
. HMAR = : - -
2v N = N

- RETY2: -
129 FOAT(IY) . - _
130 - FOATC(2FS,1Y -0 0 : - . T
14y FURATCES D) _ , . _ ) o
=159 FURAAT(L2)Y . ol N A .

£



e NeNeRe Nyl

CSUARIITIUE I?ipu q ()’11 X2.¥1+e¥2:¢ 721,22, M)
a0t Ly THPUTS STARES THE CLOORD
DATA ofFLALIG EACH SPAGE (BUTTO:
LEFT AN AND TOP RIGHT JF A RIGHT
PARALI FLAPTIPENS SEQUEANTTIALLY TN S,
4 IS SPASE REF, iMBER,

RE.L LIILJ(7))rIILlT())),ILLMA(:ﬂ):ILLH”(?U)

COVPY ATT 3 ,DLRTCSY) ,TIHME(SQ)Y,STDET(30)
CH U SIDEZ(IMN,STIATICAN) A XY2(90),»0DE(S?)
CU M1 UL, FLLMT,AFIIT(20) ,AREA(G,20)

CUY N ASLAS (4, 20) L AGAPS G 20) 0 F (60

CO LI SIGALZI)  LLLMA,LUMEN,S(T20),6(5,149)
CIHIY 1IN, 12d) ,ul1)2,120) ,REFS(6,20)
G104 ,‘\T.-"\(i:’O).ﬁTR(2-:))u\RH(20)

K 3 (H=1)*0+1

s{{ Y = X1

n{<e1) = ¥

s{x+?) = 21

cL*%+e) = X?

S{asn) = 72

S(L+n)Y = 24

pETUN
EdD



o SUSLNUTINE AREAS (XI.XZ.V V?,z1 12 N)
d . 3uarRIUTIAE AREAS CALCULﬂTFQ AHD STORLS
N TAE AVER JF JEaCH SURFACE F EACH SPACE
e 1r D)rS ARG T A8 GIVEN REFLECTANCE
uL'_daDIU”‘\QEAS MWUST 9F SUBTRACTYED,

L1 O O

~—-REAL LJJFH(’HJ:ILLHT(EO)'!LLNA(HQ),ILLMN(ZU)_

O NG AT 3 L, OTSTCS ), TINECSOY (SIDET(30)
CUNLEY STDERCSI ,SINES(AN) ¢ XYZL(2ID) ,MODE(S?)
SUTLIN TLL I, LT oFIAIT(2 D), AREA(SE,20)
cd il AGLASCa,20) b AGALS (4 ,20) 5 (6
W S!ulj(n').lLLdA:LUiLN,S(12I),G(5-1¢“)
COEN pC1D,120) 410, 125) JREFS{S,20)
Y B B T I '\(.‘))rﬁT!\(-‘q)rfl"7h(?0)
A?:ﬂ(1.l) (A2aX1) % (Z2=21Y=CAOLAS(1,N)+2GAPS(1,N))
AREL{(2..D ({—)-V")*(71—21)-(I\l’LAS(?.J“)"AFAPS(ZO\l))
AEA(30 D PeX1)w (2D =20 )~ CAGLAS(R, MY LAGAPS (3, 2))
AR A Ch i) (Y?-v1)~(:3—11)—(AGLAS(&,H)bAﬁhPS(4.m)>
ALEACH D) (K2=X1)w(¥2-¥1)
A?Fn(3,1) AREA(S 1)
Rl SR
54)

G0 ou

un



o0

Ao

19

29
25

(]

- - .QEI‘.\:J

E’)\’

A

10)

_"U_;r{J

.27

rx

:1101'r1:. 59 ALLWS (APUT OF GAPS, A

AR I8 DEETWED Y TUY plAGARALLY OppISITE
CARNERS dF A RECTANGLE,

INTEGET Tod
THT=3FE7 TS(2Y

REAL L'Ill(’“)cTLL]T(23),lLLWA(“ﬂ)rlLLHN(?d)

nllcﬂﬂiul 1E0()
Cr «l-(>U‘,ulIT(J)),TI1F(5°)rSIDF‘ (350)

S CU YD STHEP(AVY,SIBES(I0)AYZL(90) ,HODE(HO)

CUTLITT pLLds, TLunT, nFlJr(Zﬂ),AREa(o,zﬁ)
COMEIY AGLAS L, 200 JAGAPS (L. 20) e FCOHW)

. Slﬂiﬂ(&j):lLLﬂ\ LUMEN,S(120),G6(5,144)
i)(’l“j 7‘).‘4(1-‘1.l"ﬂ)u{FFQ(ﬁ.dﬂ)
ATA()“):AT‘(?O):,PH(?O)

nd 3o (o= 1,5

RENY C1.13041,¥¢1
READ (1,13)K2,v2

READ (4,120 |

TECA. T, D) aaTd 15
ALPASN HUDE
FrLitDR LEVYEL
pEAD (1,143 29
721 = 21
cu T
REAVY (1,160
TF(ARLETE.E0, T,
2 = 7'+
TEST i THER Liuz HARTZ 20 VERTICAL
IFCIY, 5, X2y GaTQ 29
LIG 15 HAORIZAONTAL
IFL1S = 1
GUTy 25 . L
LIYE 1S YERTICAL

1w
~ N

Zi=221

]_Fl._"‘:'. = 7
cOITIIE . -
CALL T7ICLYS (IFLAGI R, e X24Y2,21422,78,2.1FaV)

ALL 5ADS DF 32ACE TS (IUST aE DELETED
lr()"LcTF 20, H,) 50T 27

X1 = 0, S .
xd = “)_ ......
Y1 = 9, - U
YZ‘: i, ——. I _
22 = A, S ol Lo - :
15 o:Lv 4 GAPS PER SPACE ARE ALLOUED

JULTIRIBECAHES LIFRD AND OIS DETERMINED BY
e DALY :
CALL I71pilTe (Al..z.V1 v .21.22.79t1).ln.75.2)
CALL AZEAGZ (XY, Y1, 21.42,¥2,22,TSC1),17%0¢C1),VELETE)
CALL IipiTs . (!l;t/,v1.{? 21422:TSC2) 1R, TS 1)
CALYL VIEACS. (AT, Y1 e21,.X0,¥Y2,22 'TS(Z)'IFN()(Z),L‘ELETE)
KK = (T3¢1)=1)%5en o S :
CALL 9ISTH (S(RE+D), A1, Y, FF) ) .
CALL }VFHGL (R17¥1,1,4.3,0,0,=1) 0Ll oo o e

CALL 2LaT (207272

CALL q/au1L (K2 v2, T U R

(1,120 T -
TFCr,E1.1) 0T 445, .
COITE oo L . ) L
RET:HRA e oL '

FOUINNTLLFT . D)

Qn \-rSl-')ELETE'H“,Y'FF> . —_— Lo



FOVIAT(LY) -
EOIATC(ORG, D)

FORGATAFS .Y . 2.

END




i
i
i

1 MM Y

~

_atl--;;‘ldTIlc Ill'JTh (1\1 X2,Y1:.¥2¢21.:22, Nr'RrTS!l)
SN SURRAYTINE SJHOUTS STURES THE COORD 7 -
C MATA F EACH GAP SERNUENTIALLY IN R

. LaaTdie MAax LALUE JF 1R QETERANTINES THE
OdAX MR IE OF 9APS PER S92ACTE, N IS
e Sspale- héF NUYMBER WHICH CONTAINS
THE A, EACH GA2 IS FLAGGEL 8Y THE
ADJACENT- S2ATE REF NUMBSER.

'“"Efl"' T2

REAL LUHEEH ), TLLIY (2, TLLIRA(C2 O),TLlM'J(Z“)

L AAVT(30),I3T(3)) , TINEL(HO)Y ,STNET (30)

CON SToR2 30, SIPEICS0) L XY2(Q0),1600E (59)

COTRLYT TRl A, TLLHT DFLIT(2M) ,AREA(A, D)

COId " AGLAS (L4 28) LAGAPS (A, 20) , FL{a D)

CULINY S15 L2, TLLA, LUAE,S5C120),6(5,1480)

CU)d n i A2) 010, 120) REFS (S, 2D)

COE g JTACZD) vaATREZ2D) JARHCZDD

K = (J=1)*72+1

GCIg, v = A1

IR, Xed) = vi

g, ¥ 3y = 11

(TR, iien) = L2 -

Aty 2 2

A0lR,0+F0) = LA _
allpg,nn ) = 7v5(00)

RET ) :

END

uliz

H T



C

C

SUSRIJTINE AREAGDY (X1, Y¥ 1 eZ10%2¢W24 22,8, 1F6),DELETE)
SURRLITIHE AREAG? CALCULATES AND STORES :
THE A2E OF GAP ).l EACH FACE NnF £aCH sPACE

REAL ULJAEDCGY r TLAATCZ N L ILL2A(2ZD) s ILLL 2 )
CO LD IAIT (A ,nISTCIN L TUAR(SO) , SIDEL(3D)
CULINN STDEDCIU) ,SINESCIM 4 XYZ (9, HMIDE(HS)
CUT NI UL, LuinT, DFIITE2:) ,A280(06,20)
CANPYT ANLASCL29) 126204 ,20) ,F(51)

CO |-|"l| f)lr-' 'f\(:_':j) ? {I.Li‘i'\l LU"FI‘|,S(1 )n) rﬁ(ﬁ.'l’&")
CI1IN DC10,9209),u(13,120) «REFS(A,20)

GO B ATACID) dATR(2D), ARN(2N)

[FCoT . ER,XE)Y 5910 10

TF(RELETE.ER MY GITD 3

AT2CYF 0.0 AGZUIFYD D =ABS(Z21-22)*(X1=X2))
9T 20

AT E L 1) = AG2CTEdd, DD+ARG(21=22)«(X1=-X2))
aJia 2

TF (Rt iTE E T, d.) BT 15 .

