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Abstract: A colour-naming model was developed to categotanguages name basic colour categories — including pri-
rize volumes for each of the 11 basic names in CIELABmary basic colour categories, such as red — more broadly
colour space. This was tested with three different sets athan does Mandarin (cf. MacLau®yFig. 2.25, Colorado
data for two languages (English and Mandarin), derivedlanguage).

from extensive colour categorization experiments. The per- The objective of the colour-naming model described be-
formance of the model in predicting colour names waslow is to name a colour unambiguously whenever a colour
satisfactory, with an average prediction error of 8.3%. specification is given in CIELAB values. The categorization
© 2001 John Wiley & Sons, Inc. Col Res Appl, 26, 270—277, 2001 of basic colours in CIELAB colour space was carried out
using an optimizing method. Boundaries for each of the 11
basic names were determined to minimize prediction errors
from the experimental data. Finally, all 11 colour volumes
were further refined to leave no gap in CIELAB space. The
DEFINING THE REGIONS naming model was thus established in four stages.
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Part | of this study gathered a large number of colour names
from subjects speaking the English and Mandarin lanStage 1: Boundaries for White, Gray, and Black
guages, and analyzed them to determine the culture and ] )
gender differences. It was confirmed that the 11 basic colour 1€ colour volumes of achromatic colours, i.e., black,
names found by Berlin and Kayvere the most widely used White and gray, are defined by a cylindrical shape, which is
for both languages. Codability analysis was applied to deg:onstralneq by the lightness apd chroma boundarleg. This is
termine their relative consistency of usage. In Part Il of thellustrated in Fig. 1. Achromatic colours used here include
study, colours were mapped to coordinates in the ncdhose with no hue or very little hue attribute (hence, low
colour space, and the centroid and spread of the V0|um_§hroma). The model assumes that these colou.rs are hue-
occupied by each colour were determined from analysis offdependent. In the real world, many chromatic colours
observer data. having low C* values are also considered as achromatic

This article develops a colour-naming model, based orfolours, i.e., near white, near gray, and near black colours as
the data gathered in Experiments | and II. Its validity is confirmed in the experiment of Part II. The level of lightness
demonstrated with a third independent dataset, but it mudt") decides whether the colour is designated black, gray, or
be emphasized that it has been based on data derived frofffite- Hence, both chroma and lightness are used to define
British and Chinese observers viewing surface colours unth® boundaries for three achromatic colours: white, gray,
der specified conditions of illumination, geometry, and sur-and black.
round. Its applicability to other viewing environments and
observers having different cultural or _Ilngwst_lc back- Stage 2: Boundaries for Pink and Brown
grounds should, therefore, be treated with caution. Many

The regions corresponding to pink and brown have a

e _ _3-dimensional fan shape, because these colours exist only

* Correspondence to: Professor Lindsay MacDonald, Colour & Imaging ithi tai defined by liaht h dh
Institute, University of Derby, Kingsway House, Kingsway, Derby DE22 within cer _am ranges detined Dy lightness, chroma, and hue
3HL, UK (e-mail: l.w.macdonald@colour.derby.ac.uk) angle. An increase of chroma beyond some threshold turns
© 2001 John Wiley & Sons, Inc. pink to red, and brown to orange. Hence, these two colours
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After the specification of the achromatic, brown, pink,
and yellow colour volumes, the remainder of colour space
require the specification of all three boundaries in CIELAB can be divided into five regions using hue angle, as shown
space, viz. lightness, chroma, and hue angle as shown in Fig. 4. These correspond to the five basic colours: red,
Fig. 2. orange, green, blue, and purple.

Stage 3: Boundary for Yellow EXPERIMENTAL DATABASE

vell lour region with a hiah level of The 200 ISCC-NBS colours used as samples in Experiment
cllow colours occupy a reglo a nign 1evel of 5 ore plotted on the CIELABC*h° diagram as shown in

Ilghtness within certain huell|m|ts, and they are not re'Fig. 5. The colours were divided into five lightness ranges:
stricted by chroma. When lightness decreases, howeve[

. * = 30, 30< L* =40, 40< L* =60, 60< L* = 80, and
colours having the same chroma and hue angle change frogb — L*. Although the number of ISCC-NBS colours used
yellow to green as shown in Fig. 3. This was an important " __ " °

- . tin Experiment | was much smaller than the number of NCS
finding of Experiments | and Il. samples used in Experiment4lthey were quite evenly
spaced in the CIELAB colour space. Figure 6 shows the
1526 NCS colours used in Experiment Il plotted on the
CIELAB C*h° diagram, with different lightness in five
ranges: L*= 30, 30= L* =40, 40= L* = 60, 60=

