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Towards a Model To Predict Macular Dichromats’ Naming Errors:
Effects of CIE Saturation and Dichromatism Type

Julio Lillo, Isaac Vitini, Aurora Caballero, and Humberto Moreira
Complutense University of Madrid

Thirty macular dichromat children (12 protanopes + 18 deuteranopes) and 29 controls,
between 5 and 9 years old, participated in a monolexemic denomination task. Their clinical
status was determined after a repeated application of a chromatic test set (Ishihara, CUCVT,
and TIDA). The stimuli to be named were 12 tiles from the Color-Aid set belonging to
the green, blue, and purple basic categories. Results showed that: (a) Dichromats made
more naming errors when low saturation stimuli were used; (b) protanopes made more
errors that deuteranopes; and (c) pseudoisochromatic lines predicted accurately the type
of most frequent naming errors but they underestimated macular dichromats’ functional
capacity to name colors. Results are consistent with a model of macular dichromats’
vision that hypothesizes a residual third type of cone in the periphery of the retina.
Implications of this fact for everyday use of colors by macular dichromats’ and for the
validity of standard clinical diagnoses are discussed.
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Treinta nifios dicromaticos maculares (12 protanopes + 18 deuteranopes) y 29 controles,
con edades comprendidas entre los 5y 9 afios, participaron en una tarea monolexémica
de denominacién de colores. Su categoria clinica se establecié partiendo de los resultados
obtenidos tras la doble aplicaciéon de una bateria de tests cromaticos (Ishihara, CUCVT
y TIDA). Los estimulos a nombrar fueron doce muestras del conjunto del Color-Aid,
pertenecientes a las categorias béasicas verde, azul y morado. Los resultados mostraron
que: (a) los dicromaticos tuvieron mas errores cuando se utilizaron estimulos de baja
saturacion; (b) los protanopes cometieron mas errores que los deuteranopes; (c) las
lineas de pseudoisocromaticidad fueron adecuadas para predecir cudles fueron los errores
de nombramiento mas frecuentes, pero fueron menos eficaces de lo esperado a la hora
de predecir la capacidad funcional de los dicromaticos maculares en el nombramiento
de colores. Los resultados concuerdan con un modelo de la visiéon de los dicrométicos
maculares que asume la existencia en la periferia de un tercer tipo de cono. Se discuten
las implicaciones de este hecho para comprender el uso cotidiano que hacen estos
observadores de los colores y la validez del procedimiento habitual de diagnéstico clinico.
Palabras clave: ceguera a los colores, categorizacién cromatica, diagndstico clinico,
dicromatismo
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MACULAR DICHROMATS’ NAMING ERRORS 27

Color is not a property of objects or surfaces, but anp. 159; Birch, 1993, p. 37), and corresponds to an imaginary
attribute of the perceptual response produced by the braistimulus that only activates the protocones. Given the
as a result of the light that hits the retida.the phenomenon convegence point, protanope pseudoisochromatic stimuli
of metamer colors shqun order to produce the perception can be determined in the following way:
of the same chromatic experience, two stimuli need not be (1) A pseudochromatic line can be determined by two
physically identical, but only need to produce the samepoints, the convgence point and the point corresponding
response pattern in the three cone types. to a specific color (for example, an achromatic color).

People with only two cone types in the macular retina  (2) Perfect metamerism is foreseen when two stimuli
are diagnosed as dichromats (Fletcheévake, 1985)When, are presented on the same pseudochromatic line and are of
as in red-green pathologies (daltonisms), tfiecédd cone  equivalent reflectances.
is the protocone (the most sensitive to long wavelengths) (3) Smith and Pokorng’ cone function fundamentals
or the deuteracone (most sensitive to medium wavelengthsan be used to establish the reflectances for protanopes anc
a specific diagnosis of protanopia or deuteranopiadeuteranopes. If we know the standard reflectance and the
respectivelyis made. chromaticiy coordinates corresponding to a specific stimulus

As protanopes and deuteranopes have only two types dfor example, R = 22.6; x = 0.269; y = 442), matrix algebra
cone, they have more metamers than common trichromatsnay be used (for exampl@&ravis, 1991, chap. 3; Lillo,
Moreover it is easy to indicate which stimuli will be metamers 2000, chap. 7) to estimate the magnitude of the relative
for dichromats but not for common trichromats: thoseresponse (from zero to 100) that the stimulus produces in
(pseudoisochromatic stimuli) that the common observer onlyprotocones (20.92) and deuteracones (25H8.value of
differentiates using the cone type that the dichromat does nohe former indicates the reflectance corresponding to
possessis we will see, CIEW' chromacity diagram provides deuteranopes, whereas that of the latter corresponds to
an easy way of identifying pseudoisochromatic stimuli. protanopes.