AYDCTF 19,00 AGPCTIERD, D=ABS({21=22)*(¥1=-Y2))
34Ty 2)

A CIET D
CANTI ! )&
AET e

£

I

1

AG2LIEMO, D +ARG((21=221x(¥Y1~-Y2))



C SUMRJUTIAE 3% ALLIWS INPUT OF W1HDOWS,
C vV ouldnni 1S oEFIIED DY TN DTAGONALLY
¢ IPPASTITE CORNERS JUF A RFCTANGELE, AREA
C Y uwlassS 1S CALCULATED,
INTEGER TS(2)
INTEGESY Tt
REAL L VIEN(20) f TLLHTL2I) , TLLHAC20) +TLLMN(2Y)
DLIEYS Tan TEgah(2)
CU N1 IALTC3) ,DISTLE L TIMECHY,STDPETIC3N)
COEYL SIDEP(SIY STIHEI(30) e XVZ(0) 4 ODE(SD)
CO 1) TV, TLL™T,BF1IIT(2D)Y ,AREA(L,20)
CUNLI) 0 aGLAS(Er20) JAGARS(L,20) ., F{H0)
COLI)Y SIS A2, TLLAA, LUMES,S(120) ,6(5,1410)
COLINY pgIH, 12, (10,1220) ,REFS5(H,20)
CO LI ATA(ZS)Y dATP(20) 2 AU (29D
21 = 3,
DU 2 o= 1,10
1V READ (1,130) (7., Y1
READ {1,137y X2,v2
rED 1,120y A
TF{y, E1,0) 6aTd 15
C S1LUL 4RI 0T
: REAn  (1,143) 21
221 = 21
15  CUHTIIE .
READ (heT40y 12
TFC(DRELETRLEN,T,.) £1=221
ré = 22+21 }
I TEST U4eTHER LTS 1S HORIZ OR VERTICAL
TFCXT . EQ.K2) @72 20
¢ - LINE TS dDRIZDUTAL
TFL Y = 1
GUTH 253
C LINE 1S YERTICAL
20 O TFLAS = 20 . o ..
25 ¢uiTL e - .-
11 = i . .
cCALL IH[JS (IFLA'-‘llx1r.\’1'XZJVZJZ‘llZ?rTSrIII'IF“O)
C ALL MTHDIUS JOF SPACE TS HIST RE DFLETED
AFRECOELETE. JER, 4.) 6IAT) 27
_x'l = O, .- e e —me =
X2 = J, — -
Y1 .= 9, PN S-S o _
S LR T G - - -
21 :'a‘..._-;_- ——
e 24 0= Dy o
2757 CALL T Tq ((1 x/ vi,72, ?1-22-T§(1).1r)
_— —0AL flf’.;‘:\(‘lfi ()(!,Y1171 X2, VZ'ZZUTP(“),iF?iO(“)lDELETE)
= ~kx’=‘(73<1)-1)~q+1
_ _. caLL aXia (SR 41, Y FF) o _ .
""" - "-cALL:~v;wuL (L1, YV ,1,4.3,0,.0,=1) Lol T s T
sam 2 CALL PEOT  (X2,Y2,2) - ) e e -
s Zme TCALL SYHRDL (X2,.Y2,1,4403.9, n, H S
) — tot.aw RE.\L‘ (1' -'.))-‘ L_te T oes o ——— -
ST lalt I ¥ 4 {;F Q.4) GATH R R S S E SR B I . -
C39 0 CUAFTIIE. o - - - o
49 RETHR" o TE e ETe L smie - oo e p e =
199 FOLIAT{4FTu, e -
- 420 gu1qAT(11) i,f.?JlQA :
139 FUQINT(2F4, ) . ;
- i 4t FURATIF3. D
£4

SUMLIJTINE S (TSeDELETE,UH,V,FF)



]

O TY D

SUBRAITINE 1aPHTY (K1 0A2,YV Y20 2102204 ERD

SRR TIHE VHPUT ) STORES THE TOUNRD

IATA GF O EACH JEHYO

TUHE. X VALUE DF IR DETERVINES THE

AK h4nIv GF uInCUS PER SPACE

oHd 15 S23A0F KEF IBER

REAL L BIEACD D) v TLLAT(2 D), TLLHAC2OY s TLLHN(2Y)
CNNd AT S ,0EST(3) , TINE(SOY,SINET(3IN)
SOOI STOEMID SIDESCSM) SXYZ(RD) , MUDE(59)
Oy LU LLLHT,DFLAT(20) ,AREA(H,2D)
CH U AnlASC4e 22 AGAPS (G, 20) s F(OD)
CONHd STGAAC20) , TLLMA, LUMEY,S(120),6(5,164)
CONIDYL D C1D,122) 4010, 120) s REFS(5,20)
C\Jl'ﬂé ,‘\T:’l(?l)) la‘\T'{(:':') :'\R‘il(Zﬂ)

K = (1=1)*"+1

wl{lp,Xx 3 = X
iy, 61y = ¥A
W(lg,8+2) = 71
w i, 4es) = K2
ulip,<+4) = 12
L'(:;".l {+3) = 2

. ;!E.?'I':J

E.dD

11



CSULMRDITLIIUE anEASt (M1,Y1,21,4€24Y2,22, N IFND, DELETE)

R RE
13

sy RIUTLIE ANEAGT CALCULATES AND STORES . ER
. THE A#E4 OF SLASS 0f EACH FACE OF EACH SPACE
CUREAL LIEH(2G) s ILLHT (2D L TLLEAC20) L TLLMNC2D)

T OIATT M), DISTCE D), TINE(HO),STDEV(3IN) . _ L B
CONAN STDE2C3) 4 SIDES{AI) o XY 2D yHUDE(S?)
CUORP TS, ILLnTaDFTITC2 M), AREACE,2D)
k C‘).“l')'-’ I-l‘;1('EJZ‘-}):-'\:1'.')\!"3(101;:'1)1F<'_::l‘))
COLIYE STWIACED) L LLLBA,LUDEN,SC120) ,G(5,140)
O a0, 12 (1D S REFS A2 '
CO LI ATACSW) P ATR(20)Y c ARHNCZD)
IF{x1.Ca.X2)y A9T10 19
1F{DELETELEn, ) GaT)y 5
AGTCIF 10, 5) = A {ICUD, I~ARS{(21~22)*(X1-X2))
GuTy 20
AST (LR ta,4) = Va1 IR0 D) +ABS((21-22)Y > (X1-K2))
G 20
TFCOELETE S5, ,d,) GaT1) 15
ASHLTE IO, 1) = ASTLIEI, M) =AnS((21=72)+{¥1=-Y2))
53T 20
AT (IR 1),) = .»'\';1(1_FH0:.‘!)+-\RS((21-22)*(\’1-'1’2))
COHYIIE : o -
RETURI ..
EidD s N -

12



oo

o

27

3dJ
4{

400
420

139

T4V

SUIR AT IE
REE T
M0
Copi

THTESER TS

INTESER T,

RENY, LIIEI(“W),ILLIT(Z))pILL

pE g3
culiina
(ol VAR NI BF

!

cut .LL
CU=liEby AAL
CO LY
COed pel
cd'lLy)

21 = 4,

nJd 3) I =
QE:‘\J \"i.“
RENG (501
2csn (7,1
TR F M)

SN (TS DELETE,,YA,Y,FF)

JITLINE S ALLOUS

IS DEFLMED

Ens dF 4 JIECTANGLE, - .

(2 —
i -- -

frav(e?)

AR (4 23), AGA

1.1 2]
J!}) {1 .{1
30) A2.12
20 0
'.|L)T') 1"

ELUDR LEVEL .

2E 5D 4.1
221 = '

COAT I
QELE (11
TECHRLETE,

TEaT
[F{Xt  Tu A

L1:%
TFLay = 1
GUTy 25

Li4e
FFLAS == 2
CONTLLIC
cALL Ty

L3y 21

ity L2

DHETHRER LIME IS HARIZ OR VERTICAL

2y G479 29

"IT(SJ),JI%T(‘)),TII=(5“)p91DF1(30)
SIDEDPIN ,3TAES(AN) w XY Z2(Q0) ,HODE (59) : -
LU HT DR IT (2 ,ARTA(6,20)

PS4 20), FLEM)

Fo.ley 21=722%
22 = 72+71. :

IS ADRTIINT AL

IS YEuTICAL

S LV LAGYXT o] XN20¥2021.22

1HFIJT OF D0GRS,
3Y TWE) DBIAGONALLY

oPPUSITE.

A(’ﬂ);[LLWN(zJ)

HOoSTana(20y , LLLMa, LUMEN,SC12D),6(5,149)
¥ ‘}:'12:’)f""('l’]p"'zﬂ)JH‘.EFS(()'ZG)
OATA2D) L ATR(2D) s ARH(2))

1 TS 20 LENW)

Wiy s IE SPACE T3 MUST BE DELETED

ALL
[F(QFLETE, &
o= 3,

X2 = w,
Y1 = 2,
Ye = 3, -
21 = 4, -
2¢ = 9,

CALy Ilpwr
KK = (7§51
GCaly aa1al
CAL{ SVine
CALL PLoT.
CALL §¥IHED
RE'\EJ 111
TFCr,ct. 1
COITLN Y.
|FT||"-i
FORNAT4F]
FORIATCS 1)

FURIAT(DFS () -
FORJAT (g3, 8y . il

Eh)

CALL T1#put

DL, K2, Y,

)= Ydesnen I

. 3.) GATO

i
]

Y2721 :22:.T7T5(1)Y,:IR)
(XN 1Y1--fnl1r7tr|§(2)rlk)

N LN _’),l‘liyv FF)

i (-'\1-1\’1'1
(¥ 2,2)
L (K2, v2,1
2y v
l‘:'.-)T., .’;t]

J,.)_. e

JAheS.CuN, -1).

cbs35,0.0,=1)

13



e R EY R R

ce o SUSENYTINE T aPITO (X142, ¥1e¥2071 022N, IR)
Lo T SR IATINE [#pUTD STORES THE COAORD -

. DATA AR EACH DNOR

. . Tie "TAX YALYE OF IR DETERNINES THFE
Nad hnER IF DOIRS PER SPACE
4T3 SPACE REF W.LIRER,
RAEAL LEIESA) L TLLTC2Y) , TLLMACZ0) , TLLMN(2Y)
SUFYG CIALT S ,NESTC3 ) ,TIHAE(SIY,STIDET(S0)
AU YD SIER(I D, AT083050),XY2{00),0DE(59)
C Y AL, LU AT DR LAT(2MD , AREAL(6,20)
Y AALAS (A28 0 A0APS (6 20) v F(SM)
CUVINL STAHALZN) TR, LUNER,S(120),6(5,140)
SO oY, 12D 012120 A REFSCAL 2D
g2 (M=) *det
Bl ) ¥
AR, i+1) vl
DCEn, ) 1

NI R,EER) e
IR, Xvs) v

Y T T TR 1 HA H

DlLR,<+8) 22
RET -

Elo .