L*

White L* = 80, and 86 L*. This provided a comprehensive
coverage of the CIELAB colour space.
In Fig. 7, the 1012 NCS colours chosen by the British
Grey
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FIG. 2. Lightness and chroma boundaries for Brown and FIG. 4. Hue boundaries for Red, Orange, Green, Blue, and
Pink basic names. Purple basic names.
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FIG. 5. 200 ISCC-NBS colours plotted on CIELAB C*h® diagram.

subjects are plotted on the CIELAB*h° diagram. These angle. However, it appears that there is some overlap be-
colours are divided into one achromatic and eight chromati¢ween neighboring colour regions. Similar plots were also
basic colour categories and are drawn in nine diagramgroduced for the 200 colours used in Experiment I. It was
Figure 7 shows that the colours are scattered around the hdieund that although there were large differences between
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FIG. 6. 1526 NCS colours plotted on CIELAB C*h° diagram.

the two sets of viewing conditions, the two ethnic groupssimilar. Hence, it was decided to combine the results of

and the differing methods of assessment, the scatteringxperiments | and Il, including both English and Chinese
pattern of the colour areas for each basic name was vergolour names.
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FIG. 7. 1012 NCS colours distributed in CIELAB C*h° space.
COMPUTING THE BOUNDARIES M N
_ . WF = K(WI, + WE) + >, WIF, + >, WEF, (1)
The results from both Experiment | and Experiment Il were i=1 j=1

used to derive the colour-naming model. Each colour thaivhereWI, andWE, are the numbers of wrongly included
was named a basic colour by more than 50% of subjects iand wrongly excluded samples, respectively, in Experiment
Experiment | was taken as a test colour. There were 133 and WIF; andWEF, represent the frequencies of the wrongly
101 ISCC-NBS colours for the Chinese and British groupsjncluded and wrongly excluded samplesand j, respec-
respectively. From the results of Experiment I, the colourstively, in Experiment II;M andN are the total numbers of
selected in each of the 11 basic colour volumes were usedrongly included and wrongly excluded samples in Exper-

(797 and 1012 NCS colours for the Chinese and Britisiment II; andK is a constant used to give equal weighting to
groups, respectively). the samples in Experiments | and II.

Test software was developed, with the boundaries of each The model was developed in four independent stages as
basic colour defined in CIELAB colour space, i.e., Iby described earlier:

C*, and h° values. The boundary values were iteratively
adjusted to minimize the value of a measure, “wrong fre-Stage 1 Define the boundariesH{ L* and = C*) for the three
quency” (WF), calculated as follows: achromatic basic colour names, i.e., white, gray, and black.
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TABLE |. Computed boundaries for each basic colour.

Lo C h° (anti-clockwise)
Stage Basic colours +(=) -(>) +(=) -(>) +(=) ->)
1 White 100.00 88.85 5.22 0.00
Gray 88.56 42.16 7.46 0.00
Black 36.31 0.00 1.74 0.00
2 Brown 70.22 33.47 52.33 7.37 29.82 72.53
Pink 92.11 49.42 49.86 4.74 -17.42 74.79
3 Yellow 90.78 71.72 — — 65.13 99.42
4 Red — — — — 15.14 40.92
Orange — — — — 40.21 65.98
Green — — — — 88.49 201.99
Blue — — — — 198.58 287.71
Purple — — — — 295.50 353.85
Note: Symbol ‘—’ indicates no specific constraint on the boundaries.

Stage 2 Define the boundariesH{ L*, = C* and = h°) for  there appears to be a lightness gap between gray and black
pink and brown. colours.
Stage 3Define the boundariesH{ L* and £ h°) for yellow. The physical colours within the gap and the colours
Stage 4 Define the boundariest{ h°) for red, orange, predicted by the model were visually checked. From this
green, blue, and purple. Note that, although no explicitssessment, a modified model was established with new
L*, C* limits are defined for red and orange, there is noboundaries as shown in Table Il. In this model there is a
ambiguity, because pink and brown have already beewne-to-one correspondence between colour names and co-
removed in Stage 2. lour coordinates, i.e., each colour name can be located in
one well-defined region of colour space and each location in
Table | shows the result of the computational procedurecolour space is associated with a unique colour name.
to determine the boundaries of the 11 basic colours, ex- In this simple model, no modifiers are defined. Further
pressed in CIELAB coordinates. White has the smallestefinement would permit different subregions of the basic
volume, whereas green occupies the largest volume (hColours to be differentiated. For example, all dark desatu-
ranges from 88—-202°). The colour volumes for brown andrated (low chroma) colours with a lightness value less than
pink are intertwined in lightness, chroma, and hue angle. 30 (except black), could have the modifier “DARK” added
to the name.

