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Summary  Under monuchromatic illumination, such as that produced by low-pressure sodium
suurces, unly variations in lightness can be perceived. This paper investigates the degree 10
which the addiuun of small amounts of full-spectrum incandescent illumination can improve

colour categorisation.
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1 Introduction

Although hundreds of thousands of colours can be dis-
criminated if placed side by side, memory for colour tends
to be categorical in nature, and typically involves the use of
colour names. Qur experimental procedure for the inves-
tigation of categorical colour perception is to present colour
samples one at 4 time, with the requirement that subjects
name them using single colour terms of their choice. We
have confirmed that there exists a set of cleven colour terms
special in three respects: they are used most frequently,
with the greatest consistency, and shortest response timest!,
These are the colour terms first identified by the anthro-
pologists Berlin and Kay in 1969, who called them basic
colour terms'”). These are divisible into three groups. An
initial dichotomy is between achromatic colours (white, grey,
and black) and chromatic colours. The latter are in turn
divisible into lundmark colours (red, green, yellow, and blue)
and secondary colours (orange, purple, grey, and pink)*¥,
Although it is generally agreed that the secondary colours
can be perceived as blends of landmark colours (for example,
orange as a blend of red and yellow), by our criteria they are
fully-qualified basic colours.

There are hundreds of nonbasic colour terms. Some, such
as tan and pcach, are employed commonly, though not
universally. Most common nonbasic terms (for example,
olive, lime, mustard, and wurquoise) refer to objects the hues
of which are cither light or dark versions of basic colours
(e.g. mustard as a dark yellow) or a blend of them (e.g.
turquoise as a combination of blue and green). The pro-
duction of other nonbasic colour terms seems limited only
by the imaginations of paint manufacturers and interior
decorators; most such words have little or no general
meaning. Only the basic colour terms are universally used,
clearly understood, and translatable without difficulty from
onc language to another. These are also the colour terms
which are learned first!”, and which are found at the heads
of lists produced when subjects are asked to write down
every colour name that comes to mind®. Basic colour terims
are so fundamental that it can be convincingly argued that
their use reflects an innate property of the brain®,

Three examples will help to illustrate the role of categorical
colour pereeption in relation to lighting. The first example
describes a situation in which categorical colour perception
does not suffice. Suppose you wish to select a paint which
will exactly match your curtains, Not wanting to destroy the
curtainy by cutting a swatch, you study the colour intently

a{\.g\l‘ “Y 1o l.(‘(“l;i; it in mind while on your way to the paint
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store, where you try to select the proper colour from an
array of samples. A colour name will almost certainly be
used as a bridge, and the correet eategory of colour will
typically be chosen. However, when the sample is “rought
home for comparison, it is unlikely closely to m=ich the
curtains. Categorical colour perception will prove inadeqiate
for the task, which requires instcad side-by-side martching
of samples under a common, full-spectrum illuminant.

For the sccond example suppose that, late on an afternoon,
you park your green car among vehicles of man:- colours
in a large outdoor lot which later will be lit by nea-

monochromatic low-pressure sodium luminaires. After dark,
you recturn to a sea of vehicles all of which, as our data will
show, will be described as yellow, brown, grey, black, tan,
or beige; none of them would ever be called green. Because
the remembered colour of your car, which is one of its crucial
identifying characteristics, matches none of the colours that
you perceive, you may have trouble locating the vehicle.
Here, exact matching is not required, because what is being
compared is a remembered colour, one that tends to be
categorised and given a name, with a pereeived one, Even
if the shade of green were greatly altered, an illuminant
which allowed the hue of your car to remain i:: 1reen
category would be preferable to the virtual destruction of
colour rendering caused by monochromatic illumination.

As the final example, consider that you have just been a
witness to a robbery on a city street. When the police arrive,
one of their routine questions will almost certainly be: *What
were the colours of the assailant’s clothes (or that of his
getaway vehicle)?' For a crime committed under low-
pressure sodium iltumination, your answer would be almost
meaningless. This example serves to introduce the present
experiment.

The CIE colour rendering index™), which is the accepted
method for rating illuminants, is based on side-by-side dis-
crimination measurements which, for situations like those
described in the second and third examples, may be la: _cly
irrelevant. So we asked: How much wngsten light would
have to be added to low-pressure sodium illumination to
bring categorical colour perception up to an acceptable level?