14



<y

OO0 MO0

14

15

25

SOAVITIIC 1CLUS CIFLAG KT, Y14N2,¥2.21,22+TSe11,1FN0)

S1avuThar 1eL)s TESTS THR FACES OF
SACH APALEZ RO 1TICLUSTON OF THE LINE

_OMy.Yl o= Z2,¥2. 11 1S SET TC £ovaL 1 FF _ .

LI4E CEVRESEUTS A Wwpinouw (iyCLUnEDp IN

DALY CHE SPACE) i 2 UF LIME PEPRFSENTS:

N GAR O nOf N, IF WALL THTCKNFSSES ARE

r Mg ALLDUED THE LINE MUST BE CHECYXED. .

.
Fal (UCLISTDY 9ITHIHN A TILLERANCE,
147582 T5(R) T

RE is L BIENCR1) ) [LLIT (2 3).fLLrA<’ﬂ).tLLMN(20)'

DL ion Trae (2
CU LN FALT{3) ,DIST(3Y), TIIE(S?),SIDET(3N)

CJI g S[I'\ P3N LS INEZCID) XY 2400) L 0DE(ST)
LA LU, LT, DFIIT(20) L AREA(G,20)
CO Y AGLAR(8, 20 AGAPS(AL20) F(H6D)
Coh LY SEa 29y, VLLMA, LUME:L,SC120),6(5,140)
Caryvy o¢17,123),04(13,1250),2€F5(6,20)
ALY ATACED) paY=R(20) ,aRHM(2N)
BIT 3 1D, 303, LFLAG
TEAT AuALAST ALL HORTZNHNTAL FACES
N o= ) : :
1 )
J] 1+1

fi=1)"ne
SELLT S5 +2) 0R 22 5T ,5(X+5)) GOTO 15
1.IE.S(H+1)) GaTy 25

({1eL2) /72

(R {r+51+5G0) 01 2)
ANS{-0)
ASS(XT=%2)/172
ARS(S(L+3)=n(K)) /2

FCarit,gT.CY udT) 25
T+
() = oH
{1y = 3

{JEY, TT) T i

1.0E,SCY+A)Yy 49T0 15

({1+x2)12

CC(+3y+5()) /2D

ABS(3-0) . L

ABSL{XTI~x2)/ 72 . ’ L el

.A%(a(«+5)-x(u))l?

Flavd uT.0) OO0 15 . . S
T3 STH2ES SPACE REF (NIMRER |

[ = [(+1 )

TS{i)y = 4 . .

IF4a¢EY = 1~ - o . S e

LI O | e N PR 1 T * B 1O ¥ I H :l/\r‘\ll a4 u

CIFCILEY, LY naT0 10
6Ty G 3 : T I o
O TEST AGATHNST VERTICAL FACES
Yy = A .. .
I = 3 -
o= e 1 o 3 ’ '_:--_ L. - ..
¥ 2 (H=1)ro+1 .. )
[F(:1.LT.J(‘+?) AR, Z22.39T,.5(K+53)) GOTO 35
IFENT. CSCEE3)) WITO 45
g = ((1+{ )/2 - -
C = ((S(r+6)+S{(L+1)) /23
A = Aus(u-ty
3 = ANS(Y1=vy2)/2
C = AGS(S(naeq)=5(R+1)) /2

[FCA+3.GT.CY WY 45
15

!



(9]

Ts STNRES SPACE RLEF, JUIBER
I = 1+1
TSCLY = o
IFlacl) = 2
TFCiLel, 1LY 6oty 199
TFLx1, TELSO))) 50T 35

3 5 (Yi+¥2)/12

C = ((3¢r+43+5(X+1))/2)
A = Ad3(n-0C) )

V= ALS(Y1=v2)/2

€ = ADS(S(L<+AI=S(X+1))/2
TEC +3,0T,.%) 52T 35

TS 3TarREs SPACE REF, HUYNBER
I = I1+1 .

TS{1) = 4

Triudi) = 4

trfli .o, DY GY¥TO0 130

30T 353

AT E

AT )2

EdD

16



112
124

TFLAS =)

aFan {4,412 H,27,22,R3,84 ,RF,1C
CALL BFLCT (n1,32.,% );Rf,RF Rr'll)
READ (1,140 7 -
IFL{Y. € 1,90 suTd 19

RET 1R '

FU2 LT (12.5F3,

EOR AT

END

17

SUGR HIT IR SR (IrL\ y . , . o e
Cor e SURRMITEAZ ST ALLDWS THPUTY OF REFLECTANCE -~ T =0 z
VYal'les Faxg R)fl" 5 lRF;\(‘Fg C e .
INTEGER' T - o iim - =L
REN, LIjEd(zy r[LllT( \).ILLh\(‘O):!LLHN(?u)
COH I AT s ,plSTC3 )N, TIHAE(CHOY,SIDEY (30D
CI LN SINEKI N LSINRI(30),XY2(20),M0DE(S9Y . ... . _.
DR FLLAE, LLen T, DFLIT(20) ,AREAC6,20) - S ol U s
CHrVIVI AGLAS (S 2U) s AGADPS (L4 210) 1 F(HO) )
SOV SIS E(29Y  LLLAA, LUMEN,S5C(120),6(5, 11»3)-,._. "t
CUOLY Y i L, 120,01, 120),REFS(6,20)
CU B ATALZ2D) pAYROZD) , AR (20)



(@]

SURRIITINE LT (1,R2,83.R4,RF,AC,N)
S4RDITIUE wéLCT STURES THE RFFLFGCTAMCE
)§OEACH IMTFR AL SURFACE OF SOACE N,

REAL LB 20, TLLIT(2Y) , TLLMACDN) , TLLMN(20)

CONr Y I T e ,aIsTC(3N),TIIR(RO),STDET(SN)

CONV I RIIE2(S D) ,STINEZ(3)) L ¥YZ(2e0) ,mODE(S9)

CYUID ! PLL I TLLST,DFLIT(20) , AREAL6,20)
CUTINE anlasdbe? 1), 15425(6420) 4 F(60)

CUT 1! 516 0aC2)) , FLLHA, LUMEN,SC12),6(5,149)
CUVIIL (19,124 0,51 ,120) ,REFS (A, 2D)

SO ATARC2 1), AT (2Y) ,ARA(2])

WESCH, D o= a2l

LTS, = e
TETS{) = )
AL 50, ) 3tk
AErfq¢5,:1y = F
AEFs (e i) = @ (
LT jR-

Fil}

18



aacD

<

1U

20

1014

SISRMWTIAY

s (FF.S

CALE,Y,ilY

TOGETHER

SUATNTIAE 8D PLATS, % THE CALCOMP
B Ward pLITTeR, o LIBERED SPACES,

TETH I NIGuS DOJRS 40D GADS,

QY SUag ) ITENES $3,S4.8D AND SA

TATEGE Y SCALE

PEA
cy
£y
cy
cyY
ty

30
1y
1.1y
150348
1)

ERBE:

tA{T(E0Y,

AS DEFIAED

RESFECT[VELY

|lI[l(,g):ILLWT\Z)),ILLNN(?O):lLL”“(ZJ)
DESTC(IVY,TIME(S9)Y,SIDET(30)

STOEZ (3N ,STIDES(IM)Y ,XYZ(ON) ,"iDDE(S9)

I

LLa:

aubl

\ (‘011")),\!1:-\!_";([017“) F(60)
a!sl-(z').!LL1A:LUHEH,S(120) G(S,16%)

cuy
col

POLTAT =
CALL PLOT (pulaT,
197,9

-

o=
$S =
CALy
caty
M
2]

)i
BA

nel)
TATALC
JE1 PagE
SCALE*

(=10
DATSL
SCREEJ (F
0] '

1+

(53

v,23
.11"3’

1He Y, FF)
F)

p120) 11 (10,120) fREFS(6,20)
W) ATH(29) ,ARNLZ2D)

o LLLHT DFTITC20) , AREACS, 20) o

[1 I TR 1]

(H=1)*bH+]

cale
CALL
CALy
CAL L
CAI .
Al
Cal.
1 =
LF(Q
o=
py

Jriart

(\(;"'tj)"'l

,FF)

3L
LAY L) AT

LT (s (R)D

pLaT (n(X

SN+ 1Y
+3) e S(K+1),2)

PLIOT (S{R+3)25(K+4),2)

PLAT (a¢
PLAOT (a (g
bR
+H)

13y,

n),5(E+aY , 2)

)3+, 2)

V14

(SEZY 00 +1) ,S(R+3),S(X+4) ,N)

3 1 =

T,u

[

Ci=1)=¢+1

KK=
CALL
bJ

(i=1)~0+1
ALGTHA (S

(KE+2) ,He Y, FF)

20

Pa =

'l,_‘)

[F(G(ER;K+T
oLaT
CALyL SYilaig

PS

G)

ﬂﬂfﬂ 20

CALL
CALL

PI1T

DU 2%

[

(h(l?:?f1)-G(IR,K+2).1.6;3-0.
(5CTR,K+4),GCInsK+5) 42
RN . (J(Iﬂlk+4)rh(lar‘+s) 1 4,3,

Br=1)

0, <1).