Figure 1 shows the chromaticity diagram established by
the Commission Internationale de I'Eclairage (CIE) in 1976.

To the right, a black triangle ‘(& 0.65; v = 0.50) shows Basic Colors and CIExy Cbmaticity Diagram: Model

the protanope convgence point in the position determined 1 Predictions

by Pitt in 1935 (this position is the one usually reproduced

in the literature; see, for example, Fletchel&ke, 1985, CIE colorimetric measurementsf@f an objective way

to determine which stimuli should be similar for normal
trichromats (the ones with the same chromatic coordinates),
and for dichromats (the ones with coordinates in the same
pseudochromatic linesyhey also provide information about
some psychophysical properties, such as the dominant
wavelength X)) or the CIE saturation (St+ see Hunt, 1987,
Lillo, 2000 for a detailed description). Howeyéhney do

not offer direct information about the way that color names
are used in colloquial language.

Several methods can be used to decide when a word

04 (such as yellow or green) corresponds to a basic chromatic
v \ / / category (Corbet & Davies, 1997; Crawford, 1982). Some
03 /] studies (Kay & McDaniel, 1978) have shown that in Berlin
and Kays (1969) level-6 languages (such as English or
( / Spanish), there arel lbasic categories: red, green, yellow
02 » blue, orange, purple, pink, brown, white, black, and .gray
/ Extensive research carried out at the University of California

0,7

0,5

Convergence
point

(Boynton & Olson, 1987, 1990; see also §&s &
Whitfield, 1997), while providing additional information
confirming the basic character of the eleven categories in
English, also obtained results that can be used to specify
0 the volumes occupied by every basic category in CIE spaces.
1 02 04 06 08 More specifically using the stimuli of the Optical Society
U of America (OSA)Atlas that received the same denomination
Figure 1.CIEuv chromatic diagram and pseudoisochromatic lines. bY: at least, four of the seven participants in the Boynton
All stimuli that can be represented on the same pseudoisochromatignd Olson (1987) naming task, we determined these volumes
line are metamers for protanopes. as is specified iffable 1.
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28 LILLO, VITINI, CABALLERO, AND MOREIRA

Table 1
Chromatic (Dominant \Wvelength and Saturation) and Reflectance Ranges for each Basic Gategor
Category  Range Dominant Saturation Range (CIBU) Reflectante Range
Wavelengths
(in nm)

Standard Protanope Deuteranope
Red 610.5 — —-496.5 Partial (1.14-2.14) 473 - 17.28 344 - 13.11 556 — 19.94
Green 4940 — 5755 All except very near (0.28-1.25) 3.94 — 65.89 4,17 — 66.18 3.79 — 65.70
Yellow 5725 — 5855 All except very near (0.43-1.25) 27.51- 74.93 25.06 — 73.22 28.74 — 76.03
Blue 476.0 — 4955 All except very near (0.34-1.66)  3.30 - 61.83 3.78 — 67.74 3.00 — 58.05
Orange 586.5 — 614.0 Partial (0.92-2.45) 12.74 - 63.50 9.12 — 43.89 15.06 — 76.03
Purple -529.0 — 4725 All except very near (0.26-1.42) 3.51 - 32.05 3.50 — 31.78 3.51 — 32.23
Pink 598.0 — -555.0  All (0.08-1.64) 17.89- 60.22 15.69 — 56.70 19.30 — 62.47
Brown 579.5 - -503.5 All (0.14-1.60) 3.77 - 20.23 3.59 — 19.20 3.89 — 20.89
White _ 0-0.08 50 — 100 50 — 100 50 — 100
Black _ 0-0.08 0-15 0- 15 0 - 15
Gray _ 0-0.08 5.75 - 70.86 5.75 - 70.86 5.75 — 70.86

Note Saturation values were computed according the standard equation (see Hunt, 198Wyss268hi, 1986, pp. 9-57; Lillo, 2000, p. 169):

S = 13/(u—u)? - (v-v,)?

These values must be divided by 13 in order to be transformed into/GiEwmacity diagram distances.

The first parameter to consider is tbleromatic aea. Figure 2 uses one of the tiles (green) employed in our
That is, the portion of CIE chromaticity diagram where research to provide a graphic example of the four steps we
stimuli belonging to a basic category are represefited. have just describedhe two lage squares with a plus sign
specify chromatic area3able 1 uses two parameters: (1) inside indicate the positions of both stimuli required to trace
Therange of dominant wavelengthsd (2) thesaturation  protanopespseudoisochromaticity line for the specific tile:
range For the latter parametethe maximum values the convegence point (u= 0.65; v = 0.50) and the point
indicated correspond to the most saturated stimuli presentezbrresponding to the @t tile (U= 0.14; v= 0.51). Lager
by the OSAAtlas. round points indicate the tiles that were consistently

