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The evolution of population color categorization systems formed on the Farnsworth-Munsell 100 Hue Test
continuum is investigated in populations of artificial agents using realistic constraints from human populations:
namely, (i) varying amounts of normal observer heterogeneity, and (ii) varying degrees and forms of observer
color deficiency. These constraints are made operational in agent categorization and communication games.
They produce a number of interesting consequences for stable, shared categorization solutions that are
evolved in agent populations. It is found that the confusion patterns associated with a small fraction of
color deficient agents break symmetries in population categorization solutions, and confine the boundaries
of color categories to a small subset of available locations. Further, confusion pattern variations across
different types of deficient agents lead to changes in category size and number that depend on the form
of deficiency represented. In particular, stimulus pairs forming global confusion axes for dichromats tend
to attract color boundaries, and local confusion regions characteristic of both dichromats and anomalous
trichromats tend to repel color boundaries. Furthermore, the concurrent presence of normal agents and
several different kinds of deficient agents produces novel constrained solutions that optimize successful catego-
rization performance in population communication games involving color. c© 2008 Optical Society of America
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1. INTRODUCTION

The empirical literature on human color perception and
categorization suggests that there is a good deal of uni-
versality in color categorization across different groups
of people, although a considerable amount of variation
is observed across individual categorizers and ethnolin-
guistic categorization systems [1]. A long-standing de-
bate in the field is whether specific universal tendencies
exist in the ways different human linguistic societies cat-
egorize and name perceptual color experiences, and if so,
to what factors (e.g., physical environment, human bi-
ology, perception, social features) cause them. A major
challenge for the area continues to be developing a theory
that accounts for universal patterns seen in color cate-
gorization data while simultaneously explaining observed
differences. This color vision and perceptual processing
problem has recently attracted the interest of computa-
tional scientists [2− 7].

This article explores the impact of visual processing
constraints on the evolution of shared color category sys-
tems. One goal is to systematically examine the ways
color category solutions change as a function of simple
perceptual processing variations in observer populations,
including various types of color discrimination deficien-
cies found in real observers. Another goal is to isolate the
mechanisms that play an instrumental role in simulated
category solution variation.

The present modeling framework uses agent based,
evolutionary game theory methods previously employed
to model human color categorization systems [5, 7].

This earlier research considered only idealized popu-
lations of agents with different color perception abilities.
By comparison, the present research investigates the im-
pact of more realistic observer variation and population
heterogeneity on the formation of stable population cate-
gory structures. The present article investigates the role
of different types of color perception/processing in the
formation of shared population color categories. In par-
ticular, we examine the following types of observer varia-
tion: (1) normal color perception variation, (2) the role of
anomalous trichromats, (3) the role of dichromats (both
protanopes and deuteranopes), and (4) the role of the
color categorization “experts”.

In the sections below we first describe the stimulus
continuum on which all our agent models are based, then
detail the agent models used, then report several investi-
gations that use increasingly realistic population models,
and report their results. The last sections of the article
discuss the findings of the research.

2. MODELING ARTIFICIAL OBSERVER
POPULATIONS

Below we describe an approach used for idealizing some
realistic constraints on color categorization and inter-
individual communication. This approach uses a model-
ing framework in which individual agents learn to cat-
egorize simulated colors through reinforcement learning
by playing “discrimination-similarity games,” and learn
to communicate the meaning of categories to each other
[5, 7]. The three main components of this article’s evo-
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lutionary approach are (a) the stimulus space, (b) the
observer model, and (c) the evolutionary game. Compo-
nent (c) is adopted from earlier research [5, 7], whereas
components (a) and (b) are novel and require a detailed
description, which is provided below.

The Farnsworth-Munsell 100 Hue Test as a
Stimulus Space

Similar to earlier research [5, 7] we use a hue circle as
a natural subspace of the color appearance solid. For
the task of introducing realistic population heterogene-
ity into simulated color categorization investigations, the
hue circle provides a very useful simplification for sev-
eral reasons: (i) It is a justified subspace according to
models of human color perception [8, p. 184]. (ii) It is
has value as a structure for distinguishing normal ob-
servers from color deficient observers based on hue circle
similarity relations (e.g., [9]) (iii) It is a natural choice
as a color subspace, because it preserves similarity re-
lations among hue categories regardless of variation in
salient hue points across individuals. That is, the hue cir-
cle captures, for most human observers, the appropriate
ordinal relations among hues, as well as color-opponent
hue structure, even though as a color stimulus it lacks
saturation and lightness dimensions generally considered
important to individual perceptual color space. And (iv)
as described in detail below, use of the hue circle capi-
talizes on existing human color perception data from a
widely researched stimulus, for the purpose of modeling
artificial agent observer groups.

The hue circle stimulus model employed in the present
investigations is the Farnsworth-Munsell 100 hue test, or
FM100 [10]. The FM100 stimulus set forms hue circle
that is well understood colorimetrically and is in com-
mon use as a diagnostic technique for human color per-
ception deficiencies. This latter feature permits the use
of the FM100 in modeling varying discrimination capa-
bilities in our artificial observers.

The FM100 stimulus is a continuous hue circle series,
discretized into 85 color “caps” that form a smooth gra-
dient of hue, ostensibly at a fixed level of brightness and a
fixed level of saturation. (See Figure 1 for an approxima-
tion of the 85 cap hue gradient). The present use of the
FM100’s 85 stimuli as an approximate hue circle con-
tinuum naturally extends beyond the hue continua in-
vestigated in our earlier color category studies, and per-
mits more direct generalizations and comparisons with
available human color perception data. Also, because the
FM100’s 85 hues form an approximate continuum of uni-
form Munsell Chroma and comparatively uniform Mun-
sell Value levels [11, p. 2239, Figure 1], this provides
for the opportunity to relate findings from our simu-
lated population category solutions to existing human
color category partitioning results (at a specific Mun-
sell Value) on a widely used stimulus set (i.e., the World
Color Survey stimulus grid [12, 13]). In the investigations
described in this article, populations of simulated agent
observers engage in communication games (as described

in [5, 7] with the stimuli of the FM100 as the domain of
color space sampled, instead of a theoretical sample.

Realistic Models of Population Heterogeneity

A major goal of this article is to understand color cat-
egorization variation that may be seen under popula-
tion homogeneity (i.e., populations of artificial agents in
which all individual agents possess the same discrimina-
tion model) compared with that seen under realistic pop-
ulation heterogeneity (i.e., populations in which individ-
ual agent models approximate, to varying degrees, actual
dichromat, anomalous trichromat or normal trichromat
hue discrimination data). While throughout the present
investigations we refer to normal, anomalous trichromat,
and dichromat agents, as mentioned above, we consider a
subspace of perceptual color space, and therefore the ob-
server models presented reflect only a portion of human
color discrimination behaviors found in realistic circum-
stances.

We now describe the approximations used to de-
fine our models for normal, anomalous trichromat and
dichromat color observer models. In the present popula-
tions, we model only color perception deficiencies linked
to human X-chromosome recessive inheritance, or forms
of protan and deutan variation. The biological bases and
perceptual consequences of these human forms of defi-
ciency are well understood [14]. In protan defects the
long-wavelength sensitive photopigment is missing or ab-
normal. In deutan defects the middle-wavelength sensi-
tive photopigment is missing or abnormal. Under real-
istic viewing circumstances both protan and deutan de-
fects show varying degrees of color confusions, which can
be summarized as confusions among colors within the
sets of (1) green-yellows, yellows, and yellow-reds; (2)
browns and greens; (3) blue-greens and violets; and (4)
purples, grays, and greens. In addition to these four con-
fusion sets, protan deficient individuals may additionally
confuse reds with blacks; whereas deutan deficient indi-
viduals may confuse greens with blacks [14]. These forms
of deficiency are found, for example, in some populations
of European descent as shown in Table 1.1 Note that Ta-
ble 1 distinguishes between deficient forms that involve
a shift of photopigment sensitivity compared with forms
caused by a lack of a photopigment class. Table 1’s ob-
served human frequencies are ranges, in part, because of
measurement and sampling variation across different em-
pirical studies. These data are used primarily as a guide
for relative frequencies in our artificial agent populations.
They serve the aim of optimizing the influence of popu-
lation heterogeneity on category solutions (as opposed to
aiming to replicate specific human observer population
frequencies).

Although the present investigations use human empir-
ical data as the basis for our simulated observers, there
are important differences between the color categoriza-
tion scenarios seen in real human populations and those

1Table 1 combines data from several sources [14− 18]
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simulated here. First, we do not model any learned cog-
nitive factors that contribute to color categorization –
e.g., factors that include individual color memory, social
utility that may be attached to specific colors, or per-
sonal color salience. One reason for not including such
complex cognitive factors in the present investigations is
so that we can begin the inquiry from a simple starting
point; another is that we want to clarify the influences of
color perception and discrimination differences on cat-
egorization behaviors. This initial cognitive minimalist
approach permits the gradual increase of cognitive com-
plexity for evaluation – an aim of on-going work [19] –
and allows us to systematically study the effects of dif-
ferent factors on color categorization.

Second, we make few assumptions about the salience
of color space from the point of view of both (a) variation
in environmental color distribution, and (b) variation in
the putative importance, or utility, of some subspace of
environmental color compared to any other subspace.
(See [20] for a discussion.) Thus, in contrast to our ear-
lier investigations [5, 7], this article does not investigate
regions of increased salience or environmental color hot
spots, nor are there any investigations at the individ-
ual observer level – e.g., specific color appearances that
are universally salient, such as Hering’s Urfarben Unique
Hue color appearances – although these are among the
aims of our on going studies.

Modeling Different types of Observer Variation
within a Population

Both normal and deficient observer group models, based
on human data, are used in these simulations. “Nor-
mal” agents include those based on normal trichro-
mat performances on the FM100 hue test, with trichro-
macy confirmed by pseudoisochromatic plate assessment
[21]. “Anomalous Trichromat” agents are modeled using
individual anomalous trichromat performances on the
FM100 as reported by Bimler and colleagues [22, Ta-
ble 1, p. 166]. And “Deficient” agents are modeled us-
ing diagnosed protanope and deuteranope performances
found in the FM100 diagnostic database [23]. Qualita-
tively compared to normal trichromats, protanopes and
protanomalous trichromats have reduced sensitivity to
long wavelengths, whereas deuteranopes and deutera-
nomalous trichromats have reduced sensitivity to middle
wavelengths [24].