10 . ..

IL(L,(I-) .<).I

vJ)

GITO -

-l_

CALL

cAali,

“CALL

CuiT
IFCY

) quL

CALL
CAL:

_RLOT
‘iijuL
PLOT
aflddt
1-i'1g
(2,3,
"rIT
SYIndL

H)JR\

(J(I»:fx D(IR.?+1)'1
f+s),n([Q.K+4),9)

(LR,

4¢3,

0,0,=1)

(IR E+3)aDCTRIK+4) s T10bsBs0, Or=1)

)L LE.D) L6
RIS .

(f(]1rn);l(lﬂ

it 2§

v+

1)sl be%,

PLAT (U (IR, EF3)Y yUCIR, K+ 4, 2)

3YaaL (‘(1“:a¢3).J(I!:K+4).1 43, n 0.-1)-f5

0. 0,=1) - oo

CIUTLNIE - - -

CULTLHIE T . L

RETUAN )
FURMATCLE19,2) .-
FNY ‘

19



e ]

Y o= (=) o L B
CALL SACTOR (1.) S .

SURLNITINE 0IGT3 (S,H,Y.F)
SUATVHTINE URIGIN RESETS THE ORIGIN OV

THE CaiCIMP D2LATTFR TN THFE J\PPR(}PR‘II’\'\'E.T

2AGE, NETERATHED 3y THE FLANDR LEVEL S,

CALL LT (i, ¥,=3)
TF{5,LE.0,) GUTO 24
TF(S, L8, ) GuToH 12

Y = 19,0 . - -
GOT.) 3D

2,23

(;

-

=y
-

o

OT (2, 0rYer=3)
cTuR (F)

i -Ee e R A
T 2
AU N ol ol YR DT TR
-— .
A ot
o .
PULY sl B

‘20



(o I N |

DI IITIYE

300 WTTAE

SChEy

(e)
SCREE

PLITS N\ SERIES OF TH

I THE CaLcoOn

PACE O WTLTRES VEWTICALLY
JINTTFER

CALL FACcT il (1,)

A% 13 1 0= 1,3 ¢

CALL PLIOT (i, dsei0,5,-3%)

CALL PLIT (f,2.9,0,3)

CALL PLAT (o e, 0.0

CALL LT {9, 0,0,

CALL Pt (o, ded, 30 )

CALL o7
CHITIHIF

(G BRI

Saly pLOT (0, =25
Cabe FACT ()
RETUR

RN

-2)

I:i'-:;)

21
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SO0

COOO0000

oo

B

SUSRAUTINE Al (X1,Y1,%2,¥2,.10)
303IITVAFE NUJIRM URITES T:iF SPACE
dMnser U THE CZMTRE UF EACH SPACE
! 1S spraCeg REF, JBER
CAaTAILISH CeHTRE
REAL LB (o) py TLLUT(21) , TLLMAC2O) , TLLMN(2Y)

CONLD s Al TCa),nIST(AR), THHE(S?Y,,STIDFE1(30)
CU LYY STHEN{SD)WSIDESCIN ,IYZ(OH) ,,FONE(SO)
cely) LU, LULaT,,RFTIT(2),A3FA4(6,29)
CUO LM AL VS (A 2D)Y P AGAPS (L4 20) e F(6D)
CUTI). ST €21, TLLNA,LINES,SC120),6(5,149)
COVe): n(i 2,120,010 ,129),R685¢4,20)
COTEY L ATA(2 1) sATR(2D)and (20D
X = C21+42)/,2=13,3
Y = (Yle¥2)/2
3ET 12 alLDPHA N1JJE
taveE ALPIA COIRSHIRE TN X,Y
* .
*
JIRTFE 1
FPI1 = |
CALL i3zt (RaY,u,?2,F21,0.9,-1)
*
x
MTETdR, wdaPnIfS ¢ JRSIAN
nET.IN",;
FULANTLCI?2,25v8, M)
ERD

22



21y

10w

SUIRIITNE Sk (TLarY)
SYY Ltk CE - - -
READ (4,271 ILSKY
RETJR
FOMVIAT(F?.Y)
END

SUINITLE &T (TRAIS)
AN LTTANCE OF GLASS
REND (1,249) Trans
RETUR:I
FUIHIATC(ES . )Y

ol

£V - .-

SU3RMTIE 33X (pelLDTE)
SIARMVITTEE SX FL43S DELETE FOR DTHE®
2Tl ES,

.rlL-LI.rL: = 10

RiT i

Fi)

SUSRAITIYE phLITS (X1,
Saarytti e 20unT

CALL PLOUT (21e¥Y1.9)

CAlL PLaT (HZ2:.71.,2)

Cnll PLIOT (X2:744¢)

CALL PLAT (X1.,Y2,2)

cALy PuaT (XA .Y, 20D

FLIAT (AR, 2)

neET IR

Fiio)

£2,Y1.¥Y2) ,
3 PLATS S ACES IM PLAN

23



e r Nz ER 2]

1V

1AV
12

SAIRIUTLHE SL
SI3CIITLHE SL O ALLIWS DESCRIPTION OF
LY IWERES, [1PUT RETVIIREN IS ROOM pi)IBER,
BrvseEs O3 F Lo tiNatass, DpESIGH LumMeENS PER
L't Iy IRE, AJD LIGHT DJUTPYT RATIO PFR

. LIIlaIRE,

REAL LIguS,LasTe

THTLSER T

RV LVIE TR ) a1 LuIT(2 Y, TLEMACZ2A) s TLLRN(20))

COVIYD CFARTY(3G) ,DIST(S N, TINF(O9)Y,SINETC3N)

YYD P EIN L SIPFSANY L XY (RS POIE(SY)
CUY TLL Y, LT, RFTIT(AT) ,AREN(S,20)

CH LYY AGLAS A UYL AGAIS(SG,2DN) s FCOO)D

CORLYYY ST ¢S, TLLHA LU N, S0120),6(5,140)
COTLY D1, 1) {10, 1232 s REFSCH,20)

CU e ATAC) paTa(am) AW (2))

REN, 21,1560 e b, LAENS, |LORTO

LY CH) = RERCRY S LF iSEURBRALORTO /100,
abk\p (1,124%) T

FRAT 4, d) b7 10

RET.R

. FUQ.i\f(ﬂI:’.Jr'i..),Fj.:))

FUOLIATCLY)
FlaD

24



L

]

LAY

29

5

12
iS5V
adi

’*4;-4“‘5~3“-ﬂ7"F SEALLIUS DESCRIPTION OF  woiher oo

IHTEGEY T

TREAD (1.

TGN Ta 39 - T

SF . (:1ELETE) e
oz ABRSTAICTIONS TH UINDOUS, [HPUT RECUIRED .
oIS ORI NIMUER, FACE MUADER (EACH ri5di. EETEE
_ HaSs FOUR FACES 1,2,3:4; H,E,S,W RrspFCTlVELY)
TT - 1SS EDLITL .—TER'.—!I?-«'AT E_CONMAND, -2 - =

TRENL LHTENC28) FILLMT(2)) s TLLFMACR0) S ILLMK (20) - 53 =i

CUTIYL UATT(SC),DESTCI)),TIHE(Y0)Y, S !DE1(30)J__ .
CUJHJA-=1;ED(‘W).uI)ES(’ﬂ) XYZ(Q0) ,1tQDECSY) - 7 - 7 =0 T LelE
COVEIy TLL ., TLENT,2FTUT(ED) L AREA(AH,29) A o
C‘).‘._‘lz):i nhL \\(['l?")l:‘\' A2SChL,20) . F(HE) o T LT
CU L X STataf20)Y LA LUMED ,S¢C120),G(S5, 1«0)

CO N 91,120,V (AN 120 REFS(6,20) e oL 5;Q

CO Nl ATACL) A AT2(1D) FARHC20) : -
IF BELETY,ZERD ARRAY . ooos

IF(GELETF F2, 1,) GOTI 20
2031 IR ER

REAND (1,1521) 4

Is = (1=9) #5417

FCL:Yy = 2 N
FaCl &:ni3ER AdD AIGLE ) L L £

I F(In+1Y,FCTH+2) '
READ 1,120y V0
TFCT . 8q, J) %5170 19

PO G I = 5,6 : o i A,
FULiy=D, L : S nIE
CUOITTIH I _ o L
‘.}E?'lf" . B _ - oL [ . o .‘_-,;."_.
FURSAT (T
cn‘g\,(la
CURAT (2
ZHD

25



OO O

&3]

4

SUJZRIITLIE oaYEa (I,DFYITY

SUREMITL IS BAYFQ APPROXIVATES THE DAYLIGHT
EACT IR (NDFOBT)Y 04 THE OQUYSIDE SURFACE OF
VWD ! FUOR YARINUS AXGLES UFfF agsTeJCcTiOyN
AdoVE THE HORIZIITAL, 1 IS ANGLE OF
JuSTRACT [y GULVIST 13-39 DFG, 1IN STEPS