Our initial experiment on this subject was reported at tie
1987 CIE mccting in Venice, and will hereafter be referred
to as the ‘CIE experiment™. In that study, as in the present
one, the illumination was a mixture of tungsten and low-
pressure sodium. The percentage of sodium illumination in
the mixture was varicd in five steps from 0 10 70. This
range was chosen beeause, according to careful preliminary
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subjective cstimates, it scemed to allow the rendering of
an array of colours to vary from excellent to marginal.
Nevertheless, with the exception that colour chips normally
called red turned to orange, categorical colour perception
was otherwise virtually unaffected even for the mixture
containing 70% sodium. In the present experiment, the other
end of the mixture range is examined, with the percentage
of low-pressure sodium, relative to the total illuminance,
varying in the range from 90 to 100%.

2  Method

The colour samples used for testing were a subset of those
developed by the Optical Society of America, known as the
Uniform Color Scales se1''?, The 424 OSA colour chips can
be arranged in subjective, three-dimensional colour space in
such a way that the subjective difference between each
colour and its nearest ncighbours, as established by extensive
judgements of colour chips in a side-by-side situation, is
equal. The colours are conceptually arranged in 13 lightness
levels L, labeled from —7 (darkest) to +5 (lightest), within
which colours are arranged in two chromatic dimensions.
One of these, g, is roughly a red-green axis; the other, j,
roughly yellow-blue. The set of colour chips used in the
present study is a subset of these, limited to the 215 samples
found at even numbered lightnesses. We have called this a
‘half set’ and have extensively compared results using it with
those generated using the full set, without finding important
differences!?,

The observer sits within an enclosed booth, indirectly illumi-
nated by two low-pressure sodium luminaires and a variable
number of 7.5 W wngsten lamps. The front of the booth,
which includes a slanted table, is painted a flat grey matching
Munsell value 5, 20% reflectance. A square bevelled opening
. tag 2l op permits a view of a colour sample, slid in

: s tae dooth by be corerimenter. Additional
sven n a previous 1 ubictiontV,

vines were oresented one at a time, w.ce eaca, 1o six
scts. in o dif%er2nt mandom order {eo- rzca. [nsiroctions

arir o ama e tav colnore with a single worc of Uie subject’s
wlitive, and e do =2 within five seconds. he sub’ccts were
snucregraduate studeais at oor institution, all nave to the
furpowe of the experiment. They were prelestec w14 found
v have norrna: colour vision.

Muvures ol sodium and tungsten illumination were varied
.zuss four conditions as surmymarised in Table 1. These will
« cailed Conditions 91,-95, 98, and '100, to designate the
reproximate percentages of low-pressure sodium illumi-
~tiun in the mixture, assessed photometrically, For con-

Jditcon 100, occasional wrials were interspersed in which

Taeble )

colour samples were spat-lit by a hidden projector, These
trials, for which results were not recorded, were used to give
the subjects some ‘real’ colours to lovk at in a situation where
only achromatic colour perception was otherwise possible.

3 Results
3.1 Distribution of colour term usage

Table 2 reveals that, as percentage of sodium illumination
is increased, the colour names ycllow, grey, brown, whitc,
and black are uscd with greatly increasing frequency while
the names red, green, blue, orange, purple, and pink tend
to drop out. A bascline is provided by inclusion of the first
two columns, which show data for full tungsten illumination
from two previous experiments, one of which(t) was t..c CIE
experiment™. Not shown in the table is the previously
mentioned fact that, except for the loss of red, few significant
effects were observed in the CIE experiment for 69% sodium,
the highest level tested. Therefore, except for red, the data i-f
the second column are reasonably representative of response
distributions for all four conditions of that cxperiment. Very
significant effects upon the distribution of responses are
produced by the use of 91% sodium in the mixture, as can

Table 2 Distribution of colour term usage
Colour Percent sodium in mixture
term S
ot [+1 91.2 95.4 97.7  100.0
Red 90 63 16 12 1 |
Green 414 124 202 160 12 12
Yellow 116 144 482 463 627 695
Blue 246 167 17 72 6 £
Orange 278 251 115 110 HA ;
Purple 151 138 104 67 K '
Drown 98 66 178 0 2735 i
Zink 1ES 140 B6 i - {
Grey FE 56 263 L 1 i
White : 14 115 Ve i
Black K 5 100 %5 N ety
Totals i6y 1478 1741 i Lk LI (i
Nonbasic S0 1102 Bi5 o P 87,
TBGS b 51 283 ARG EA 453

t Experinent witha different popolaion of sic sabjects ',
tungsten illumination at 40cdin ¥ a1 3200 K.