In order to employ data from actual normal and
anomalous human individuals, we introduce a probabilis-
tic observer model. The color stimulus (a hue circle) to be
categorized by all agents is assumed to be identical (i.e.,
FM100 stimulus). Colors are chosen randomly from the
circle and presented to the observer. We next apply the
appropriate color confusion transformation which gives
probabilities for the observer to perceive the two chosen
color stimuli as the same or different in color. In general
the transformation is described as a stochastic n×n ma-
trix (a matrix whose rows sum up to one), {Cij}, whose

entries Cij give the probability that stimulus i is per-
ceived as stimulus j. The confusion matrix is different
for different individuals.

In modeling our agents we distinguish between several
types of discrimination based confusions among FM100
stimuli. Here we first describe a form of unsystematic
noise in individual agents’ categorization performance
that resembles the confusion errors often seen when hu-
man observers sort the hue continuum of the FM100
stimulus – referred to below as sorting confusions. Then
we follow with a description of two additional kinds of
confusions – referred to below as local and global confu-
sions – that are modeled in our agents.

Sorting Confusions. Although an individual may have
perfectly normal color perception and be expected to
show error free performance on FM100 sorting, typically
sorting performance shows some random transposition
errors, or confusions, that occur between adjacent stim-
uli. Such confusions tend to be 2-cap exchange errors
that are random, seldom reoccur on retest, and are not
bunched in any one region of the hue circle [25].

We factor this kind of normal (i.e., unbiased) sort-
ing confusions into our model in the following way. We
assume that with probability p, each color cap can be
confused with either the cap just to the left or the cap
just to the right from it on the FM100 stimulus. (Below
we sometimes refer to the p as the “noise” parameter).
This leads to the following matrix:

Csorting
ij =

 1− p, i = j,
p/2, j = i± 1,
0, otherwise.

Local confusions. Local confusions are confusions
among neighboring FM100 stimuli (mostly within, but
also spanning, FM100 trays), which go beyond sorting
confusions described above. Local confusions for deficient
observers are concentrated inside local confusion regions,
which are continuous portions of the FM100 continuum
where an observer might confuse several adjacent stim-
uli with one another, perhaps transposing the stimulus
order by as much as 10 steps or more in the circle. Seg-
ments at which there exists a tendency to transpose the
sequential stimulus order can appear at any location in
an FM100 tray, including segments of mis-sorting at the
end of a given FM100 tray which may be seen to con-
tinue when the observer sorts stimuli in the tray most
adjacent to the mis-sorted segment. Thus, local confu-
sion regions can span two trays of the FM100, and may
be found anywhere along the 85 stimulus continuum de-
pendent on the severity and type of deficient observer
tested.

To model local confusions, we assume that there are
regions in the color space where the probability of con-
fusion is highly elevated compared to the incidence of
sorting confusions, see e.g. Figure 1 for deuteranopes and
protanopes. Let us denote the confusion regions as I1 and
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Table 1. Observed Frequency Ranges of Human Color Deficiency used to Model Heterogeneous Agent Populations

Type of Number of Percent Frequency Ranges in
color deficiency photopigments Populations of European Descent
Protanopia 2: No long-wavelength 1.01 - 1.60

sensitive photopigment
Protanomalous Trichromacy 3: Abnormal long-wavelength 1.03 - 1.27

sensitive photopigment
Deuteranopia 2: No middle-wavelength 1.01 - 1.97

sensitive photopigment
Deuteranomalous Trichromacy 3: Abnormal middle-wavelength 4.01 - 5.35

sensitive photopigment

Fig. 1. Hue gradient of the FM100 stimulus model (circumfer-
ence) shown with confusion data used to model protanopes (left)
and deuteranope (right) agents used in simulations. Colored lines
show a main axes of confusion for three forms of deficiencies:
red=protan, green=deutan, blue=tritan (tritan deficiencies are not
investigated here). Deviations from the inner-most circular contour
illustrate stimulus sorting errors. An ideal normal response, with
no confusions among the 85 stimuli, would plot as no deviations
from the inner-most circular contour of the figure.

I2. We have:

Cloc
ij =

 exp{− (j−i)2

w }W−1
i , i, j ∈ I1 or i, j ∈ I2,

1, i = j /∈ I1,2,
0, otherwise,

where w is related to the characteristic width of the
confusion range, and W is the normalization factor for
the given confusion region: Wi =

∑
j∈I1,2

exp{− (j−i)2

w },
where the summation is over all the caps inside the con-
fusion region of cap i.

Global confusions. Global confusions are confusions
across the hue circle (across FM100 trays). They consist
of pairs of FM100 stimuli that form a confusion line pair
(see Figure 2) for which color stimuli across the hue cir-
cle are linked by a line of confusion (similar to an “axis
of confusion” [7]). Based upon the data shown in Fig-
ure 2, global confusions are given by three pairs of caps
from opposing sides of the color circle which are com-
monly confused (or even indistinguishable) by dichro-
mats. Let us denote them xk and x̄k with k ∈ {1, 2, 3}.

It is convenient to introduce a function g defined on the
set Xgl ≡ {x1, x̄1, . . . , x̄3} such that g(xk) = x̄k and
g(x̄k) = xk. The global confusion matrix is given by the
following formula:

Cglob
ij =


0.5, i ∈ Xgl and j = i,
0.5, i ∈ Xgl and j = g(i),
1, i = j /∈ Xgl,
0, otherwise.

Parameter estimation based on data analysis

We now use individual observer sorting data of the
FM100 stimuli to determine the simulation parameter
settings for modeling normal, dichromat and anomalous
agents.

Local confusion regions. For protan and deu-
tan models, local confusion regions were determined
based on the individual results seen in Figure 1. The
protanopes have two confusion region ranges: I1 =
[12, 27] and I2 = [59, 70]. For deuteranopes, there are
also two regions: caps I1 = [9, 25] and caps I2 = [51, 63].

To model the anomalous trichromat local confusion
regions, we used data from 10 protanomalous and 17
deuteranomalous individuals diagnosed as severe or ex-
treme anomalous (with diagnoses confirmed by anoma-
louscope matching and pseudoisochromatic plate assess-
ment) by Bimler, Kirkland & Jacobs ([22], Table 1,
p. 166). We computed two average models that com-
bined the FM100 performance vectors across the sepa-
rate groups of protanomalous and deuteranomalous indi-
viduals. To do this we considered individual Farnsworth-
Munsell performance as a vector of 85 numbers corre-
sponding to an individual’s ordering of the test’s 85 color
caps, {x(I)

1 , . . . , x
(I)
85 }, where the superscript (I) is used

to distinguish different individuals. From these, we calcu-
lated the averaged count of Farnsworth-Munsell transpo-
sitions in ordering, in the following way. Denote by SPN

(SDN ) the set of all protanomalous (deuteranomalous)
individuals, and by NPN (NDN ) the respective numbers
of anomalous individuals. Then the average FM100 per-
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formance vectors are obtained as follows:

x̄PN
i = N−1

PN

∑
I∈SP N

x
(I)
i , x̄DN

i = N−1
DN

∑
I∈SDN

x
(I)
i .

Average FM100 performance vectors for protanomalous
and deuteranomalous individuals are shown in Figure 3.
Note that 2 has been subtracted from the y-axis values
of Figure 3 because usually a FM100 score of 2 is the
lowest possible score that any cap can obtain, and rep-
resents perfect serial order [25, p. 570]; whereas, for sim-
plicity, here we represent “no error” by the value zero.
Two “bumps” in the averaged plots are easily detected;
they correspond to the regions of confusion. The bound-
aries of these local confusion regions are determined as
demonstrated in Figure 3: the continuous regions of caps
where average cap error scores exceeding 1.5 give the po-
sitions of the local confusion regions. For protanomalous
individuals, the confusion regions obtained are ranges
14-21 and 57-71; for deuteranomalous individuals they
are 10-22 and 51-67.

Sorting errors. The probability of sorting errors, p,
is calculated as follows. For normal individuals we used
the FM100 data of 10 normal trichromat individuals,
and we calculated each individual’s total number of cap
inversions.2 The average number of observed inversions
across the 10 normal individuals equaled 6.8 inversions.
Thus, based on these data, on average a normal individ-
ual makes 6.8 randomly distributed sorting errors per
85 caps (1.7 inversions per tray). The probability of in-
version per cap is given by 6.8/85 = 0.08, that is, 8%.
This value was used to model the unbiased sorting error
for normal individual performance across the 85 stimulus
set. Consistent with dichromat characteristic patterns of
performance, 8% sorting error was also used to model
dichromat sorting confusion rates outside local confusion
regions and independent of global confusion pairs.3

Modeling anomalous trichromats (Figure 3) we noted
that this class of observer exhibits patterns of diffuse
color confusion, even outside the local confusion regions,
where they show considerable sorting difficulties com-
pared to the normal observers. Thus, to calculate the
probability of sorting errors for our anomalous agents,
we performed an average transposition calculation sim-
ilar to that for the normals, but we restricted the com-
putation to sequence inversions outside the anomalous
local confusion regions.4 We obtained the following esti-
mates: for protanomalous individuals, the probability of

2Same as the total number of sequence inversions (inversions of
two adjacent caps) needed to recreate the perfect cap ordering of
1 to 85 out of the individual’s sorting data.

3Making the assumption that dichromats tend to perform on a
par with normals away from their axes of confusion, despite Figure
1’s suggestion that dichromats can exhibit error-free performance
away from their local confusion regions.

4Under the observation that protanomalous and deuteranoma-
lous individuals experience two types of confusion errors. One type
arising from a systematic bias in color space (consistent with either
a shift of the peak sensitivity of the L-photopigment curve towards
the M-photopigment (protanomalous), or a shift of the peak sen-

inversion was 26%, and for deuteranomalous individuals
it was 24% per cap.

The confusion range. We also defined a width pa-
rameter, w, for cap sequence inversions that occur inside
the confusion regions. To do this, we find the quantity
q ≡ (1/N)

∑
I(1/n)

∑
i |xI

i − i|, where the inner summa-
tion is over all the caps inside the confusion regions, n is
the number of caps inside the confusion region, and N
is the total number of protanomalous or deuteranoma-
lous individuals. Then the value of w is evaluated5 as
w ≈ πq2. We find that q = 1.2 for protanomalous and
q = 1.4 for deuteranomalous, which roughly gives the
value w = 5.