PR R TN

I=i/1a

GuUT '112'-$I“"Sl{"?ln)ll
pEXMIT = 4
BET. IR .
SEIIT = 30
ET I
LF¥IT =2 3%
PET J¥
nEYIT = |23
RET N

nFYIT = 19
RET I
NEYIT = 1>
LT )2

nEMIT = 12
RET I

TF YT = .1
“ET IS

FiiD

26



r
|

:
i

1

OO0

':T;a’zf~sanEsran~couRns (UHITS ARE METRES),

QJ!h)lTi!L uuWTrs \I:JIL,I FF.)V) e
LRSI SURROUTIAE KJUTYES ALLOYWS INPUT OF A = naomist L oE L
. R3ITE, THE ROUTE 1S A SERIES GF STRAIGHT . .
srsEeosten LLAES CMRECYIANG POTHTS Tw SPACE, THE-_ - - i ikl 0 820
POTATS ST BE DEFTIRM AY THEIR 3-D -

'
i
i

A 0OE UF TRAVEL SETUEEN LACH PAIR OF.___: e i
")'“lf HUST ar DcFINF1 . I
Lllr'(PuJ.lLIWT(Z)).ILLnA( ﬂ),lLLHR 20) S .
P RIT3N) ,DISTCIMN ,TINFE(SOY,STIDEN(30) - =777 =m0 - 27770 s
I SIDEX(S0) b STDESCSD) S XY2(SD) ,MUDE(SD) .
HOTLLMH, TLLAT,DFIAT(20) ,AREA(S,20) - T T L aEE

cv PAGLAS O 20) JAGA2S(4,20) 4 F{6Q) I
co HOSTAlACZOY  TLLA, LUNEY,S(120),6(5,140) . T e RS
[oR VI8 MRS IH 1)(1."‘:-131"(1():1 SO)YIRFFS (A, 20) ’

CU il ATAC2O) raTRE2D) , ARHC20) . o T Tl
H o= 153,00

NN
cdit)
U EX
Vi
R

KUATT = D - ] =
pout I:;T = .") )
10 KOdET = ozodyTet o L L .- S e a2

1200 FORATCI7H 14PUT X ¥ 2 I“DE) L , S
1219 FORIAT(RFG,1,12) © - - ) R ' S L TmEL O
1220 FURIIATCSSI TIAE Im TIN5 AuD wnnE TU uexr P01N1) e
230 FORUAT(y4,2,12) _ S

S0 TFLIDDZ (R bgT+XAlTY JHE. 10) 6GOT0 1u

o= 3T e2 .. o
WRITE (3,1204) . - ' L
READ (1,129 AYZ2CD, LY£(1+1):KYZ(N+2).HODF(hUUHT+<JAIT) S

CALL ¥2SPC CLiXYZOD  RYZCHE1Y KV TAN+2) 4 ISP C -
WRITE (3,990) ige |

CEY O FURIATILS)Y ' : L ' L T

CALL 220G (SCCI5D%6=5)+2) ,h,YY,FF)

(FCROVIT,EIE, 1) anTd 15 _ :
CALL iaT (-/Y!(-').HVZ(?!H).Z’;) . .
Gulra a7 ) ’ S ‘ T o 3
10 CALL 'LuT (XY o . .
CALL YLuT (v () vz ld+1),2Y .. . _ Lt

17 X = i

Y 2 XVYI(1+1) . "
IF(Jl»cgk”l-r+nﬂulTl 42.1.\u\ IDE(KOUNT+KIATIT) NE 2) GaTo 20
CALI uiudlL (XYz(n), XYZ(HFT e Tebdsi1,0,0,-1) } . T
KWALT = #itaT+ - . _ . _ .
X <= XY20n , : S ) ‘ S Lo
Y = dYZ04u+7) ] I . -
HRITE (S5,1229) - T T
CREAD (1,12730) HalT(KﬂliT)-WUDl(K”UNT+(IA'T)
‘ IF HdpE = 1¢ STO2 THPUT - -

TTOTL = ROJMNT=1 - 5 S Lo itk ___, LTk

CALL e C1Tave) . e . o
RETuRM . . , L T LT

Etly



OGO

SUBRIUTLIAE ST (IFLAG) . .
- =T ZURRINTIANE ST OIS AN ALTERHMATIVE TO .
CSpEClev]dg ReEFLECTAHCES OF SURFACES,

LUMIVAIRE AY) BAYLIGHT DATA. THE ROUTINE .. oo ooz 2aid
ALLDAS BLIRECT STATEMENT 0§ AVFERAGE .
LIl 42-ICE FUR AHY SPACE . T
THTESRLE T , . _
PESL L2 L TLLIITC2I) , TLLMAC2D) L TLILMN(2D) .- . i ==

COlb i IATT 3D, nISTES Y, TINE(SO),STDF1(3IM
CULINE STDERCS M L STIVESCIN) +XY2ZL2) ,MODE(S?)
CO PO T, LunTynfEIT(2)) ,AREA(H,20)
COINE SGLASCA«20) p ASARPS(L,20) .5 (6 0) : 2
CU Ui ST a2 D, TLLa, LUMEL,SCI20),6(5,1460)

COREI (12,120, # (10, 120)LREFS(5,20)

GG L TACZD) L AT(2) L ARHE2D)

‘(Fl_q:’i = 1

READ (1,210)

nyo1a =1,
2EaADp (5,220 LLLNT (D)
CHATIH b ]
FU2 AT (L)
FLIATNS. 1)

RET In.i

F ity

-—
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0N

AV

5

i
)
54
6

SUGHMUTLAE PLATIO CIFLAG, ITOTL H, YY,FF.",SCALE)
' SURRINTINS PARAATILC c0uTanls

VE oAdERAGE DPITERAAL ILLUVIRANCE

SPACE -ad) THE PREDICTION OF BRIGHTNFSS

plAENS il AnFF(20)

REAL LINENMCPD) » TLLITC2D) , TLLMAC2AD , TLLMN(20)
CH LGN HATT(II) ,DIRT(RY),TINECTQ),SINFIL30)
LU0 STNDE2(3D),5IDESCS50)YXYZ(Q0) ,CDE(S?) -
CNan T, TLeIT,afr Y20 ,ARFEN(6H,2D)

FonR Eacd IHTERYAL ALOMG
CO LI AGLASEA 2200 L AGAPS (4020) 2 F(H0)
COE Yy STHIACZD) , TLLITA, LUMEN,SC120),6G(5,149)
COY I pCi2,12),W N, 120),REF53(5,20)
CHV LM ATAL2ZM AATROLND) JARM(ZD) -

FFCOIELAG. LN 1) GuTad 139
Beoson Do :
Heomo o4t

K= (=) ens

CALL AREAS (D)
FFLCOX+A) 5, ) GOTO 29
ALl SIGNX (= AREF)

nd o5 I o= 1,

TLLIACD) = L EACTM/STIGIACTY

cCOdT v

S0 50 [ o= 1w B
pLissCid= ) B
30 40 fi= 1,4

231 0= (1=1)#34+1
TFCF Aty A8, 1) GaTa 35

TRLFCIY+4  ir, LY %idrd 36
r::\l,L u):\.'l'i:‘., (F('l"'-.:)a)F)JT)
G3TO 33 ' .

DFALT = 0045

TLLAACL)Y = TLLISCIY+¢TRAUS*AGLASCIL, DD ensDUT/S

*CTLGRY /100
COTTINIE .
aFL.i1T (D)
CUATT YW IE
e 56 1
TLLAT (A

)

1,4
LA CD) +TLLIACTE)

COLHTIHIE - - e
TAITIALISE YARTA2LES

3 48 U P T BT -

RVIC 5 440 e =

HA[Te 9, ol .
KSEC = 0, - - -

ELHD = o, 3 =

CALL 'SP (5F,SCALE,YY . H)

PRIAT OUT [HATERYAL (SECS) . .

YRITE (3,1270) . -
HE.\D (1 0nd) 10
GRITE (3,1255) '
KEAD 4 01209) 1Y

b X¥2 (1) ..

Y AV2(2Y) . . g

: XYZ(3) - .
CALL VPSPU (e ReYsJ o IS52ACE)
07 = TLLHTUISPAGE)

CrlL TiOpLiid (1)

pO 280 LAY = 1, ITIOTL
KK = KEWINT+ruUAlY

i u

I

29

THE RNUTE,

LLLAHCL)*39)  /TLSKY

= LLATCIYRARSFC1)/3,1415927

THF PREDICTLUN
FNR Lacd

16HAC1))



229

21v

20V

254

1270
1240
1205
1290

CEN = (ISPALE=1) kot D

rLunhge --.: 'rn) \i.(-vj:")
IFCUODER,IE 1. ANDHIDES  NEL2) uJTJ 210,
¥ R LWATT (R ) “"JT)*‘)Q e e ;

W 1HOT..2 .qucC. . . __ﬁ,_:jhﬁri

:F(E.LT_IECT):i'CT-l =
CI'\LI__".FPSPC (e, Ye, 1S?ACE)

S 02 = TLLMT{ISPACED) - o .,\..:'-'.'..--

CALL TROLAD (N2)..