+ Condition A (tungste.;at 70cd m 7 a1 3200 K) Trom 1L
report™. Values multplied by 1.5 because only 4 sukbiect:
were used. Lum:uances are of the 20% grey backesonad i
cach casc.

§ Nonbasic terms 1an, beige, and golil.

Cordiuny of the expeniment. Valiues miven in cd m ¥ of lununance of 1he 20%

vo.cung cackground. Tie rightmost eolumn shows the number of 7.5 W incandescent

oy ot e e ik ncanciescent illumination.
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be gauged by comparing the data of the third column with
those ol the first two; the transition range between the two
experiments remains unexplored.

As the percentage of sodium illumination increases, there is
a substantial decrease in the use of nonbasic terms (see Table
3). Yet the use of three of these terms—tan, beige, and
gold—shows a dramatic increase. Whercas for full tungsten

illumination (two leftmost columns) these responses account .

for only about 6% of the total, for full sodium illumination
(rightmost column) they account for more than 86% of
nonbasic term usage. This is true despite the fact that, in
the present experiment, two of the subjects did not usc
beige, three failed to use tan, and only one used gold. (All
six subjects uscd at least one of these; three used two.)

For full sodium illumination, neglecting the negligibly small
amounts of power in other parts of the spectrum, the only
basis for a colour judgement is the percentage reflectance of
the surface at the nearly-coincident wavelengths of the
sadium lines in the spectrum, evaluated in the context of a
20% reflecting surround. Most of the colour names used are

Table 3 List of nonbasic colour terms and their frequency of use for
terms used at least 10 times or by 2 or more subjects. The number of
subjects using cach term is shown in parentheses.

Nonbasic Condition 1005¢(S + T)

colour

term 91 95 98 100
Aqua 2(2)

Army 7(2) 11 (1) (N
Avocado 141 28 (1) 18 (1) 11 (1)
Beige 91 (4) 134 (3) 130 (3) 174 (3)
Charcoal 12¢1) IENE)) 15 (1) 7(1)
Cream 12 (1) L(l)

Eggplant 19 (1) 14(1) 2(1)

Forest 4(2) 2(2)

Gold 63(3) 100 (2) 183 (D) 104 (1)
Grape 5() 14(h) L( 1
Indigo 7D 3 4(1) 2(1)
Jade 26 (1) 5(1) 7(1)

Khaki 7(3) 15 (4) 6 (2)

Lavender 79(3) 47 (4) 28 (2) i
Lemon 23 (2) 27 (1) 4(2) 1(1)
Lilac 11 (1) 14 (1) I

Lime 33(3) 38 (3) 18 (2) 8(1)
Mauve 17 (2) 27 (4) 6(1)

Maroun 9 (4) 16 (3) 15(3) 4(D
Mint 33(2) 13 (1) 1(1)

Mustard 7( 10(H 23 (2) 7(I)
Navy 2(2)

Olive 33(3) 11 (2) 28 (3) 29 (D)
Peach 48 (4) 26 (3) 5(2)

Peagreen 9(2) 2 (1) (D

Pine 10 (1) 11 (1) 2(

Plum 4(1) () 2(2)

Pumpkin 5(2)

Sky 16 (2) 8 (1)

Teal 2(2) 9(1

Tan 129 (4) 155 (4) 179 (3) 215 (4)
Turquoise 14 (2) 9(1)

Violet 4(2) 1(1)