Fig. 2. Dain’s depiction of 85 FM100 stimuli displayed in
CIE 1976 u′, v′ coordinate space [26] (reproduced with
permission). Inset lines show three global confusion pairs
each for protan (solid lines) and deutan (dotted lines)
deficient agents as modeled in the present investigations.

Global confusion pairs. Figure 2 data is used to
derive values for dichromat global confusion pairs.
Protanope global confusion pairs are caps: x1 = 9 &
x̄1 = 29, x2 = 1 & x̄2 = 40, and x3 = 74 & x̄3 = 53.
Deuteranopes also have three global confusion pairs:
x1 = 11 & x̄1 = 21, x2 = 2 & x̄2 = 31, and x3 = 79
& x̄3 = 42.

Summary of the model. Using the considerations
described above we incorporated the following agent con-
fusion definitions in our model:

sitivity of the M-photopigment curve towards the L-photopigment
(deuteranomalous)) which produces higher confusion in local con-
fusion regions similar to those found for dichromats; and a second,
general tendency for diffuse color confusions outside these local
confusion regions.

5by using q ≈
R

e−x2/w|x| dxR
e−x2/w dx

=
p
w/π.
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Fig. 3. Average FM100 stimuli sorting score for protanomalous
(n = 10) and deuteranomalous (n = 17) individuals. In both plots,
the horizontal axis is the 85 caps of the FM100, and the vertical
axis is the observed average error at each cap for the two samples
considered. Bracketed regions illustrate continuous regions of con-
fusion, arising from confusion patterns in the data, that obtain the
value 1.5 for each anomalous type.

• Normals (C = Csorting):

– Probability of confusion with a neighboring cap
is p = 8%.

• Anomalous trichromats (C = CsortingCloc):

– Local confusion regions based on observer
data, and supported by the major axes for
anomalous subjects reported by Farnsworth
[25], are FM100 cap segments 14-22 and 57-71
for protanomalous, 9-22 and 51-67 for deutera-
nomalous; inside the confusion regions w = 5.

– Probability of confusion with a neighboring
cap, both inside and outside the confusion re-
gion is p = 25%.

• Dichromats (C = CsortingCglobCloc):

– Local confusion regions based on Figure 1’s
data range from 12-27 and from 59-70 for
protanope agents; and 9-25 and 51-63 for
deuteranope agents. Inside the confusion re-
gions w = 10.6

– Global confusion pairs based on Figure 2 data:
(9,29), (1,40), (74,53) for protanopes, (11,21),
(2,31), (79,42) for deuteranopes.

– Probability of confusion with a neighboring
cap, both inside and outside the confusion re-
gion is p = 8%.

Other simulation parameters used here are defined in
Table 2.

Note that our modeling of global confusion pairs, local
confusion regions, sorting confusion rates (p), and the
range of confusion within a local confusion region (w)
are based on data observed from sampled representative

6These dichromat confusion regions closely resemble Mantere
and colleagues’ [11] simulated dichromat FM100 performance
based on the standard Farnsworth method of scoring [10].

subjects from each observer group modeled. To the de-
gree that the data used to create these models differ from
other observer data found in the literature, the models
would also similarly vary. In developing these models we
tested numerous variants to determine how changes in
the underlying data would impact the models, and how,
in turn, the categorization solutions would be affected.
We found that altering model features like the positions
of local confusion ranges, and global confusion pairs, or
varying the values of sorting confusion rates, did not fun-
damentally alter any of the findings presented here, or
render less-robust any of the results for symmetry break-
ing or any of the other category solution effects that we
report below.

3. POPULATION HUE CATEGORIZATION
INVESTIGATIONS

The investigations are organized as follows: First we in-
vestigate homogeneous populations (Study 1) to com-
pare with results from heterogeneous population inves-
tigations (Studies 2, 3, & 4). Study 1 has two emphases:
Emphasis 1 examines solution variations obtained from
several homogeneous populations. Some of these homo-
geneous populations are comprised of agents modeled as
ideal observers, and other populations consist of ideal
observer models made more realistic by allowing them
to discriminate the stimuli to be categorized with vari-
ous degrees of probabilistic confusion. Emphasis 2 eval-
uates how the introduction of different forms of color
discrimination confusions (local confusion regions and
global confusion pairs) affect the homogeneous popula-
tion results, and how they trade off in category solution
evolution. Study 2 investigates how heterogeneous pop-
ulations’ categorization solutions are affected by local
and global confusion influences. This is done by com-
paring solutions from populations protan versus deutan
biases. In addition, Study 2’s normal observer models
include models that approximate anomalous trichromat
performance. Study 3 presents the first approximately
realistic populations of agents. This study is designed to
reflect both realistic observer models and approximated
population frequencies of common observer types seen
in many human populations. Similar to Study 1 and
2, results from Study 3 are examined for the influence
of population features on stable categorization solution
convergence, levels of population agreement, the pres-
ence of symmetry breaking and its causes, the placement
of category boundaries seen in solutions, and the num-
ber, sizes, and denotative extents of the stable category
partitions relative to the FM100 hue circle continuum.
Study 4 extends the investigations to examine whether
agent models based on FM100 performance data from
humans with color perception expertise (i.e., observers
empirically shown to have heightened color sensitivity
by Jameson and colleagues) impose further constraints
on population solutions, and whether such agents can
communicate with others in a heterogeneous population
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Table 2. Simulation Parameters

Parameter Definition Value
N Total number of agents 100
n Total number of hue circle stimuli (FM100 samples) 85

ksim Parameter defining the pragmatic utility of colors 11
w The confusion range operating in a local confusion region varies
p The probability of sorting confusion varies

with no deleterious affects on the generation of a robustly
shared population categorization solution.

Discrimination-Similarity Communication
Games Interpreted for the FM100 Stimulus

Throughout this article, population naming of colors is
achieved through the discrimination-similarity commu-
nication game. This game and its rationale as a model
for the cultural evolution of color categories is described
in detail elsewhere [5, 7]. Here we described only its es-
sentials.

For the purposes of this article, the game is played
with the 85 FM100 caps. The goal of the game is for a
population of agents to communicate successfully about
colors, given certain sensible features involving catego-
rization. At the beginning of the game, a fixed number
of names is provided. Agents evolve probabilistic naming
strategies for the caps using these and only these names.
In a given round of the game, two agents are randomly
chosen from the population and two caps are randomly
chosen. An agent probabilistic naming strategy is up-
dated by its performance in the round. The basic idea of
the updating is that if individuals are successful in com-
municating about the colors of two caps to each other,
that is, agree on the caps’ names, then the probabili-
ties that they will give the same names to those caps
in the future is increased (i.e., the agents are positively
reinforced) and appropriate decreasing adjustments are
made in the other caps. To carry out a successful com-
munication in a round, it is also required that the two
names meet the following coherence requirement. The
degree of similarity of two distinct caps is related to the
inverse of the smallest number of caps between them. If
the degree of similarity of two caps is large (that is, the
two caps are near each other in the circle) and there is
not an enormous number of names (which is the case
in all of our simulations), then for the naming system
to be evolutionarily effective, in general, the two caps
should have the same name. Similarly, the names for two
caps with a small degree of similarity should, in general,
be different. ksim is a parameter that denotes a degree
of similarity that determines whether two caps should
be given the same name or different names: caps with
fewer that ksim caps between them should be given the
same name, and those separated by more that ksim caps
should be given different names.

The details of the discrimination-similarity game, vari-

ants of the game, its relationship to other evolution-
ary algorithms for population naming, and its rationale
as a reasonable approach for understanding central fea-
tures of the evolution of color categorization are reported
in detail elsewhere [5]. The approach extended to pop-
ulations with ideal heterogeneous color observers with
fixed and variable ksim was also recently reported [7].
The present investigations consider situations involving
agents made to resemble a variety of real observers with
fixed ksim .

In the abovementioned articles as well as this one, the
discrimination-similarity game evolves population nam-
ing behavior that is near theoretically optimal. (An ear-
lier report [5] details a method for calculating optimal
naming behavior.) Optimal naming behavior produces
categories that are continuous regions of about equal
size. Optimal naming for the discrimination-similarity
game cannot be perfect, because when two adjacent chips
are at a category boundary such that one belongs to the
category and the other does not, a communication failure
necessarily results, because of the coherence requirement
of ksim .

STUDY 1: Investigating Homogeneous Popula-
tion Solutions.

Study 1 examines homogeneous populations comprised
of individual agents with the same underlying model.
The aim of Study 1 is to (i) examine categorization solu-
tions under different homogeneous perceptual biases, and
(ii) provide for comparisons with the heterogeneous pop-
ulation solutions of Studies 2 to 4. Three types of homo-
geneous populations were separately considered: First,
different populations comprised of 100% normal individ-
ual agents; second populations of 100% protanopes; and
third populations of 100% deuteranopes. The results are
described below.

Homogeneous Normal Population. Populations
consisting of identical normal observers with p = 0 (no
sorting errors) or p > 0 (a nontrivial probability of sort-
ing errors) exhibit the following behavior.7 Starting from
any initial condition, after a number of iterations of the

7The normal model with p = 0 is an ideal normal observer
model that distinguishes all 85 caps with zero sorting error, similar
to the ideal observer described in [7], whereas a realistic normal
observer model distinguishes all 85 caps with some probabilistic
(p > 0) amount of sorting error.
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Fig. 4. Population color categorizations from homogeneous pop-
ulations each consisting of 100% protanope agents. Histograms
across columns represent the frequency with which a color bound-
ary position was observed across all solutions (left column), 4-
category solutions (middle column) and 5-category solutions (right
column). Rows show results found under local confusion regions
only (top row), global confusion pairs only (middle row), and both
local and global confusion features (right row). The horizontal axis
is the 85 caps of the FM100, the vertical axis show how many times
out of 1, 000 population simulations a color boundary was seen es-
tablished at a given cap. Other parameters are in Table 2 and as
described in Section 2 above.

discrimination-communication game, a population con-
verges to an optimal, and shared, categorization solu-
tion. With the parameters as in Table 2, such solutions
(not shown) normally consist of 4 or 5 distinct color cat-
egories of approximately equal size, as predicted in [5].
Raising the values of p does not change the general struc-
ture of population solutions, but increases the amount
of uncertainty at color boundaries, that is, the degree of
population agreement on color terms near color bound-
aries is lower for higher values of p. With the exception
of new affects arising from the introduction of parame-
ter p, Study 1’s normal population results confirm ear-
lier category solution findings [5]. That is, for a homoge-
neous population of observers on FM100 data with fixed
ksim , the population naming shows the following form of
symmetry: Repeated simulations with the same starting
parameters produce categorizations with nearly equally
spaced boundaries and such that the boundaries varying
randomly from one simulation to another. Put differ-
ently, if the FM100 caps are viewed with their natural
circular ordering, then the categories of one simulation
can be rotated into the categories of another simulation,
and the simulations can be viewed as random rotations
of a given simulation. This kind of situation is predicted
by earlier analytical results [5]. A breaking of symmetry
in this case (illustrated in results of the section below)
is a reduction in possible categorizations, all the way to
the extreme situation where one observes the same cat-
egorization in repeated simulations.
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Fig. 5. Population color categorizations from homogeneous popu-
lations each consisting of 100% deuteranope agents. Figure layout
and parameters are as in Figure 4.