CALL ORIGIH (S(hJ*a),H: v,rF) e e e
CALL SWiBIL (XeVe1.0,11,0.9,-1)"5253 7
£ 222 KT = .8, 00H0T e e
Calu €ES (21,02 THeT, pGaNTY T SN
DGit1T 1S FRACT(DL OF PIGIENT BLEACHED L
WRITE (3,250) A, Y.PuRAT, 1 LLMT(ISPACE) T
CALL VERBLR (IiLH(IQDfs(.r):D-:-WT,IV.IQ‘J) . o L
PLILT = 1~ 9‘:4:. fro_es L LTE P F
el o= (3,0077-4, f‘~PJ|nT)/(64.E-08*PuwnT) ) _ .
COITInilIE - L . , - -
EHALT = KA T+) . _ }
KK o NJUMHTENRATLT ’ ’ :
TIONLY = TiWWCKY)
pTLit = TIOEd+0,5
I EY = ahe (KK) . .
Tr CGEYDEN ER,49) a5 ra 200 TR
CaLy "P'I."\‘."L ROV T XA KT .Y Y1:?0-Z1.<nl%'~‘~f!rXADS1.
YASEDYAR51,2A880,220881)
THOT = pic
TFLuTI, LY, 76CT)
B2 D) o=, e T )
CAabi Liirtpvi (X3, YOUIT,ETIN K, ¥0,¥1:20,2Y . XY, 2) ° 70 T
cALL VoapC NeXsY,2,(3PACE)
G2 = [LEKTCISPACED - o SR
CALL TRap#An (90)
cAaly CO5CS () il .l‘ll"",P"llr) A
’cn”T 1§ FRACTTION OF PIGIEHT BLEACHED
viiT 2 (1SPAtE=T) wet] ' .
CALL JRIGIl (SEvt+2) ,m,YY,FF) .
CAal e syYhool (X.v,1,0,11,0,0,-1)
VRITE (L5e250) X Ve ol T, TLLRTCISPACE) ; )
TALL VERAWY CTLLBTCISPACE) s PGMIT, IV, ISH)
FOIT = 1.-pnn|* -
0 o= (N, 0077~ Pu?:*phlwr)/(ﬁa E=-D84pGMNT) Ce

N
P
-

COT T3 JE R R

RET:IR oo ) R S . L= s
FURMATAETD &) L ) .
FORGAT(40H /0 pERTIAD 1IN SECS)Y . .o .0 . = . LS
F“"'l\TCIZ‘) . . .
FORLAT(SH VYaTE) | L oL : s s
F"“ : ‘T(I1) . N * - P . . - - o=
END R - . ) I SR : VRO

30 ’



SURKIUTTOE TwraILaD (TRIL'D
SUCROUTINE TRULYHD CALCULATES THF RETINAL .
LU iTuATL ). LREVEL (Tl EFFECTIVE TRNOLANOS)
FARP A JUNMIKRAIGCE TROL™, )
CilaheS iF OUpIL AREAN DUE TO THE STILES™

cORUFaRD FFFECT AID LUMIUANCE ARE TAKEN
11TY LcCausT,
NEJRL = S, 0=3, uxTATH(Y), 4o ALOG(TROLMY)
AREHRL = D285 0P e k2 (T, =0, 085 (DPUPL w2,
1 [od) 40,2 a(NPpUPL*EhL, /44))
TROLY = Te i tsnpnpbl,
RETUR
EMD
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IzE s NrEaNe NNl

SHSRATIHE COGES Cd1,30,IMCT,PGIINT) )
SUSRIUTLNE COUES CALCHLATES THE FRACTIOWN
YpoPLSEFEALT ITHTL THE rDIES, 1IN THE
CLFACHED STATE, AFTER TINE INCREMENT
TUHCTy wHERF THE PETTAL YLLUMINANCE Tu
THICH THE COYES ARE ADAPTED IS Q1 (1IN
TROLA. nS) &5D TUE RETINAL TLLUMINANCE
T OHIeH THE COUES ARFE ADAPTING 1S Q2
(I TYLuLailrS) .

g 189 ITIHE = 1,1%CT

TG = ITIvF

PU T = 1,.=(0,%77/(0,10727+64  L=-08202))4

1 (G,an7 7«64  E=13=(01~-02)/
1 CCO_Ci?7%ni F=10%01) 4 (0 N077+464  F=03+
1 EII)*EAP (=TI HES* (), D07 +04 E=DR*N2))

1y cOMTILJIE
SPOT = (=0, G077 %0l  E=n3e (Q1=02)/(0 , 0077+64 ,£~98%Q1))
ToERpP (=T1HES (U, 3077 864 F-03+02))
GYRITE (5.,192) avpT
TG0 FURNAT(Th o34 2907 = L,F10.8)
EE TR
END
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w

14
ey

HJ

S0

: [)iibt';_'r,'sl:m At F(20) )

SURZGUTINE 1ol (1, AREF)

) GURRUUTIHNE SEGnX CALCULATES THE Sim OF

o ALL SHKFLCES TIMES KESPEUTIVE REFLFCTANUES
FOR EaCi 203, o 1S THE TOATAL NUMRER )
dp RJons,

DAL LTHIENC2Y) h TLESTC2M) , ILLMACDO) s TLLAN(20)
CUNMLNG JATT(IU) ,DIST(3 ), TINECHOY,SIDF1(30)
COING SIDEZ(3D) ,STIDES(LN) (XYZ2(9D),MODE(S?)
CUMMDY TLLHt, TLEMT AR TAT(20) ,AREAN(6,20)

CULINT AGLAS (42 20) JAGARS (G 2G) 2, FCOO)

CU B STGHALZ0Y , TLEMA L LUMEH,S(120),6(5,140)
COLEY P10, 420,810, 120) ,RFFS (A, 20) '

CONNHE ATAC2G) 2 ATRC2D) , ARH(2N) N

Nt 5 0t = taeu :
Siaipn (=0, - '
AREFGIY = 9

VA B

-

P23t = 1,K

Y 15 I = 1,6 .

SEOGA () s STGEHAM) +(ARSACT I * (1, ~REFFSCT,M)))
AREF )Y = AREFUD+*ARFACT M) *REFS L, M) S
CULTIAIE :
CLITIHUE

LN P 1,

nuo30 o 1,4 T

SIEGH2ON) = ST G+ CAILAS(T, M) 2N [ §)
FREF Y = AsFFCGDHCAGLASOL 1) =0 1)
TRy 20 o BRI I
CUiy [&'lE

Py S5ag Y = 7,0
.GF‘F_.;‘T = r:l -t
pit 4 1 = 1,6

ARE T =
Gty g
ey T 1,4

ARE ;T = AREAT+AGLASL{T D)
COUNTIIE
AREE (1Y)
CUMTFHIE
vET In:;
Ehin

=

REAT+ANREACT M)

CAUFFCOY S AREAT
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191

11
157
175

a4

h)
240

3010)

30

35

949

SUARN ITIYE VERSLE (X1.¥1,1V,184)

TRCIS (g, DY 50T 191 -

1S = 1 L S o
X.= ‘41 .. PR - e Lzl
Y = ¥

2 = |V .- -

AT OALOGII () e -
CUITIHIE e L

¥1= ALIGANCxr1d

A= 19, wwi .

7= 19, #xX]

TFCALLT )
1F(a.uT. )
6UTy 1590

B o= g+3/19,

GOT 179
60T 213

e
“n
L)
-
»
e
w
~
D
)
-
LW
N
e
]

!
3

21 = 2/

GUTY 317

no= 3-3/10,

1ECL LT . ) TG 175

77 = 2

GuUToH 310

R o= X1/X

}_'1 = n‘/'l.-’b

COTL.}IE

721 = 2+ (1% (Y1=Y)=7,.94232(X1-%X))
o= Z2140,5
TFC, LT, 1Y 479 29

TRCn 3T, 7) 4179 3
\‘,UT)('.,?_,3![.:5'!317):51
URITE (3100
FURLGAT (L 0H YERY
GUTS 99

WRITE (3,292)
FUIAT (5 NDARK)
GUTG <)

wrlRlITe (35,3504)
FORIAY (41 D1et)
GUTo 000

URITE (3.490)
FUOZ AT (134 caTISTACTORY)
ﬁ'JTt-) l)‘) . .

NRITE (3,590) °
FURPAT(AY LIGAT)

GUT) 0139

WRITE (3,593)

FOIGIAT (T S5 tGi()

HiVTg 099

VRITE (3,73

FORUAT )2 YERY BRIGHT)
CUTG 230

URTTE (3,223

NnrhaAIK)

FO T2 GEF “0TTa IYF SCALE)
GUTH 9

WRITE (3,35

FURHAT (170 DFF TOP OF SCALE)

CUAT LR

X = Xi
Yy = ¥1
Z 2 2A

ﬁETuau- .
1
ENY 34
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Ao nN

O

SUNLDDTTHE THiENNL CITOTL, WH,EF)»SCALF,YY, H)
SimRONTLE THERML CHITROLS THE PREDISCTIVN
OF THEPRitag, SEUSATION FOR FACH INTFRVAL

. SLONG THE ROUTE - o R ety
piltgns oy f111(““),TSK(13).DIGC(1J) _ o L
plitrnSIan STalT (6,7) : T e L
REAL LHHER2M) 1L LIT(20) , TLLMAC2D) , 1Lk (20) ) ) s
COAY OATTCIE),DISTCEN) ,THIIECS99),51INDF1(30) . R
CUTtEy! SINE2CS D, 5IDEZ(IN) XYZ2(90N) ,MANE(S59)’ I
COMUIE LMY, TLIRT, DFIHT(Z20) ,APEA(AH,20) T
CONIIN AGLASCL s 2 JAGAPS (4. 20) ,F (L)) - =
COMHOI STGHAC2EY, TLLIA, LUAEN, §C120),6(5,140) S E
COMTE 10,12 N, 10,120) ,REFSCA,2D) ‘ -
COMON ATA(RAY P ATR(ZD) ,ARH(Z2D) - c .
C\J;;H_' T(s‘l’h)nf’(tb““') ’ ' .
PRTA START/29,0,%7,0,0.264, 3,1?_51,a,4o, I