REFINING THE BOUNDARIES
MODEL PERFORMANCE

A detailed inspection of the optlr_nlzed boundaries in Table”l’hree sets of experimental data were used to test the model.
| shows both overlaps and gaps in colour space, such as the

gap between black and gray colours and the large overlalpn general, the model accurately predicted these colours.
between brown and pink colours. For achromatic colours, .
the chroma values of gray are less than 7.46, and thBitish Dataset

lightness values are constrained between 42.16-88.56, Out of the total of 1113 colour samples used in Experi-

whereas the lightness values of black are below 36.31. Thuspents | and I, 138 were named as one of the 11 basic names

TABLE Il. Refined boundaries for each basic colour.

Ly Cl h° (anti-clockwise)
Stage Basic colours +(=) -(>) +(=) -(>) +(=) —-(>)
1 White 100 90 5 0 — —
Gray 90 40 5 0 — —
Black 40 0 5 0 — —
2 Brown 60 29 44 5 25 80
Pink 100 60 50 5 340 65
3 Yellow 100 71 — — 65 100
4 Red — — — — 10 40
Orange — — — — 40 66
Green — — — — 66 196
Blue — — — — 196 290
Purple —_ — — — 290 10

Notes: 1. All colours except ‘black’ should have a modifier ‘dark’ added when L* < 30.
2. Symbol ‘—’ indicates no specific constraint on the boundaries.
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TABLE Ill. Result of using the model for British group. with both in-class and out-of-class prediction errors of 20/
170 = 11.8%.

Some of the reasons for prediction errors were similar to
those for the British dataset. The colour named WHITE (

No. of
WI (No.) WE (No.) WD (No.) basic colours

WHITE 0 1 1 2 value of 5.22) by subjects was again predicted as PINK. It
Bk J g g o was also wrongly included by some subjects in the PINK
RED 0 0 0 6 category. Two colours named GRAY by the subjects were
YELLOW 1 0 1 15 predicted as YELLOW and BROWN due to slightly higher
SE‘EEN 8 8 8 2‘2‘ chroma values. One colour named PINK by subjects was
ORANGE 0 0 0 11 predicted as PURPLE due to slightly lower lightness values.
PURPLE 2 0 2 11 Only black was predicted correctly in all cases.

EIF,‘\I?(WN ] g ; " There were also other “wrong decision” colours for Chi-
Total 5 5 10 138 nese subjects for different reasons. Four yellows were pre-

dicted as GREEN due to the slightly lowlef values (61.43,
Note: WI (No.) indicates the number of colours wrongly included. 62.33. 62.56. 69.17 — all of which are lower than the
WE (No.) indicates the number of colours wrongly excluded. U = ' .
WD (No.) indicated the number of ‘wrong decision’ colours.  threshold 71.00). These were also included wrongly by
No. of Basic Colours is the total number of basic colours some subjects in the GREEN category. Browns were diffi-
named by over 50% of subjects. cult colours for Chinese subjects, and none of the colours
was named BROWN consistently by the majority of Chi-

» i nese subjects.
by more than 50% of the British subjects. In other words,

these 138 colours had a high haming consensus for British
subjects. Lti’s Chinese Dataset
A colour was counted as “wrong decision” when the o ) .
colour name predicted by the model disagreed with the 'N€ objective of this study was to devise a model that
experimental results. (Note that the term “wrong decision”ould provide an accurate name for any colour with a given
is used here only to represent a measure of fit. It does ndt/ELAB specification. Lis> model used the Berlin and
mean that names for samples beyond the colour limits ar§Y Set, for which the colour coordinates (expressed as CIE
actually wrong, because basic colour names across differefftY: ) Were determined from the Munsell renotation table
languages could have large areas of overlap.) Table Il listgnder C/2° conditions. These data were transformed to
the number of wrong decisions produced by the model fo”!ELAB values. ,
each basic colour category, with a total of 10 errors over the AMong 297 colours chosen and named bysLsubjects,
11 basic names. The model's performance was consideredp colours were consistently named by more than half the
to be good, with both in-class and out-of-class prediction@roup- Predictions for these colours were made using the
errors of 5/138= 3.6%. There were no wrong decisions for model, with the results given in Tal:_)le V. Overall the model
black, red, green, blue, and orange colours, meaning that tHRErformance was good, with both in-class and out-of-class
model could successfully predict these colours and provig@rediction errors of 6/65= 9.2%. There was no wrong
colour names accurately in all cases. decision for white, red, blue, purple, and pink. Two oranges
One white was predicted as PINK and wrongly included
in the PINK category, because its* value (5.22) was
slightly higher than the threshold (5.00). Two grays were ABLE IV. Result of using the model for Chinese
predicted as YELLOW or BROWN because of their higher 9"0UP-
chroma values. Two pinks were predicted by the model as