Homogeneous Dichromat Populations. We ran
simulations on populations consisting entirely of 100%
protanopes (Figure 4) and 100% deuteranopes (Figure
5). As predicted earlier [7], the nontrivial psychophysi-
cal transformation characterizing dichromats leads to a
symmetry breaking. In populations of dichromats we ob-
served that the structure of solutions was similar to that
obtained by normal populations, but the color bound-
aries had preferred locations. The histograms in the bot-
tom rows of Figure 4 and Figure 5 present frequen-
cies of boundary locations for all stimuli. These dis-
tributions are strikingly non-uniform. For example, con-
sider the leftmost bottom histogram in Figure 4, which
records the frequencies of boundary locations for all so-
lutions for 1, 000 random simulations. There, histogram
bar heights show color category boundaries are most fre-
quently found at caps 8, 29, 52 and 74. A much clearer
picture emerges when we examine the 4-category solu-
tions separately, shown in the middle histogram in the
bottom row of the same figure. Such solutions are al-
most identical to each other, with boundary locations
at caps 8, 30, 52 and 74. By comparison, similar his-
tograms for homogeneous populations of normals resem-
ble essentially uniform (flat) distributions without any
clear maxima, except for slight randomness caused by
the finiteness of our simulations (these results are not
shown).

While homogeneous populations of dichromats do not
occur, they are very interesting from a theoretical per-
spective, as will become apparent later on. Because of
this, we have taken additional steps to explain the par-
ticular boundary locations observed in these simulations.
To do this, the influence of local and global confusions
in dichromats are considered separately.
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Local confusions. The top rows of Figures 4 and 5
present simulation results in which the color discrimi-
nation deficiencies of dichromats are restricted to local
confusion regions exclusively (no global confusion pairs).
Results show, for example, that the protanope bound-
aries (Figure 4) are located in well-defined patches along
the hue continuum,with few or no boundaries between
caps 11 and 27, or between caps 58 and 70 for. This kind
of result is depicted in the schematics of Figures 6 and 7
(for protanope and deuteranope solutions, respectively),
top rows. There, local confusion regions are marked by
thick black circular arcs, and the dashed double-arrows
define the allowed locations for color boundaries (these
schematics were drawn based on the results in Figures
4 and 5). A general result is that no boundaries occur
inside any local confusion regions. For five-category solu-
tions (the schematics at top, right) the two most frequent
solutions are drawn as inscribed pentagons. Overall, such
results suggest that local confusion regions tend to repel
color boundaries. Reasons for this finding are elaborated
in the Discussion section below.

Global confusion pairs. Next, we consider the in-
fluence of the global confusion pairs in the color cate-
gorization solutions, see the middle rows of Figures 4,
5. Color boundaries are very heavily biased to a small
subset of stimuli. For example, 4-category solutions for
protanopes almost always have boundaries at caps 8,
30, 52, 74. As seen in Figure 6, the left schematic in
the middle row, the boundaries of the most frequent 4-
category solution align almost perfectly with the posi-
tions of four out of 6 caps comprising the global confu-
sion pairs (the pairs are marked by arrows connecting
the opposite sides of the circle). 5-category solutions are
slightly more complicated because it is hard to find one
nearly-regular pentagon with vertices at global confu-
sion stimuli. Therefore, the populations came up with
several solutions such that three out of five boundaries
aligned with global confusion stimuli. Similar consider-
ations hold for deuteranopes which came up with three
most common 4-category and 5-category configurations.
Overall, such results suggest that global confusion pairs
tend to attract color boundaries. Reasons for this finding
are elaborated in the Discussion section below.

Note that technically speaking, the notion of color
boundaries is ill-defined in dichromat populations with
global confusion pairs. This is because in such popula-
tions, optimal categorization solutions are not exactly
the same as in populations of normals. Even though
they do consist of disjoint regions belonging to one cate-
gory, there are also “defects” near the location of global
confusion pairs. At these locations, two types of solu-
tions are observed: (i) one cap is classified as having
a different color category from its neighbors, such as
AAAABAAAA (here, cap number 5 has category B and
all its neighbors have category A), and (ii) one cap at
the boundary between two categories is classified as a
third category, such as AAAABCCCC (here, one cap at
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Fig. 6. Population solutions for 100% protanopes. The top row
corresponds to local confusions only; the middle row - to global
confusions only; and the bottom row - to both local and global
confusions. The circle represents the array of 85 caps; here caps 1,
21, 42 and 63 are marked for reference. Local confusion regions are
marked by thick black arcs with end cap stimuli indicated. Global
confusions are marked by two-point thick black arrows with con-
fusion pair cap numbers indicated. Typical four-category solutions
are shown in the left column, and typical 5-category solutions in
the right column. In the case of local confusions (top row of fig-
ure), the “support” of the solution (the regions where boundaries
occur) is marked by dashed double-arrowhead lines.

the boundary between categories A and C is classified
as B). In both cases, such defects were smoothed-out for
the purposes of Figures 4 and 5. The existence of these
defects can be understood as follows: In the presence of
global confusions the color space of dichromats has ef-
fectively a non-circular geometry, similar to that shown
in our previous studies [7], where parts of the circle were
collapsed onto each other. In the presence of global con-
fusion pairs, then, the geometry of the optimal solution
changes accordingly.

Summary and parameter variation. In the light of
the above observations, we can see that the combination
of the two constraints described produce a very strong
anchoring of color boundaries to a subset of locations
along the circle, such that the boundaries generally tend
to be attracted by global confusion pairs and repelled by
local confusion regions.

The protanopes and deuteranopes in these studies are
characterized by parameter values estimated from indi-
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Fig. 7. Same as Figure 6 except the populations consist of 100%
deuteranopes.

vidual human data. However, the sample size of data
is small, which makes the error in parameter estima-
tion high. Therefore it is important to investigate how
particular parameter choices affect the results. We have
experimented with various positions of local confusion
regions with respect to global confusion pairs, and while
the particular boundary locations change, the general
conclusions remain robust. We also performed studies
with different values of w, the confusion width, and p, the
probability of sorting errors. It turned out that the value
of p has a minimal effect. On the other hand, decreasing
the value of w to low values (say, w = 1), changes the pic-
ture slightly. In particular, large values of w make local
confusion regions virtually impenetrable for boundaries,
whereas with w = 1, there are some solutions whose
boundaries are located inside the local confusion region.
Those solutions are still quite infrequent, and disappear
as w is increased to more realistic values.

STUDY 2: Population Heterogeneity under vary-
ing Protan and Deutan Perceptual Biases

Study 2 investigates the ways categorization solutions
vary across populations that are deutanope-biased com-
pared with those that are protanope-biased. Examining
(i) whether realistic normal error changes solutions ob-
tained compared to that seen when normals are “ideal”
observers, and (ii) any differences found when the real-
istic comparisons involve only deutan versus protan bi-
ases. To address these issues we construct heterogeneous

populations of agents, introducing normal, anomalous
and deficient observer types at frequencies approximat-
ing those found in some real populations, while restrict-
ing the forms of bias in the populations to either a protan
or deutan type of deficiency. Table 1, compiled from mul-
tiple sources [14, p. 98; 15; 16, p. 217; 17, p. 464; 18, p.
30], shows ranges of observed population frequencies ap-
proximated in these simulations.

Note that Study 2’s deficiency-constrained popula-
tions do not resemble human populations, and in gen-
eral Table 1’s ranges of population frequencies are used
only as a guide to population frequencies in our simula-
tions, since we do not intend these investigations to serve
as replications of any specific real-world population de-
mographics underlying human color category evolution.
This is because (a) such frequencies vary across both
human populations and different empirical surveys, and
(b) the population size used throughout these investiga-
tions is necessarily small (for technical reasons) and is
held constant at 100 agents, which arguably is too small
a population to replicate human groups tasked with de-
veloping color categories in real-world settings. Also, due
to reason (b), we often round up frequencies in our sim-
ulations (e.g., a 1.5% observed frequency to a 2% sim-
ulated population frequency) for the sake of permitting
evolutionarily important peer-to-peer interactions in our
population communication games. Such minor adjust-
ments in population frequencies were well investigated
and generally found to have no, or negligible, impact on
the population findings reported here.

Two heterogeneous groups investigated consisted of:

1. Population P: 1% protanopes, 2% protanomalous
trichromats, and 97% normals, with all parameters
estimated as described above.

2. Population D: 2% deuteranopes, 5% deuteranoma-
lous trichromats, and 93% normals, again with all
parameters estimated as described above.