T, %7, u,u.h1,u 17,12.68,4 ,62,
34,%,357, 42,).13,4 31,12, 64.#.?60
£3,Y, !f ':\).0-‘]'1.1.‘)--"10-21Il'-ol . -
4, f,\/.00.1.0?115.ﬂ3.29.6.5.051» N
.)‘-’-Jl ‘? 1r' '61121.519‘.-7..6315.?l
38 ,%,%7 ,046,0,.0586,29,.97,546,74,5,.3/ o
DATA CJEF/SH.Blu,u,g_ﬂ.0,6”6,69,3.0.0,3.1-0.765,
1416,3,5,6G,5,06,4%,725,221,49,0,0,1%,6,0,725,
TGET AN 0D 8,8, 0, 0,725,782, 28,5%,19,11.6, 0, 725,
41»0,ﬂ¢,-53,q4.d‘n,3,?2%,3n9,13,-ﬁ,_15,11__,) 725¢
RAT, DISR/ =8 ,004,1,=3,0,=3,1,-2.0,=2.,1,=-1.68:
’;-1_"_-%,-0.05'—('._ -n 5!"“.3!“.()/ )
DIIT,'. TS?:/H' ("--“I.i}"o ) ?‘*.5,3‘),.’);30.5,31.0,31.5,
TRE U F2,. 52 3%,.0,33%,5,34,.0/
Svpﬁr):(1ﬁ,it(g OO =N L 2R ALOGAN(T4PT S 18)+2,4304E-03

e e I

e T2V 40633147 5/ (T+27%,16))/7/1.333) 25000,

S = =1
Tlit= .
Lhige {5,170

THITIALLSE VAQRTADLES
2HYS oLk
WRITE (X,1500) ‘

READ  (4,1910) yGTE

AVOTE = 15071

VUTE = ntvaTr-4

cCrLL VERSLY (VUTELRYATE,ISH)

(S = 9 Lo

TSHg. .= START (4,IVGTE) . . R
AP = STACT (G, IVOTE) ) : . -

T R 2 §TAwT _(7,IV0TE)Y . . - ' . T
SKOAF = START (&,I1VOTE) ' _ -
EV . = START.(5,1VQTE) I . - E
LHR = STanT (a0 IVOTE; _

slic=1, - - A - o )
CALL sp (FF,sCALE,YY,.HY .. . .. o ... L

.- DPRIAT OQUT.IMC . . 2 L , LT N
REAL (4,250 1€ . .
wBRITE (3%,9270) (aC -~ oL S X
READ . (1,350) Bpvd . . B . e - -
WRITE.- (3,542) BOYH - . ol . .
READL - (1,34600) %nvl' o e . . - L .
WRITE (2,5364) oYW = o R it
BoYsnsi, (H)?'-'-*h')\'u**n H25+3DYHw*r(), 725 .
Kuifiy =) . B
kStga=h

: .
¥lilg=s

RMILN=114.3
35



n qVZ2(1) T o
KNSR LT

= 4YZ(3) . . _ , ) _
ALL VPSPC (W eXoYr 2 E3P) v m = o - o 0T
CLOTAING L -

FEAD - (1,840) CLwu v oL L e iz
LWRIYE (x,?dt) Suo . o
C L:—‘S =CLD seme e mom w Do sl Dl el el
tutyez (35, ”"u) . e e e
a0 205 pouhT =Ty ToTL SFE T E
PPEG = ART(ISP) = bVP(ATﬁ(IQP))I1n0.4, e
-RY = AR ”(I&")/"Ill‘ T S A R R B R '.'_—.'_'_;....'.—_.‘_:__’;:_‘..f..-‘;
= PrITERNUALT L. ) . ) s
MUDEL="1DE (KK : ' - e T Pt M~

TFOIDER IR 1 NIDLJIDER UNE L 2) GATO 210 _
CALL LUITCLOEF ,itOnEK, RIDLD CHR,PPHG,ATACISP)Y,CLO,ATR(1SP) ,RN, CHcs-‘i

1¢TC, clr,,Lvrs.FriaT).n) o C L=
1—l”r.(anUT)*uﬂ.: ) _ S ) L U S
ll‘b|=I (s o ) . . - -
TFC LT teCT) IaCT=1 - . Woe L e
ki o= (15P=1)=n+1 S . e
Caly nxIGla (Q(K'*").IerY.FF) . .. . . o B,
CAb:, SYREIL (XY, ,0,1%%, G.O.-1) . . .
nie 220 yi=t, . et ez oo

CALL h Niak (T\k.ﬂl‘lgcltF(l) COER(H+1) ,COFF(N*2),COEF(H+3),
CHR,F.‘ nn\.r"n;‘ -.”’!r-oKleC ?I 1"";‘Hc'CLUICL.‘,SIATI\(ISP)'
AT201680), PPy, e ‘-
ED‘(J-‘IHE}YHI]E‘ECTIR!‘"C.’iCSJCTClERESICRESIFCLITOlR“' . L s
TSL S, 500, PREY) - .
Trluc=ar=1+10T : .
VRITE €5.990) TSE®S,DISCG,TKENC, ISP, ATACISP)Y,ATRCISP) \RH
rALL VERZLT (TSaExS,8YOTE,TSY) -
AU U BEENY . :
KUALT=KWWIT+1 - B
RSO AL ,
210 TLHER=TIHE (LK) . -
fTIn=7TII0KYa D ' i
ru:::_:!;nc_l ) o o N toL
TFCRODE EY_ 19) GuTd 239 .- ) ,
CLO=CLO S o -
I'F( INH Ry, 2)Y B, )) 0L Nal /5*(‘]_0
Cnll THITC(CarF,n00LK, R!JLn,CAa,UPhu.ATA(lSP),CLOH:ATR(ISP).RH,CHCS

-3

—

1. ERESC2ES, FCL,TO.,N) ; e
C.‘\LL VYRI \]L (KCHNT X0, %1, YE IY|JLOIZ1JXQP‘Q‘ r XABSH IYABSD'YAi‘S'lI_.._:. P
1ZAT59, 2A081) . ' . . I
They=1ie . . o e it e LR T
PECHTIN, LT, THETY THCT=KTIM
ni a0 vooo=t,rTih, pey - s e oo L T B P S vyt S
CALL TITRVL (X, X1, 00T, KT IR K YO, V1,200210X0 Y020 i e
CALL Y¥PSPL (iviie) XeYeZ I8P) Tl . o - L =
pPly = &H(ISP)#S"P(ATH(ISP))/1QQ. . il i
g h =""|"(l§")/1"”} - - T S =Sy
Al HYUWAH (TSK, PJSL CnCF(") C”FF("‘V]) COEF(HN*+E)Y ,C nEF(N*S)l_.__:'.__'_...:_.___.
1ri'i'—\:[‘ftl‘l_p'-lu»xfwf'r|5"thLPJTT“Ir’I“C CLO,CLOY,ATACISPY, . . _. .7
TATCIST) , PPHG o
1TROY A, LDYY, ICT,em, CHCS,CTC,FRES,CRES,FCL.TY,RH, LT s
1TSFERS, DISCI, RS ) D

C TKIng=X-1+iucT - ot TS
. UKITE (3,99¢) TSENS,DISCO,TKINC, ISP, ATACISP), ATRCISPY,RH .

CALL VEquT (7S FNS,uvnrt.[ad) 5 N

¥ = (1shb-1)ra+1q o L

CALL omtailinn (S{PE+2)Y,H.YYLEFR) : : T

CALL SYHHBIL (Xs¥Y,1,0,1%9,0.0.-12 . .
209 COUHTIHYE .. . . e e eemmam
20 CUUTENVE . .. .. .-
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AN

Qi
063

A AN
<21
12dn
R
1270
2o
459

VRITE (3,1500)

LRITE (3,151u). ALPHA,SKEDF,EV,C
FURLGAT(IH . .CLY = +F5,2) - ..
FURLATLOH TA ) -

FORDATLOH TR = ) oo T LT R I E

FUDHIAT (O% RH y _ L me e
FURIAT(FES.2) o . oo e e S S S S P P
FCAAT (O dinvh = FS,2)

EC2LAT(AH 8avid = ,F5,.2) -
FURDAT (31 HY TSFuS DISCH TIM) o )
FUBLATOTH o3F10,.46,1450,3F10,4) T S . e it
FURLAT (7 T4PLY X Y 72 MIODEF)

FURMAT (3F6.2:172)

FORUAT (Zéd Tinte Il MIUS AWD HODE TO KEXT PULNT)

FUZIAT (ES,2,.12)

FUSLATC29 p/su PERTIuD 1 SERS = ,12: ) . .
FURLATOL) S X
FUAT(S1H ALPHA SKRF EV ChR RM,
‘ Qoo TSH{ TCR )
FUOUIAT (810, 4)
FUROATC(I# N, 12510 ITIANL STATE/)
FUli,AT(L1)

FURBAT (14T, 537, A ZHTHERMAL HODMEL)
RET:.h2

Fiid
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v
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z
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SUILTUTLIGE slniat (TSY,DISC,ilz, UL, CHE,eTn, CHR,EV, ALPHA,
SHRRAINTLHE PRENDICYS THE HilMAN PHYSIOLAGICAL
ACIPURSE T A GIVEN TIilFRIAL ELVIRORIZENT 3
Foa & GIVEN ACTIVITY, CLI2THING VALUE -

. A PavysTIguk,

16KDF, T3B. TR, T(f:“[NL.CLﬂ -Lﬂ\,TA TR,PPHG,
1"¢DI_; - 'Y ',"'FT,-; ,l |CJILTu,FpES CRFq FCL: 0 R“i
1TSELS,NISGCO, PSL)

BEYERSTO TQ*(1 ) ulsr(13)

PEAL 10 - . ' AR,

Fhap ‘ITEH(RI).ILIHT(RG),ILLIA(?n).ILIﬂF(?”)

CUTILNY JAIT(AD)Y ,DIST(IN) ,TINE(SP)I,STNET(3ZN)

CO'EINE STDEICS N A SIDES(E0) yXYZ(Q0) ,FINE(SY)

O 1LLa},[LIHf,uFIlT()u) AREAN(6,20)

CU[.l;- SOLAS Gy ), AGAPS (G, 20) . F (LD

CONNN ST GKA (2l).!lLM.,LUILH.S(1?0),G(S,1&U).

cU Yk {)(1\},1:._\,\—;(‘\_') 12!‘)1PEFS(6120)

CU NN ATACIB) s aTR(2D) , ARHLZ20)

CO o TLOUa) P D)

QUICTI =10, wa (2, 30051 =0 2«ALNG10(T+273,16)+2. 680605

P T2V T 10) 8002 30/ (T+#273,14))/1,533)Y+1000,
Tl Cc=1"ICT._.