Colour terms not meeting criteria for listing: banana, brick, burgundy,
canary, chartreuse, cherry, chocolate, cinnamon, coball, cocoa, coffce,
fuchsia, grass, indigo, kelly, magenta, mediterranean, midnight, mocha,
muoss, paprika, pistuchio, plum, puke, rose, tangerine, tomato, rust, sicnna,
slate, swamp,
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therefore either achromatic ones, or else they are shaded
toward the yellow colour of the illuminant, with respect to
which chromatic adaptation is evidently incomplete. The
lightest colours are called white or yellow, the darkest ones
black, while the terms brown, grey, tan, beige, and gold are
used for intermediate lightness. Clearly, other colour terms
are not suited for attempting to describe an achromatic series
of stitnuli that vary only in reflectance,

3.2 Percent “correct’

When an observer has difficulty naming colours under poor
lighting conditions, or because his colour vision is abnormal,
most pcople would probably agree that his use of colour
names is sometimes ‘incorrect’. Yet, strictly speaking, it is
unrcasonable to suppose that there is a correct name fx. a
particular colour sample because, after all, a colour is not
inherent in an object. Instead, the rclation between a colour
name and the spectral reflectance of a surface depends upon
the availability of an appropriate illuminant and of an
observer with normal colour vision. Nevertheless, there are
[ prototypical examples of basic colours, called “focal colours’
by anthropologists, which under full-spectrum illumination
will be given the same colour name by most observers who
possess narmal colour vision. In this sense, the appropriate

{Juse of these names may be regarded as being ‘correct’.

Nonbasic terms are often used in an attempt to describe
nuances of the basic colours, and such response probably
should not be regarded as incorrect. For example, it would
scem overly strict to score as ‘incorrect’ the use of the word
chocolate as a replacement for brown.

In our initial study using the full OSA colour set, of 424
samples we found 128 named with perfect agreement by the
seven subjects, all with basic colour terms™. Subjects vary
greatly in the numbers of nonbasic terms they use. Even if
nonbasic terms were used as reliably as basic ones, which
they are not, increasing the population of colour names
from which responses are selected reduces the chances for
consensus. Therefore, because our original group of subjects
used fewer nonbasic colour terms than groups of subjects
studied since, we have found fewer consensus samples in
the later studies'*!,

With these considerations in mind, the strategy here is to
consider the names given by the original group of seven
subjects as correct, and to scorc also as correct the use of
nonbasic terms deemed to fit within a basic category. In the
present experiment, using the OSA half-set, there are 68
samples that in the original study were named with
consensus. For scoring purposcs, the selected »o-  ssic
equivalents for basic colour terms are as follows. wad:
cherry, maroon, tomato; for green: avocado, forest, grass,
jade, kelly, lime, moss, olive, peagreen, pine, pistachio; for
yellow: canary, gold, lemon, mustard; for blue: cerv' an,
cobalt, indigo, midnight, mediterranean, navy, robinsegg,
sea, sky, teal; for vrange: tangerine; for purple: grape,
lavender, violet; for pink: rosc; fur brown: beige, cinnamen,
chocolate, cocoa, coffee, mocha, rust, tan; for white: crean;
for grey: (none); for black: (none).

The use of any nonbasic term not on this list was scored 7=
incorrect. One way to gauge the adequacy of these classifi-
cations is to examine their use for scoring the data »f Cen-
dition A of the CIE experiment, where full tungsten
illumination was used. With strict scoring, based only on

correct. With the inclusion of the nonbasic terms, this vaiue
rises to 93%.

(lhc use of basic colour terms, only 62% of the respor-
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Table 4 Divided according 10 carrect colour name and OSA lightness level, this table shaws the number of colour samples in each categury, and the
percentage which were named correctly for cach of the four levels of 100 S/(T + S) used in the experiment

Parameter % Sodium Colour category Mcans Totals

RED ORA YEL GRE BLU PIN BRO FFUR Wil GRA
. Number of samples in each catcgory

1 4 3 28 18 3 3 4 } 3 68

% correct in 91 17 13 97 64 27 28 86 48 58 72 52
cach category 95 25 33 97 48 23 22 B9 40 42 50 13

98 0 2 100 18 4 17 58 3 17 53 20

100 0 0 94 16 0 0 33 4 25 61 11
OSA light- -6 -4 -2 0 +2 +4
ness level _
No. of samples 6 13 15 20 8 6 68
in each category
% correct in 91 . 36 58 59 50 35 64 52
cach category 95 . 36 47 48 37 31 60 43