The normal and dichromat agents of Populations P
and D are given a p = 8% probabilistic noise level,
whereas anomalous trichromat agents are given a p=24%
probabilistic noise level. P and D simulation results are
shown in Figures 8(a) and 8(b), respectively. Result are
summarized as follows:
(1) Categorization solutions found by such populations
agree very well with optimal solutions found previously
[5] in that they consist of disjoint regions of roughly equal
length belonging to different color categories. In other
words, the presence of a low percentage of dichromats
with global confusion does not lead to a prevalence of
defects (as described in Study 1, for homogeneous dichro-
mats with global confusion pairs). Therefore, for this sit-
uation, the notion of color boundaries is well-defined.
(2) The symmetry is clearly broken for both types of
populations (Figure 8), with some locations being much
more preferred by the color boundaries than others. This
being said, the peaks in populations of mostly normal
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(right). The horizontal axis is the 85 caps of the FM100, the vertical
axis shows how many times out of 5, 000 independent simulations,
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observers (like the ones described here) are much less
pronounced than the peaks in populations with 100%
deficient agents. Because of this, we had to use 5,000 runs
to obtain comparable Figure 8 histograms from mostly-
normal populations compared to the 1,000 runs that was
needed for the Figure 4 and 5 histograms from 100%
deficient-only populations.
(3) Figure 8 peaks appear more pronounced for D popu-
lations compared with the solutions from P populations.
However, a P variant investigated found this result to
be due to the total percentage of agents with deficiency
in D (at 7%) which is higher than that in populations
P (at 3%). That is, P populations with 7% protanope-
based observers produced distributions (not shown) as
pronounced as that shown for D populations (Figure 8b).
(4) Despite relatively low percentages of individuals with
deficiencies, their influence is clearly observed in Figure
8 for both types of population deficiency bias. In fact, we
also performed similar runs without anomalous trichro-
mat agents. For example, populations of 1% protanopes
and 99% normals, as well as 2% deuteranopes and 98%
normals were considered. In these latter cases similarly
clear peaks were also observed in the color boundary his-
tograms (not shown).
(5) The locations of the peaks for population P (Figure
8a) are similar to that found in Study 1, where we con-
sidered homogeneous populations of protanopes. Simi-
larly, the histograms of population D (Figure 8b) re-
semble that obtained for Study 1’s homogeneous pop-
ulations of deuteranopes. This underscores the impor-
tance of Study 1’s separate investigations of unrealistic

homogeneous dichromat populations. Through Study 1
we were able to explain the particular positions of peaks
based on local and global confusions. The same expla-
nations hold for Study 2’s populations where dichromat
and anomalous trichromat agents comprise only a small
percentage of the populations studied.

STUDY 3: Realistic Population Heterogeneity
Comparisons.

Study 2 introduced anomalous trichromat models to in-
crease heterogeneity in populations using either a protan
or a deutan bias. While Study 2’s populations P and
D do serve to increase heterogeneity of observer types
compared to Study 1, they do not achieve the variety of
observer types found in realistic populations which con-
tain both classes of deficient biases. Study 3 is designed
to increase population heterogeneity with this realism in
mind.

Color communications between two individuals with
highly similar color perception (say, two siblings with the
same photopigment opsin genes yielding similar trichro-
mat phenotypes) are likely to experience fewer perceptu-
ally based discordances of color identification and nam-
ing (cf., [27]), compared with the interactions between
two individuals with different color perception bases, or
even compared to two individuals with different forms of
normal variation (for example, a normal trichromat com-
pared to an anomalous trichromat). Perceptually based
discrepancies in hue naming have been widely examined
in the literature and are well understood. For example,
as Pokorny and Smith [28] noted:

Smith, Pokorny and Swartley [29] ... de-
scribed hue estimations by five deuteranoma-
lous trichromats using restricted response cat-
egories “red,” “green,” “yellow,” “blue,” and
“white.” They stated that the response cat-
egory “blue” was the same for normals and
deuteranomals. ... [While] the deuteranomals
showed greater intersubject variability than
normals in using response categories “red,”
“yellow,” and “green,” a phenomenon that does
not occur in normal trichromats. ... The deuter-
anomalous trichromats did not always need
three independent color names to describe the
spectrum above 510nm ([28] p. 1202-1203).

It is plausible, then, that when realistically represented
in a population, color perception differences distinguish-
ing normal trichromats from both forms of anomalous
trichromats should have an identifiable influence on the
shared color categorization system formed by a popula-
tion. Study 3 examines this possibility, and investigates
the ways Study 3’s solutions vary from those found with
Study 2’s partially heterogeneous populations.

Two heterogeneous population types investigated are:

1. 1% protanopes, 2% deuteranopes, and 97% normals.
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Fig. 9. Population color categorizations from two realistic het-
erogeneous populations. Panel (a) consists of 1% protanopes, 2%
deuteranopes, and 97% normals (noise at the p = 0% level), and
(b) consists of 1% protanopes, 2% protanomalous trichromats, 2%
deuteranopes, 5% deuteranomalous dichromats, and 90% proba-
bilistic normals with p = 8% noise. As in earlier graphs, all solu-
tions (left), 4-category solutions (middle) and 5-category solutions
are shown. Each histogram represents the results of 5000 runs.

2. 1% protanopes, 2% protanomalous trichromats, 2%
deuteranopes, 5% deuteranomalous dichromats, and
90% probabilistic normals. 8

Figure 9(a) and (b) present results from the above pop-
ulations which can be summarized as follows:
(1) Both populations were characterized by close-to-
optimal solutions, as in Study 2. Also, both exhibited
a tendency for a high degree of symmetry breaking,
where certain locations were preferentially chosen as
color boundaries.
(2) When compared to Study 2’s Figure 8, the his-
tograms in Figure 9 more closely resemble those obtained
for Study 2’s D-population results, than those obtained
for P-populations. Thus, not surprisingly perhaps, we
find that a higher total percentage of deuteranope-like
types (7%) in a population, in the company of fewer
protanope-like types (3%), exert a stronger influence on
the boundary locations of Study 3’s solutions (similar to
Study 2’s result item (3)).
(3) Figure 9(a) was created from runs where the prob-
ability of sorting errors p was zero. To further evaluate
the role of sorting confusions we performed other Popu-
lation 1 simulations by increasing the value of p to higher
and more realistic values. Such increases did not make

8As mentioned earlier, here populations’ observer-type frequen-
cies are in some cases selected for algorithmic appropriateness and
to optimize communication game interactions in a population of
size 100 agents – e.g., rounding Table 1’s frequency ranges up to
2% (as opposed to down to 1%) to achieve communication games
between two same-kind observers while secondarily approximating
Table 1’s relative frequencies. This is appropriate given the aims
and goals of the present research.

any tangible difference in the outcomes observed (not
shown).
(4) We have found that adding realistic percentages of
anomalous trichromat agents to a population (Figure
9(b)) produced no differences in categorization solutions
compared with the solutions obtained from populations
that differed only by the absence of anomalous trichro-
mats (Figure 9(a)). From a comparative color vision
standpoint, and from what is known of human color
naming behaviors (e.g., [28]), this result seems counter
intuitive, and is elaborated on in the Discussion below.
(5) Comparing the color boundary positions in popula-
tions with and without anomalous trichromats (Figures
9(a) and (b)), we can see that the presence of anomalous
trichromat agents does make a quantitative difference.
In particular, it makes the symmetry breaking effect
stronger due to increased total percentages of color defi-
ciency in the population, 3% of the population without
anomalous types vs 10% of the population with anoma-
lous types included.
(6) We have checked our results for robustness by chang-
ing the positions of local confusion regions for anomalous
types slightly. In particular, in one set of simulations, we
made the confusion regions for all protan-types identical,
and similarly, the confusion regions for all deuteranope-
types identical. We observed that such slight modifica-
tions did not noticeably change the resulting histograms
for obtained categorization solutions.

STUDY 4: Modeling “Expert” Agents using
data from Observers with Diverse Photopigment
Opsin Genotypes.

Studies 1, 2 and 3 investigated perceptual modeling fea-
tures related to X–chromosome linked color vision defi-
ciencies. In Study 4 we investigate consequences of non-
deficient color processing variation that may arise due to
the presence of individuals with X–linked photopigment
opsin gene heterozygosities in a population (cf. [30, 31]).

Because the suggestion of perceptual variation asso-
ciated with opsin gene heterozygosities is a somewhat
novel proposition, we first provide below additional ex-
planation of this observer type, then clarify the rationale
for investigating the possible impact of such observers
on population color categorization solutions, and explain
the basis for observations of non-normative FM100 per-
formance variation in such individuals.

Observer groups defined by photopigment opsin
gene variation

The protan and deutan observer group models investi-
gated above are analogs of human observer types due
to congenital inheritance based variations of the long-
(LWS) and medium-wavelength sensitive (MWS) pho-
topigment opsin genes. The genes for the LWS and MWS
photopigments are located in a tandem (head-to-tail) ar-
ray on the X–chromosome, and have 96% of the exon
coding regions of their nucleotide sequences in common
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[32, 33]. The LWS and MWS gene nucleotide sequences
differ at only 15 sites of these amino acid sequences, and
single nucleotide substitutions at three particular sites
(codons 180, 277 & 285, Exon 3) have been found to
produce the most dramatic shifts in spectral sensitivity
[18], and shifts in spectral sensitivity are known to in-
crease monotonically as the number of substitution sites
increase [34, 35].

Heterozygous females who, for example, carry differ-
ent forms of the LWS opsin gene on each X–chromosome
(e.g., both allelic variants at codon 180) have the genetic
potential to express more than the usual three classes
of retinal photopigments, and are referred to as puta-
tive retinal tetrachromats [30]. It has been suggested
that individuals with four retinal photopigment classes
might enjoy a heterozygous advantage and experience
a dimension of perceptual experience denied to trichro-
mat individuals, possibly gaining tetrachromatic vision
[36]. For many years vision scientists have known that
some humans inherit the genetic potential and actually
express four photopigment variants as distinct retinal
cone classes with different spectral sensitivity distribu-
tions. Frequency estimates of females of European de-
scent who are potential tetrachromats vary between 15%
and 47% depending on the heterozygote genotypes con-
sidered. Less is know about the actual frequency of ex-
pressing four retinal cone classes.

Perceptual differences associated with retinal
tetrachromacy

While the potential for human perceptual tetrachromacy
exists, whether it actually exists is the subject of debate,
and accepted theory suggests that humans process no
better than a trivariant color signal. Thus, four retinal
cone classes are a necessary (but not a sufficient) condi-
tion for tetrachromatic color perception, since, for true
tetrachromacy tetra–variant cortical color signal pro-
cessing is also needed. A long-held view has been that
individuals with four photopigment opsin gene variants
(i.e., carriers of color deficiency) themselves exhibit im-
paired chromatic discrimination. However, some research
suggests that carriers of protan deficiencies are not chro-
matically impaired compared to male or female trichro-
mat controls ([37], p. 2898), finding that some heterozy-
gote carriers need significantly less red/green contrast
to detect the chromatic modulation in a grating. The
latter result suggests that carriers of protan deficiencies
have lower red/green chromatic discrimination thresh-
olds compared to normal trichromats.