VTR = 6 /TG A

CULITERNE = Lo D

TCL=TOrFCL*(TSx2=T)

FAL L=..+x L25xCLO =

=L, 6:,-1.*((T!1+T))I 273 YR e3 *EACLARTY
rTﬁ:C'h+L|f

FCL=1 ./ *u 1553 2CTCxCLY)

IR“'(ﬁrtrCL-(T\““-*‘)

BECR=nit=ERES-CRES="14= (53,2441, 10"*9KFF)*(TFN-TSKO)

HEGE=(, DA+, TH3%SKEF) % (TER=TSKEAV=DPY= (EV-ERES)
FChp=", 07> (], ~ALPHA) *BRYY
TCH /=0, 0 PrALpnaasiBaviy

ETCA=C LECR*HDY A /TUGR
TSGR ErnnY Y L TOSY
BYSii=t L /60 ) 7VT L

=S (nNTSR)
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SUBROUTINE SHB8 (N,FF)
INTEGER T
REAL LINENC20) ,TLLMT(20), ILLMAC20), TLLMNC20)
CO1MON ATT(30),DIST(30),TIME(S9),SIDET1(30)
CO 110N SIDE2(50),SIPEI(30),XY2(90),MODE(S59)
COMMNAN FLL AN, ILLMT, DFINT(20),AREA(6,20)
CO110M AGLAS(4,20),AGAPS(4,20),F(60)
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10 READ (1,100) IToy
GOTO (20,59),1Tuy
GO0To 12
IINTER
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GUTN 42
40 ATRGW) = TA1=-2,
4e VP = RI0O*SVP(TAO)/100,
VP = VP"‘?-
ARI(N)Y = 100,+%VP/SVP(TAL)
READ 1,100y T
1F(T ,Eq, 0) GOTO 30
60T 99
SUMNERTIHE
50 COITINIE
CALL CURL (N,FF)
Q0  ¢cOITINIE
100 FORUIATC(I)
110 FORNAT(2F10,2)
129 FOUIAT(I2,F10,2,12)
RETURH
END
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At present, the program is operative in batch mode. Input of data is on
cards and the following is a description of the input format specifications.

Throughout this section the * denotes a space,

MASTER KDIT

The master routine controls selection of the program's optiona. The following

is a list of routines together with their respective calling numbers.

SUEROUTINE

N @@~ O\ B W N =

13 "

14 "

15 "

16 "

17 , "
18 ’ -
19 : "

20 Terminator

The input format for a call to one of these routines is I2. Routine 11

must always be called first and routine 20 must always be called %o

texminate a job.

55
S5G
Sw
5D

"SR

Sp

SX

SL

SF

SK

ST
ROUTES
SI
FHOTIC
VISION
THERML
SCALES
SH

SHB




SUEROUTINE SS

SUBROUTINE SS deals with the input of spaces. Whenever it is called,

the first room to be described must be given a number. This may be the
number of a room already described but if this is thé case, then the

room placed first and others of higher number will be replaced by the new
rooms. The room number is input in I2 format. The room is defined by.

the bottom left and top right hand corners of the room , in that order
(F4.0 format) and the floor height and room height (F3.0 format). Except
for the first room described with each call of the routine, when the

floor height switch is 0 it is presumed equal to the previous floor height.

The following describes two adjacent rooms, 4 x 4 metres on plan, 3 metres
“high with a floor level 2-5 metres above datum. kach new line is a new

card. After each space, there is a terminator switch,

*1q (first room number)
0.0%0,0 (bottom left)

4.0%4.0 (top right)

1 (floor height switch)
2.5 (floor heignt)

3.0 (room height)

0 (texminator)

4.0%0,0 {vottom left)

8.0%4.0 " (top right)

0 (floor height switch)
3.0 {xoom height)

1 " (terminator)

SUBROUTINE SG

SUHROUTINE SG deals with the input of gaps. Each gap is defined by two
diagenally opposite corners of a rectangle. The following describes a
gap 2 metres wide and 2 metres wide on the left wall of room 1 in the

previous example.
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0.0*1.0 (corner 1)

0.0*3.0 (corner 2)

1 (vase height switch)
2.5 (base height)

2.0 (g2p height)

1 (terminator)

SUZROUTINE SW

SUEROUTINE SY deals with the input of windows. Each window i3 defined
by two diagonally oprosite corners of a rectangle. The follewing describes
a window 1 metre by 1 metre and 0.9 metres from the floor, in the right

hand wall of the previous example.

' 8.0*1,5 (corner 1)
8.0%2,5 {corner 2)
1 (cill height switch)
3.4 (cill height)
1.0 (window height)
1 (temminator)

SUEROUTINE SD

SUEBROUTINE SD deals with the input of dcors. A door is defined by two
diagonally opposite coiners of a rectangle. The following describes a
door 0.8 metres wide, 2 metres high centred in between rooms 1 and 2

in the previous example.

4.0%1,6 (corner 1)

4,0%2.4 (corner 2)

1 _ (floor height switch)
2.5 (floor height)

2.0 (door height)

1 (terminator)
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SUBROUTINE SR

SUERCUTINE SR deals with input of reflectance values of room surfaces.
Each card must contain in the following order, the room number, the
reflectances of the north wall, the east wall, the south wall, the west

wall, the flooxr and the ceiling. The following specifies reflectances

for room 1,

1R, GH 4%, 4% 4%, 2%,8 (room number and reflectances)

1 (terminator)
SUBROUTIWE SL

SUBROUTINE SL deals with the input of luminaires. Fach card must contain
in the following order, the room number,the number of lamps, design
lumens of lamps and light output ratio of lamps. The following describes
room 2 having three different types of lamp.

*2%¥3*¥ET700%60 (luminaire description)
0 ' (terminator)
*#2%1%8T00*80 ' (luminaire description)
0 (terminator)
*2*1*5200*95 (luminaire description)
1 | (terminator)

SUBROUTINE SF

SUEROUTINE SF deals with the description of obstructions to windows.

Input required is room number, face number and angle of obstruction from

the horizontal at the plane of the window. kach room has four faces, 1, 2,
3.and 4 (N, B, S and W reapectively). The following describes an obstruction

to the window in room 2 in 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

SUEROUTINE SK deals with sky iliuminance. 'lhe input format is F7.0
SUBROUTINE ST

SUBROUTINE ST deals with the transmittance of glass, The input format
is F3.2

SUEHOUTINE ROUTES

SUZROUTINE ROUTES deals with the description of a roufe.lA route is
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 left
. hand corner of room 1 to the bottom right hand corner of room 2 via the

connecting door of the previous example.

¥0,5%0.5%2,5*3 (%, y, 2, mode)
*2,0%2,0%2,5%3 ( - )
*6.,0%2,0%2,5%3 ( " )
*7,5%0,522,510 (x, ¥, 2, terminator)

SUBROUTINE SI

SUEROUTINE SI deals with the direct input of the average luminance of
rocms in cd/m2 « The input required is the total number of rooms and the
luminance of each room. The following defines the luminance of rooms 1
and 2 as 60 c§/m2 and 90 cd/m2 respectively.

*2 (number of rooms)
60.0 (luminance of room 1) .
90.0 (luminance of room 2)
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SURROUTINE PHOTIC

SUBROUTINE PHOTIC deals with the calculation of average luminance and
prediction of apparent brightness at required intervals. Input required

is the print-out interval (in seconds) and the impression of apparent = .=
brightness at the startiﬁg point of the route (1 = very dark, 2 = dark,

3 = dim, 4 = satisfactory, 5 = light, 6 = bright, 7 =very bright). The
fellowing requests outpﬁt at 1 second intervels along a route with the

initial impression 'satisfactory'.

*1 (output interval)
4 (initial state)

SUFROUTINE THERML

SUBRQUTINE THERNML deals witih the prédiction of thermal sensations at
required intervals. Input required, in the following order, is the
thermal sensation at the start of the route (1 = cold, 2 = cool, 3 =
slightly cool, 4 = neutral, 5 = slightly wam, 6 = warm,.7 = hot),
the output interval (in seconds), body height (cm), body weight (kg) .
and clothing insulation (c¢lo). The following requests output at 1
second intervals, along a route with the initiel sensation 'slightly

warm', for a man 180 ¢m high, 70 kg in weight with a clothing insulation
of 1.2 clo.

5 (initial sensation)
*1 (output interval)
180. ) (height)

70. _ (weight)

1.2 (clothing insulation)

SUBROUTINE::SCALES

. "SUEROUTINE SCALES deals with the scale -of graphical output. This may be
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1:100, 1:200, 1:250, or 1:500. The fllowing requests output ét 1:500 scale,
500 (scale)
SUFROUTINE SH

SUEROUTINE SH deals with the direct input of tﬁe thermal conditions within
the building. Input required , in the following order, is the room number,
air temperature (°C), mean radiant temperature (°C) and relative humidity.
The following describes the conditions where room 1 has an air temperature
of 15°C, mean radiant temperature of 17°U and relative humidity of S0%%.
Room 2 has an air temperature of 20°C. mean radiant temperature of 21%¢
and relative humidity of 50%.

*1%15,%17, %50, (room number,Ta,Tr,RH)
#2%20,%#21, %50, (room number,Ta,Tr,RH)

SUBROUTINE SHB

* SUERCUTINE 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 proccdure
outlined in the TEVE Guide, Book B 1970. Winter conditions need input of
outside air temp and outside RH, the room number, the thermostat setting
for room temp and type of heating (radiant = 0, convective = 1). The
following requests winter conditions and specifies SOC outside air temp,

303 RH, room number 2, thermostat setting of 20°C and convective heating.

1 » (winter)

5. Q#¥%4¥%€30 0 (Ta outside,RH outside)

*QH20 , QN RHR] {room number,thermostat temp,convective heating)
1 K {terminator) ' '
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