No. of

PURPLE because of their lower values (53.45 and 49.42, WI (No) WE(No) WD (No.) basic colours
both less than 60). These wrongly predicted examples are TE 0 ] ] 4
not considered serious, because in each case they are IocagﬂCK 0 0 0 8
close to the boundary between two basic colour volumes itGRAY 0 4 4 19
CIELAB space, and both names were used in the colouRED 0 3 3 12
database YELLOW 2 4 6 20
name - GREEN 6 0 6 42
BLUE 1 1 2 24
ORANGE 0 5 5 20
PURPLE 4 1 5 13
Chinese Dataset BROWN 3 0 3 0
PINK 4 1 5 8
Total 20 20 40 170

Table 1V lists the results of predictions by the model for
170 colours (out of 133 ISCC-NBS colours and 797 NCS Note: WI (No.) indicates the number of colours wrongly included.
CO|OUI’S) named by the majority of Chinese subject§(Q%) WE (No.) indicates the number of colours wrongly excluded.

. , WD (No.) indicated the number of ‘wrong decision’ colours.
from Experiments | and Il. The model’s performance for the

) ) - ) No. of Basic Colours is the total number of basic colours
Chinese subjects was not as good as for the British subjects, named by over 50% of subjects.
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were predicted as YELLOW due to slightly higher lightnessTABLE VI. Experimental viewing conditions.
(71.45 compared with threshold 71.00). Three browns werée

predicted as two GREEN and one ORANGE due to their_Faameter Experiment | Experiment Ii
slightly higher chroma, which was outside the BROWN paper surface Glossy Semi-matt
boundary. A check against the data presented’iis bui-  Background Gray White
cles showed that these wrongly predicted colours had alsg/e¥ng field o 2

X . : . - Daylight Natural Artificial
been included in other categories by subjects, although witByrround White Gray®

lower frequency.
d 4 2 British subjects only.

SUMMARY two sets of experiments, which were conducted under a
wide range of viewing conditions as shown in the Table VI.
A colour-naming model was derived to categorize all colour It can be seen from Table VI that although the viewing
coordinates in CIELAB colour space into 11 basic colourconditions, observers, and experimental techniques in
names. The model gave good predictions of results for th&€xperiments | and Il were largely different, results from
group of British subjects, and reasonable predictions othe two sets of data were highly consistent. The model
results for the Chinese subjects and an additional datasetised upon these datasets, therefore, should also be quite
from L0.5 In general, the results were considered to berobust.
satisfactory, with the average error over all three datasets Three further areas should be studied. First, an experi-
being 31/373= 8.3%. ment should be conducted with subjects of other races and
The model was derived from colour names collected inother languages to refine the boundaries of the colour-
naming model. Second, the boundaries of modifiers in each
basic colour volume should be derived, to make the model
TABLE V. Result of using the model for LU data. more complete and more precise. Finally, new results
should be produced for naming CRT colours, which are
frequently seen against dim or dark surrounds, unlike the
surface colours seen against lighter surrounds.

No. of
WI (No.) WE (No.) WD (No.) basic colours

WHITE 0 0 0 1

BLACK 1 0 1 2 1. Berlin B, Kay P. Basic color terms: their universality and evolution.
S‘ESY 8 8 8 g Berkeley: Univ Calif; 1969. - . .
YELLOW 2 0 5 3 2. MacLaqry RE. Color and cpgnmqn in Mesoamerica: Constructing
GREEN 2 0 2 11 categories as vantages. Austin: Univ Texas; 1997.

BLUE 0 0 0 9 3. Lin H, Luo MR, MacDonald LW, Tarrant AWS. A cross-cultural
ORANGE 1 2 3 4 colour-naming study. Pat — Using an unconstrained method. Color
PURPLE 0 0 0 13 Res Appl 2001;26:40-60.

BROWN 0 3 3 5 4. Lin H, Luo MR, MacDonald LW, Tarrant AWS. A cross-cultural
PINK 0 0 0 7 colour-naming study. Part Il — Using a constrained method. Color Res
Total 6 6 12 65

Appl 2001;26:193-208.

5. Lu CF. Basic Mandarin color terms. Color Res Appl 1997;22:4-10.
WE (No.) indicates the number of colours wrongly excluded. ' Ngwhall SM, Nlckerson D, Judd DB. Final report of the OSA S”b"?m',
WD (No.) indicates the number of ‘wrong decision’ colours. mittee on the spacing of the Munsell colors, J Opt Soc Am 1943;33:

No. of Basic Colours is the total number of basic colours 385-418.
named by over 50% of subjects.

Note: WI (No.) indicates the number of colours wrongly included.
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