Jameson and colleagues [31] present a detailed inves-
tigation of FM100 performance of females with LWS
(S-180-A) heterozygous opsin genotypes. A portion of
Jameson et al.’s heterozygotes were found to be free of
any form of color vision impairment or any complaint of
color vision weakness, and showed increases in sensitivity
for detecting chromatic bands in a diffracted spectrum
task [30]. Jameson and colleagues’ [30, 31] interpretation
of these results is that some female carriers of protan de-

ficiencies differ from female trichromat controls (by stan-
dardized color assessment and empirical demonstrations)
but, in general, their variation does imply they generally
differ in a deficient way. Rather, they differ from normal
controls in that they detect significantly more chromatic
contrast, which produced increases in categorical color
differences, in the chromatic banding task used [30] .
Consistent with this, Birch [24] indicated that females
who are compound mixed heterozygotes for protan and
deutan color deficiency (as were some of those studied
by Jameson et al. [30, 31]) are usually reported to have
normal, not deficient, color vision.

Research on similarity judgments of color circle stimuli
from individuals with varying photopigment opsin geno-
types underscores the importance of considering opsin
genotype observer models in the present hue circle cat-
egorization studies. In a twin-study of perceptual color
space, Paramei, Bimler & Mislavskaia [27] showed that
projected color space similarity mappings of color circle
stimuli are nearly identical across individual same-sex
monozygotic twins possessing the same underlying pho-
topigment opsin genotypes, but that such color circle
mapping spatial relations can vary substantially across
twin pairs due, by implication, to differing opsin geno-
types, even though these individuals are similarly diag-
nosed as normal trichromat observers [27, p. 308, Figure
2]. The implication for the present research is that ob-
servers with differing photopigment opsin genotypes who
generally possess normal color vision, may experience
different color similarity relations among hue circle stim-
uli. Although such differences may have little impact in
some perceptual categorization studies, when expressed
in FM100 data used as the basis for observer models,
they have the potential to greatly impact the categoriza-
tion solutions acheived under evolutionary dynamics.

Study 4 uses FM100 data from opsin gene heterozy-
gotes as the basis for an “expert” observer agent model.
This study supposes that high degrees of FM100 sorting
errors in otherwise normal color vision individuals may
represent useful information that contributes to evolu-
tionary game theory dynamics of color categorization de-
velopment, in contrast to being uninterpretable patterns
of confusion errors having no potential to impact inter-
observer color communications and population color cat-
egorization solutions.

Modeling Expert Observers. Modeling experts on
the basis of FM100 performance presents some interest-
ing theoretical predictions and possibilities. The first is
that experts with regard to the FM100 test perform as
ideal normals, making no transpositions on sorting the 85
cap color continuum, and show no probabilistic sorting
error. Experts modeled this way would produce personal
stimulus color continua that replicate the “correct” se-
quential ordering, from 1 to 85, of the FM100 caps. In
this sense, the “correct” ordering prescribed by diagnos-
tic would replicate the continuous color sequence of an
expert observer.
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A second way to conceptualize expert performance on
the FM100 is that, for whatever reasons, experts have
a different, personal, “correct” ordering of the FM100
continuum which does not exactly follow the FM100 se-
quential 1 to 85 order. In this case, experts would exhibit
transposition errors in the sorting task when scored ac-
cording to the diagnostic’s standard. Where these trans-
positions might occur and why this is a topic of interest
is discussed further below. Also, if such transpositions
were sufficiently structured, they could present a new
potential for symmetry breaking in addition to the kinds
already observed in Studies 1–3 above.

Another possibility is that cap transpositions in the
FM100 performance of these experts could be modeled
as stemming from non-normative jnd structure varia-
tion on one or more color space dimensions (as opposed
to simply reflecting poor color sensitivity). Such a mod-
eling feature could impact categorization performance
by varying the jnd mapping of the FM100 and changes
the stimulus relative to the parameter ksim. Other spe-
cific perceptual and decisional features of possible mech-
anisms underlying FM100 performance variation of these
expert individuals are being investigated, but their de-
scription is beyond the scope of the present article.

We model our “expert” agents based on existing ob-
server data [31]. FM100 data from five female individuals
with diverse photopigment opsin genotypes were used for
modeling agents with non-normative color vision exper-
tise. All five individuals were identified as heterozygous
for both the L-opsin (S-180-A) gene and the M-opsin
(A-180-S) gene [30, 31].9

As detailed by Jameson and colleagues [31], compres-
sion parameter analyses of the five subjects’ FM100 data
indicates that their individual patterns of FM100 con-
fusion all followed a similar trend, displaced in a spe-
cific direction corresponding to an axis of compression
of approximately 15◦ in a polar coordinate compression
parameter space ([31], Figure 2a, p.12). Their perfor-
mance differs from normative age-adjusted FM100 per-
formance by an average Z-value of 1.31 standard devi-
ations (indicating individually they either failed or per-
formed very poorly on the FM100 test), but they were
described as heterozygotes which the FM100 can diag-
nose as “... false-positive deficient when their color per-
ception is otherwise unimpaired and their color sense is
generally regarded as excellent.” [31, p. 15].

Based on these individuals’ data, Figure 10 shows
an average FM100 performance vector for the experts,
with local confusion regions computed similar to that
described for anomalous trichromats earlier. For the ex-
perts they are 21–28 and 43–47. The confusion range,
operating within the expert local confusion regions, was
calculated as q = 0.92 which corresponds to the value
w = 3.

Similar to what was found for anomalous trichromats

9Subjects 27, 52, 58, 61, and 85 as reported in [31]: age ranged
18-21 years, all performed with above average chromatic banding
behaviors (µ(medianbands) = 10 vs. 7.9 for control subjects).
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Fig. 10. Confusion patterns found in the FM100 performance of
five expert observers from Jameson, Bimler & Wasserman [31].

(Figure 3), expert observers exhibited patterns of diffuse
color confusion, showing a large amount of sorting con-
fusion compared to the normal observers. Thus, similar
to anomalous model, to find the probability of sorting
errors for our experts we performed an average transpo-
sition calculation. We obtained the following estimates:
For experts the probability of inversion outside the ex-
pert local confusion regions is 22% per cap.

Below we present results from simulations that in-
clude expert observers at frequencies thought likely to
reveal any potential influence on obtained categorization
solutions. In populations like those summarized earlier
in Table 1 at least 15%, of women of European ances-
try are carriers of X–chromosome linked deficiencies of
color vision (cf., [37]). The primary question Study 4
addresses is: How do solutions from realistically hetero-
geneous populations that include expert agents compare
with those from populations that are realistically hetero-
geneous but do not include “experts”?

One possibility is that the presence of a sufficient num-
ber of “expert” agents in a population disrupts the pop-
ulation’s ability to stabilize a shared categorization sys-
tem. Generalized beyond this study, such a finding would
imply either (a) the existence of some human or cultural
ability to reconcile color category communication diffi-
culties potentially introduced by a group of individuals
sharing a similar, but non-normative, color expertise; or
(b) would rule out the real world feasibility of our hy-
pothesized “expert” influence, especially in light of the
successful human color categorization systems that have
been evolved by populations containing such observers.

To illustrate a possible influence of such individuals on
population solutions we present the following two popu-
lations:

1. A heterogeneous population of 1% protanopes, 2%
protanomalous trichromats, 2% deuteranopes, 5%
deuteranomalous dichromats, 75% normals, and
15% experts.

2. A homogeneous 100% expert population.

Results for populations including expert ob-
servers. The simulation results for populations includ-
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ing expert observers are presented in Figure 11(a,b) and
are in part predictable from some of the patterns found
in studies 1-3.
(1) Categorization solutions for realistic heterogeneous
populations including expert observers agree with the
usual near optimal solutions found previously [5] . The
same holds for populations consisting of 100% experts
because of the absence of global confusion pairs for such
observers.
(2) The presence of 15% experts (Figure 11(a)) does not
change the categorization histogram dramatically, com-
pared with populations without experts, Figure 9(b). Be-
side a slight shift in boundary locations for 5-category
solutions, the biggest difference manifests itself in the ex-
istence of some newly apparent “gaps” in color boundary
distributions, the most significant being between caps 42
and 47, and another one between caps 20 and 28. This
is consistent with our conjecture that local confusion re-
gions repel color boundaries. For expert observers, the
local confusion regions lie between caps 21–28 and 43–
47. It is exactly where color boundaries occur less often.
A more pronounced representation of this effect is seen
in Figure 11(b) where we investigate homogeneous ex-
pert populations. There, no boundaries occur in these
regions of local confusions. In addition, 4-category so-
lutions reflect a third gap between chips 62 and 70 as a
direct consequence of the absence of color boundaries in-
side the local confusion regions (see the middle histogram
in Figure 11(b)). The same tendency is also observed in
realistic heterogeneous populations in the presence of ex-
perts, see the middle histogram in Figure 11(a).
(3) Increasing the percentage of expert observers to 25%
of the total population does not change the resulting
qualitative picture (result not shown).

In general, Study 4’s results suggest that non-deficient
color perception observers (who may exhibit a form of
genetically based color expertise but perform poorly by
FM100 test standards), can be a considerable propor-
tion of a heterogeneous population without substantially
disturbing the stablization and form of the populations’
shared category solution of the FM100 stimulus. The
more detailed differences observed in Study 4’s investi-
gations are elaborated in the context of the Discussion
below.

4. DISCUSSION

The sections above considered some realistic approxima-
tions of population heterogeneity and investigated their
impact on simulated color category evolution for a con-
tinuous hue circle stimulus. Our population color catego-
rization simulations show that trade-offs exist between
the features of various observer discrimination models
and the frequency of different observer models in hetero-
geneous populations. These factors balance in a dynamic
fashion during the formation and stabilization of a near
optimal color categorization solution by a population of
agents. Even in the face of diverse population hetero-
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Fig. 11. The role of experts in population color categorizations.
The solutions show results from two populations. (a) The popu-
lation consists of 1% protanopes, 2% protanomalous trichromats,
2% deuteranopes, 5% deuteranomalous dichromats, 75% normals,
and 15% experts. (b) A homogeneous population of 100% experts.
As in earlier graphs, all solutions (left), 4-category solutions (mid-
dle) and 5-category solutions are shown. The parameters are as in
the other studies described. Each histogram represents the results
of 5000 runs for (a) and 1,000 runs for (b).

geneity, observed solutions reach stabilization by max-
imizing successful color communications among agents
via the discrimination-similarity game. This is achieved
in ways compatible with an optimal partitioning theory
of color space that uses an Interpoint Distance heuris-
tic [38, 39, 40]. Moreover, detailed analyses of observer
discrimination features suggest specific mechanisms un-
derlie the formation of category boundaries in simulated
population solutions. These findings provide insights for
analogous factors thought to underlie the formation of
human color categorization systems.