98 18 23 19 14 5 48 20

100 4 16 15 16 3 38 11

The average percentage correct is given at the far right in the centres of the rectangles whose sides are located one
Table 4. These valﬁcs are also plolu;d incFiEurc 1, along  standard deviation in four dircctions away from the centroid.
with those calculated using the data of the CIE experiment. v 5

From this it will be scen that adding only 10% tungsten to {:)atalc:fordgil.c fogulr %on;h:mr;sl (1;[ the e’;p"""m" a]rc shown.
the Jow-pressure sodium illumination is sufficient to bring | ¢ - 01“ acion . oL lt:l " ”']c.m m": m::lc: lE'c RRtCTID
performance for the subset of 68 samples, gauged by the z’ ldn_c usion (s e}cccpt A& ,fw ntcﬁ and red), Execpt: i
percent-correct criterion, nearly halfway back to that attain- the displacement of grey away {rom the rigin, the locations

. Ay of the centroids arc about the same as for full-spectrum

able under full-spectrum illumination. lighting. For Co ion 95, blue and pink have dropped out,
and black mak initial appearance. The regions for black

and greyaren: , coincident and grey has moved somewliat

toward the oniygin. Also, the rectangles are generally some-
what enlarged. For Condition 98, orangc bhas dropped out
Figure 1  Percentage of colour ;s and the grey and black regions have cxpanded, with rela-
samples correctly named, relative ( tively little change for green and brown. Finally, for Con-
1o a standard described in the text,  dition 100, the grey region has enlarged dramatically, along
as 1 function of the percentage of  wich that for brown; green has finally dropped out and there

low-pressure sodium illumination e 1
: is little change for ycllow.
in 8 mixture of sodium and full- g y

spectrum tungsten. The three data Mean values of lightness, L, do not change much across
points at the upper left are forcon-  conditions. By the time Condition 100 is rcached, as men-
0 P wo  ditionsA,C,and E fromaprevious |/ tioned earlicr, the only basis for colour naming with basic

Percent Sodwm experiment®., \ terms is lightness; yellow, grey, brown, and black are used
in that order as lightness varies from high to low. For
Condition 100, the lightness of a sample depends only upon
( its reflectance in the spectral region of the sodium lines;

Percent Carrect

3.3 Centrowds

The centroid location of a colour in the OSA space is
calculated by summing separatcly the L, j and g values for
colour samples which are identified by that colour name, : %
and then dividing by the number of instances. In other 4 Discussion
words, the centroid lies at the centre of the three-dimensional 5 ; i g .

. <y s . i ? The results of this study indicate that catecgorical colour
region within which the colour term is used. With the data s i : 4 5

p . . ) perception can be significantly improved by adding as little

2{13“;1;2132? E?é‘?:(;::d\:at:;:“sé:n:::: 1‘1:;::;:0:an ;)}::c:\fc,é’r; as 5 or 10% tungsten illumination to the cssentially mono-

; . . . o . chromatic light provided by low-pressure sodium
su;)jecls and _pwv:dc;an !?dcx of the region within which a luminaires. With 10% added, about hall the colour chips
Rolour ol mascheaviyiied, tested are placed correctly within colour categories relative
to the names used to identifly them under full-spectrum
lighting. As the percentage of sodium in the mixture is
increascd, red is the carliest casualy, blue is next, and of
the chromatic colours other than yellow and brown, green

apparently these reflectances corrclaie well, on average, with
reflectances (or the other three conditions, where there is
some power represented in other regions of the spectrum.

In Figure 2, the centroid regions in the j,g plane, with L
values collapsed, are shown for basic colour terms used at
least 50 times for all subjects combined, and by at least five
subjects. Centroids, which are not explicitly plotted, lic at

26 Lighting Rescarch and Technolopy
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cascs because, although these names are used to describe
hues under good lighting conditions, they are employed
solely to rate lightness under monochromatic lighting. As a
result, these terms, along with grey and black, replace the
use of other colour names.

Our results suggest that it would be worthwhile to exper-
iment in the field situation with the addition of small amounts
of tungsten illumination to low-pressure sodium lighting
already in place. If, as our results suggest, this added full-
spectrum light proves useful for the improvement of cat-
egorical colour perception, then consideration could be given
to the design of luminaires to combine the two kinds of
illumination.
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