Summary of findings

(a) In both populations with and without realistic het-
erogeneity, observer discrimination variations in-
volving a pair of caps on a confusion line exert
significant symmetry breaking effects on categoriza-
tion solutions; compared to unsystematic error vari-
ations or random sorting confusion variations, which
have little impact on category solution stabilization.

(b) Random sorting–confusion variations only seem to
decrease the degree of agreement at color category
boundaries.

(c) Global confusion pairs break symmetry in catego-
rization solutions by anchoring category boundaries.

(d) Local confusion regions break symmetry in catego-
rization solutions, and also alter category–size uni-
formity, by introducing ambiguity regarding the lo-
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cations of a category’s center-of-gravity. This results
in the repelling of category boundaries.

(e) Increasing the number deficient dichromat agents in
a heterogeneous population results in greater sym-
metry breaking affects on population solutions.

(f ) The addition of anomalous trichromat agents to a
population has a minor impact (beyond that im-
posed by dichromats) on the location of category
boundaries in the observed category solutions. Al-
though, as discussed in detail below, this is ex-
plained by similarities between the FM100’s assess-
ment of anomalous trichromats and dichromats.

(g) Individual variation in observer features within
agent populations impacts the obtained category so-
lutions. This underscores the importance of tracking
heterogeneity in observer modeling for color cate-
gory learning [42].

(h) Realistic approximations of observer types and pop-
ulation frequencies confirm our earlier symmetry
breaking and confusion axis findings from idealized
populations. To our knowledge the modeling of color
categorization dynamics based on realistic data has
not been previously attempted. The present findings
underscore the importance of tracking heterogeneity
at both the individual observer level and population
level when modeling color category systems.

(i) Category solutions are constrained by the observer
features employed. The solutions obtained under
such constraints are easily modified by introducing
to the simulations external factors, such as vari-
able color utility (cf., [7]). We consider this to be
a first step in modeling realistic constraints thought
to contribute to human color category systems.

(j ) Introducing further population heterogeneity by in-
corporating the modeling of expert agents did not
diminish the stability of shared category solutions;
instead, it produced unambiguous categorizations of
new connected portions of stimuli. A full explana-
tion of this result, which appears to require an al-
ternative form of investigation, is outside the scope
of this article.

Understanding how imperfect observer perfor-
mance impacts categorization solutions

In Study 1 we considered populations consisting of iden-
tical normal observers with p = 0 (no sorting errors) and
several variations of p > 0 (nontrivial probability of sort-
ing errors). Across several investigations in which p was
varied, in general, the primary consequence of increas-
ing probabilistic sorting errors in the observer models
was decreases in the degree of population solution agree-
ment at color boundaries. Otherwise, such increases of
probabilistic sorting errors produced no other effects on
the observed category solutions. This result is interesting
from the perspective of human color categorization the-
ory, because, if generalized, it suggests limited varying
of precision in individual category assignments during

communication games does not hinder the formation of
a shared population color categorization system; rather
such varying of precision simply adds to the degree of
classification uncertainty – or fuzziness – observed at a
population’s color category boundaries. These findings
linked to sorting–error increases resemble the null effects
seen following random observer variation in other color
category simulation research (see [3], p. 517).

Counter-vailing influences from local confusion
regions and global confusion pairs help establish
category boundaries

To understand how local and global confusion features
trade off in our simulation studies, it is useful at this
juncture to consider some implications arising from hu-
man color categorization tendencies. For example, real-
istic populations contain much observer heterogeneity.
That is, although a population may have almost no in-
cidence of deficiency and consist largely of “normal” ob-
server types,10 one finds that normal individuals’ color
category denotata differ. Such normal observer variation
creates reliable differences in individuals’ choices of the
category focus of, for example, green. Suppose the rea-
sonable position that, in such cases, everyone in the so-
ciety believed that the center of gravity of the popula-
tion’s green category region should be the location of the
best–exemplar of green. When a population of otherwise
similar individuals (who, for the present discussion, are
assumed to have the same jnd structure on the hue cir-
cle), chose different category best exemplars, then the lo-
cations of both population category boundaries and pop-
ulation category best-exemplars are impacted. A likely
consequences is that both foci and boundaries become
fuzzy – beyond the probabilistic fuzziness inherent in in-
dividuals repeated measure variation – in terms of what
they denote for the population.

Local confusion regions. Similar to realistic phe-
nomena, in the present simulations, agents have slightly
different best-exemplar points for the same ksim par-
titions for which they’ve been tasked with learn-
ing through individual interaction. This sort of best-
exemplar variability interacts with local confusion influ-
ences, as follows: When all members of a population of
varying individuals need to learn and evolve the same
category structure, then the greater the amount of local
confusion present (and the greater the ranges of nearest
neighbor confusion) the more pressure exerted on cat-
egory boundaries to form at greater distances from a
category center of gravity. Given the normal individual
variation assumed in this example, such dynamics will
naturally emerge during the process of constructing a
shared, unambiguous, best-exemplar region for a popu-
lation’s categories.

This counter-vailing interaction (a pragmatically fixed

10Or if one considers only the “normal” observers of a heteroge-
neous population with some color deficiency.
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ksim structure trying to accommodate an ambiguous
central exemplar region) seems also to play a role in
the unequal category-size observed using the present ap-
proach (cf., [7]). That is, more category area is needed,
when best-exemplar ambiguity exists, to meet a socially
prescribed ksim requirement. This analysis also applies
when local confusions occur in other places besides a cat-
egory center, but the case of best-exemplar variation is
the most straightforward example of the potential im-
pact of local confusion regions on category boundaries.

Global confusion pairs. By comparison, how do
global confusion pairs impact category boundaries? From
the present studies, and results from earlier research
[5, 7], it appears that global confusion pairs attract
boundaries though symmetry breaking, by providing
necessary perceptual anchors (for some observers) in the
categorization system of a population. Anchoring is the
process of creating and maintaining the correspondence
between percepts that refer to the same physical objects,
or in this case, two objects (or 2 object labels) that share
the same percept, or are indistinguishable [41].

How specifically do two terminals of a global axis of
confusion provide anchors, and thereby serve as bound-
ary attractors, in such a hue circle situation? One pos-
sibility is that during a system’s evolution a dichromat
segment of the population may tend to label one ter-
minal of their global confusion pair 50% of the time
with label “A” and the other 50% of time they la-
bel the same terminal “B.”11 In this case, qualitatively
there is a point on the hue circle that is functioning
very much like a boundary (a cusp between actual cat-
egories) even though agents may have yet to master (i)
the shared meaning of “A” or “B” categories, or (ii)
the relational structure of the two categories relative
to other yet-formed categories and their meanings. For
these confusion-pair dichromat agents (and, by invasion,
some other agents without global confusions), then, a
natural candidate position for a boundary (in a near–
optimal population solution) is at a terminal of a confu-
sion pair (or even near them). This, in brief, is the way
global confusion pairs attract boundaries in the present
simulation studies. Study 2’s Figures 6 & 7 illustrate how
this occurs, where perceptually indistinguishable termi-
nals of a confusion axis form the boundaries for cate-
gories that probabilistically contain both terminals.

In summary, global confusion pairs anchor not so much
because labels “A” and “B” serve as “dichromat syn-
onyms” for a given point on the circle, but because the
dichromat tendency for confusing the terminals of a con-
fusion pair makes the outcomes of that pairs’ games func-
tionally behave like the other (actual) category bound-

11This can intially happen due to chance variation. But may
persist due to the influence of communication games with “nor-
mal” agents who are observed labeling one terminal “A” and the
second terminal “B” because a normal agent model allows the
confusion pair terminals to be distinguished, while the dichromat
agent model does not.

aries, and this creates circumstances where a boundary
becomes established as a solution stabilizes.

Effects of systematic individual variation on pop-
ulation color naming

Jameson [42] suggested that adding non-random indi-
vidual variation to a population – for example, intro-
ducing individuals with some systematic X-linked pho-
topigment deficiency – should influence the color catego-
rization solution the population achieves. This is based,
in part, on the substantial variation seen when compar-
ing normal trichromats to X-linked anomalous trichro-
mats on psychophysical tasks that in essence provide
category best-exemplar settings, such as “unique yellow”
(e.g., [43, 44]). Webster and Kay suggest that to the ex-
tent that sources of individual variation (that include
physiologically-based perceptual differences of the type
simulated here) within and across populations “... affect
differences in color appearance, they are also important
for understanding the similarities or universal tendencies
in color naming.” ([20], p. 34).

The results of Study 1, 2, and 3 support the sugges-
tion that individual variation influences population color
categorization solutions. For example, it was shown that
homogeneous populations of simulated normal observers
produce category solutions that differ in important ways
from those produced by heterogeneous populations (that
only differ by the addition of realistic proportions of
dichromat observers). Influences were also seen when the
simulation parameters reflecting individual differences
were made to approximate realistic observer variation.
Second, results from local and global confusion analyses
suggest that a possible universal tendency in color nam-
ing is to evolve a system that minimizes the likelihood
that colors that are perceptually confusable by some in-
dividuals in a population tend to be classified by the
entire population into different color categories.12

We also observed cases where similar color naming so-
lutions across populations occur even when the underly-
ing population response models had different physiologi-
cal biases (Studies 2, 3 & 4). This rules out the possibil-
ity that uniformities in color naming necessarily emerge
when the color relevant aspects of physiology are uniform
(see [20], p. 34).

Effects arising from anomalous trichromat vari-
ation

Study 3 examined the possibility that color percep-
tion differences that distinguish normal trichromats from
anomalous trichromats could impact the shared color
categorization system formed by a population containing
both observer types. In Study 3 we reported a result sug-
gesting that anomalous trichromat agents did not have
any unique, differentiable impact on population color
categorization solutions. In view of Pokorny & Smith’s

12Such a minimization is more likely when confusion pairs or
categories are few).
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[28] and others’ observations on anomalous trichromat
behaviors, this result appears counter-intuitive. However
the noted absence of an anomalous trichromat impact is
primarily due to observing little difference between so-
lutions from populations comprised of only normal and
deficient observers, compared with solutions from pop-
ulations comprised of normal, anomalous and deficient
observers. This apparent absence of a specific anoma-
lous trichromat influence depends on the fact that perfor-
mance on the FM100 is not particularly useful for distin-
guishing between dichromats and anomalous trichromats
[45]. The reason for this is that anomalous trichromats
perform as poorly on FM100 sorting as do dichromats
(due to the fact that the test was designed primarily to
detect dichromacy). The net result for our simulations
is that the presence of anomalous agents only makes
dichromat symmetry breaking effects stronger, due to
the anomalous agents’ FM100 response patterns rein-
forcing the dichromat biases that are the basis for bound-
ary locations.

In our initial decisions to model population color cate-
gorization evolution on a hue circle subspace, the FM100
hue test was chosen because it is routinely used to eval-
uate individual variation seen in the perceptually based
ordering of a standardized stimulus set forming a contin-
uous gradient of hue. The present modeling of observer
types is necessarily limited by the FM100’s measures of
the different observer types assessed. Thus, to the degree
that the FM100 test and analysis does not unequivo-
cally differentiate, for example, an anomalous trichromat
from a dichromat observer, this ambiguity is inherent in
the data we used to model those agent populations. It
seems likely that if our observer models were constructed
on data that more decisively distinguished anomalous
trichromats from dichromats, we would observe a more
specific set of anomalous trichromat influences on cate-
gorization solutions. Thus, anomalous trichromats may
be more influential to such category solutions than those
revealed in FM100–based investigations.

This modeling limitation is similarly inherent in the
modeling of “expert” color discriminators of Study 4.
Since the FM100 was not designed to assess individuals
expressing more than three photopigment classes, the
test is arguably not an appropriate method for evalu-
ating the perceptual differences that might follow from
individuals with weak (retinal) tetrachromacy. If ad-
ditional forms of hue circle data (in addition to the
FM100 data) were available to help model the differ-
ent observer types seen in human populations, clearly
those data would provide a better and more realistic ba-
sis for carrying out these simulations, and the result-
ing solutions may reflect more clearly any unique vari-
ation present in the “expert” data. Despite the strong
ties of our simulated category systems to the data used
for observer modeling, the results for symmetry break-
ing and local and global confusion influences on bound-
ary settings in stable solutions are unavoidable conse-
quences arising from the observer features and the hue

circle communication game scenario we used. Whether
such results are also found in categorization solutions on
three-dimensional color spaces is of additional interest,
especially in view of expected observer model complexi-
ties, such as variation in saturation discrimination across
observer types [46, 14].

Understanding “expert” color discriminators’
poor FM100 performance, and its impact on pop-
ulation color categorization solutions

It is of interest to note that, generally, Study 4’s expert
subjects show FM100 performance similar to that of our
Anomalous Trichromats, in that they have a large degree
of diffuse color sorting error around the FM100 hue cir-
cle. Our “expert” subjects differ, however, in important
ways from anomalous trichromat subjects.

First, as seen in Figure 10 the FM100 confusion re-
gions shared in “expert” average performance plots do
not coincide with the confusion regions for protan and
deutan defects, as was seen in the anomalous trichromat
data considered. Second, the expert group’s confusion
regions are most pronounced in Tray 2 of the FM100
test, and in the Greenish-yellow region (Tray 2 includes
caps 22 to 42) of the test. These two regions may have
significance beyond a simple model of deficient sorting.

For example, in eigenvector analysis of cone responses
to reflectance spectra measures of the 85 caps of the
FM100, Mantere and colleagues showed that when the
stimuli are scaled in a two-dimensional opponent color
space representation,13 departures from a smooth color
circle contour can be clearly seen in the range from ap-
proximately cap 22 through cap 40 ([11], Figure 2, p.
2239).14

Thus, the possibility exists that Tray 2 produces subtle
disruptions in the smoothness of perceptual spacing of
color circle, which were caused when the stimuli were
sampled from 100 to 85 caps during the the FM100’s
development. Farnsworth noted:

“... The Munsell 100-hue series of colored pa-
pers ... was fairly well spaced perceptually.
Gross inequalities in discriminative differences
were eliminated by dropping from the series one
of each pair of papers which was most often
confused by normals as rated on standard tests
for color vision. Eighty-five color papers were
found to be about equal in chroma and value
for normals and each was perceptably different
in hue from its neighbors. Some of the steps
were more easily noticeable than others so that
the whole circuit of colors was estimated to em-
brace over 90 J.E.N.D. (Just Easily Noticeable

13With axes corresponding to the second and third vectors of
the Eigen solution – namely, a Y-B axis and a R-G+B axis, re-
spectively.

14Disruptions in this region of the color circle are similarly seen
when spectral reflectance measures of the FM100 stimuli are plot-
ted in a Munsell color metric space using methods described by A.
K. Romney [47].
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Differences) ...” ([25], p. 568).

If perceptual nonuniformities exist in some regions of
the FM100 sequence they may be ignored by color “nor-
mal” observers, but noticed by observers of heightened
color experience, and result in non-normative sorting in
some sections of the FM100, and normative sorting in
others. It is also possible that despite aims to main-
tain iso-brightness of the test, lightness differences in
the FM100 caps (see [26], p. 283) might provide sorting
advantages independent of color vision capabilities, espe-
cially in individuals with L-opsin gene (protan) polymor-
phisms (such as the five experts used in Study 4’s mod-
eling). Also, some combination of both subtle hue and
lightness may contribute to the non-normative FM100
sorting of Study 4’s expert color discriminators.

Consistent with these ideas, Jameson and colleagues
suggested heterozygotes’ regions of FM100 confusions
could be

“... construed as reduced color discrimination
in those zones; or, more directly, as evidence
that a different sorting sequence for the stim-
uli is more natural for some heterozygotes. In
the former case, there is a possibility that the
reduced discrimination is compensated for by
heightened discrimination in other zones (not
picked up by the F-M 100, because of floor
effects). Such heightened discrimination might
dictate a subjective ordering of the F-M 100
samples that is at odds with the ‘correct’ order-
ing recommended by the scoring manual. In any
case, this kind of discrimination difference does
not necessarily translate into perceived dissim-
ilarities when the color differences are larger”
([31], p. 17).

Thus, observing that while the FM100 seemed able to de-
tect the color perception variation associated with these
excellent color discriminators, in some cases the FM100
scoring procedure “... does not distinguish between non-
normative deficient and non-normative good color per-
ception” ([31], p. 15).

Initially, Figure 10’s expert confusion regions may ap-
pear to be simply box-end sorting artifacts (cf., [48]).
However, the idea that some perceptual nonuniformities
in the FM100 might be accentuated for some observers,
but not others, is consistent with other research [49, 50].
The cited studies used roughly circular hue continua
comprised of 32 stimuli from the Farnsworth-Munsell
D15 and and D15-DS tests, and found that the color
similarity space parameters of males and females show
differences in the salience of color-space axes, with males
attending more to a lightness axis and less to a red-green
axis compared to females [50, 49]. Similar to previously
mentioned research [31], the cited works of Bimler and
colleagues similarly consider the existence of photopig-
ment heterozygosity among females as a possible expla-
nation for the gender linked differences in color similarity
relations observed in those studies.

Other research suggests various forms of non-
uniformity in the FM100 stimuli and in normal perfor-
mance on the FM100. Craven [48] describes a sorting
artifact in the FM100 arising from the way the cap stim-
uli are grouped into four boxes, resulting in the caps
near the ends of each box being scored less compared to
caps near the center of box. Others report the converse,
namely, increases in scores of caps at the end of boxes
[51].

Despite these modeling obstacles, Study 4’s results
seem especially informative. The suggestion that our
“expert” color observers may frequently occur in a het-
erogeneous population without disrupting the stabliza-
tion and form of a populations’ shared category solution,
and without driving it to an indeterminant oscillating so-
lution, or a non-optimal solution, is a very informative
result. It provides a proof of concept for human pop-
ulation heterogeneity by implying that violations of a
trichomatic constraint would not destroy a population’s
ability to communicate optimally about color.

Indentifying universal tendencies in color cate-
gorization system evolution

Frequently empirical comparisons of human color cat-
egorization systems emphasize the similarities and dif-
ferences across languages concerning the placement of
central category members, called color foci or best-
exemplars (e.g., [1, 12, 13], and others). Of human color
categorization systems, Webster and Kay generally
noted “the concordance of basic color terms across lan-
guages provides strong evidence for universal tendencies
in color naming, but does not preclude all cultural or
linguistic influence” ( [20], p. 37). In their study of 110
color categorization systems from the World Color Sur-
vey (WCS) they observe constellations of similar color
categories across languages, but conclude that “...the
WCS data suggest that different language groups do vary
in the average focal choices for nearest-neighbor terms ...
[and] ... these group differences place some limits on uni-
versal tendencies in color naming,” and surmise “...what-
ever factors give rise to large individual differences in
focal colors, they may themselves have strong universal
tendencies” ([20], p. 50).

Consistent with Webster and Kay’s [20] observations,
the present simulations reveal universal tendencies in the
evolution of color category solutions by artificial agent
populations. Following from the present focus on endoge-
nous observer model variation, the universal tendencies
found here include:

(i) a minimal impact of unsystematic perceptual varia-
tion (i.e., noisy perception or random sorting error)
on categorization solutions;

(ii) substantial constraints imposed on categorization
solutions by systematic perceptual variation;

(iii) counter-vailing mechanisms (arising from percep-
tual variation) that trade-off in the process of ar-
riving at a stable categorization solutions;
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(iv) increases in trade-off demands towards solution sta-
bilization as perceptual constraints (e.g., color con-
fusion pairs and confusion regions) become either
more varied or more frequent in a population;

(v) increases in trade-off demands towards solution sta-
bilization as perceptual constraints (e.g., color con-
fusion pairs and confusion regions) exploit more ex-
tensive areas of the color space;

(vi) a tendency to evolve categorization solutions that
optimize communication among all population
members regardless of observer-type diversity, as
opposed to evolving solutions based on majority-
rule or a marked population specialization.

While we emphasize that the results of the present
simulations do not aim to replicate human categoriza-
tion results, we believe it likely that some of the catego-
rization solution tendencies observed here suggest mech-
anisms that may similarly underlie universal tendencies
in color categorization systems of human populations.

Regarding Webster and Kay’s [20] expected cultural or
linguistic influences mentioned earlier, some of our pre-
vious research has considered exogenous environmental
and socio–cultural influences, and we observed strong
symmetry breaking affects in simulations by incorporat-
ing color regions of increased salience and environmen-
tal color hot spots [5, 7]. Such influences generalized from
pragmatic constraints found in human color naming sit-
uations are strong candidates for modeling cultural or
linguistic influences that universally exist in real human
color categorization and communication circumstances.

Thus, the present research supports the suggestion
that various constraints and sources of influence give
rise to universal tendencies in color categorization sce-
narios,15 and that such tendencies may in turn underlie
color naming similarities across human languages.
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