Reflectance is the second parameter to consider for theategorized as red in Boynton and Olsowork (1987).
delimitation of basic category volumes. Table 1, three  Triangles, small gray squares, and small points provide the
kinds of reflectances are specififithe first is the standard same kind of information for the orange, yellamd green
one.The other two are transformations required to makecategories, respectivelBecause the pseudoischromaticity
predictions related to the use of basic categories byine crosses the areas corresponding to these categories (whic
dichromats As mentioned, transformations were carried also occurs for grayink, and brown, but is not shown to
out using the Smith and Pokorny (1975) fundamentals, savoid graphic confusion in the figure), these categories have
that the well known lightness alterations shown by chromatic concatancewith that tile.Although tile standard
dichromats are compensated for (see, for example, Fletcheeflectance is 22.6%, the use of matrix algebra and the
& Voke, 1985, pp. 167-169; Lillo, Colladwijtini, Ponte,  fundamentals of Smith and Pokorny (1975) provides a
& Sanchez, 1998). 25.93% protanope reflectandks Table 1 indicated, this

Using the data fronTTable 1, the basic categories value falls within the ranges of transformed reflectance of
predicted by Model 1 as naming responses to a specifithe following categories: green (4.17-66.18), yellow (25.06-

stimulus can be determined in the following way: 73.22), and orange (9.12-43.89). Consequerithese
1. The coordinates of the stimulus and the cogeece  categories fulfil thereflectance concdancerequisite.Table
point are used to trace a pseudoisochromatic line. 1 also reveals that the red category does not fulfil this

2. There ischromatic concatancebetween the stimulus  requisite because its reflectance range (3.44t)8des not
and a basic category when the pseudoisochromatic lineclude the 25.93% value.
intersects with the basic category chromatic area. Seeminglythere is a contradiction between our previous
3. There isreflectance concdancewhen the stimulus  statement about the confusion between reds and greens beir
is included in the range corresponding to a basic categoryery common among coldlind people, and our subsequent
4. A basic category will be a predicted response onlystatement about the green tile used as an example, wher
when it haschromaticandreflectanceconcordance with the the red category did not fulfil the reflectance concordance
presented stimulus. requisite and, consequenthyas not a predicted response
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0.7 1967; Scheibner & Boynton, 1968; Smith & Pokort®77).
Despite research suggesting that rods have some

05 influence on macular dichromatsichromaticity (Montag

' —— & Boynton, 1987; Nagy1980; Smith & Pokornyl977),

- e \‘\\ this cannot be a full explanation of a phenomenon that
05 "':.‘f-** .| appears when rods are saturated. In these circumstances

a1

- n 4e / results obtained from high intensity Rayleigh matches (Nagy

1980), selective adaptation (Scheibner & Boynton, 1968),
04 7 fluctuation colorimetry (Frome, Piantanida, & Kell982)
and color naming (Montag, 1994; Nagy & Boynton, 1979)
\ / agree that macular dichromats have a third type of cone,
03 / which is like an anomalous version of the cone that is absent

in their macula.
02 / The data described in this paper were obtained using a
’ / monolexemic color naming task and can be considered as
/ an extension of previous work (Lillo, et al., in press; Montag,
01 1994; Montag & Boynton, 1987) using the same task to
/ study the trichromaticity of macular trichromats.
Adult dichromats participated in the experiments of
0 Montag (1994; Montag & Boynton, 1987), which allowed
1 o1 02 03 04 05 06 07 08 for systematic evaluation of their denomination of the full set
u" of surface colors contained in the O8#as with diferent
Figure 2. Chromatic concordance and pseudoisochromatic linesPresentation types. ClEticentroids were computed for every
Several chromatic areas are shown (thick points = red; triangle®asic categoryallowing the author to conclude that: (a)
= orange; squares = yellow; small points = gre@s)these are ~ Macular dichromats always exhibited a red-green compression
crossed by the isochromatic line, the chromatic concordancen their responses; that is, their centroids were closer than
requisite is fuffilled. those of common trichromatfsr categories such as purple
and blue, that are dérentiated in terms of the red-green
when presenting the w@et. However there is no response mechanism. (b) Macular dichromegtggorization
contradiction, considering that for some green tiles, the redvas more similar to that of common observérgirmal
category would be one of the expected responses: for thgichromats) when relatively lge (4 degrees instead of 1)
greens whose transformed reflectance is among thand continuous (more than 2 seconds) stimuli were used.
reflectances corresponding to the red category (3.44:13.1 The research by Lillo et al. (in press) can be considered
In conclusion, Model 1 predicts that dark greens, but no@s an extension of the work of Montag (1994), applied to
medium or light greens, may be called reds by protanopeshildren. As in Montags experiments, this group of
researchers used ¢gr stimuli and long exposure times in a
naming task. In order to accommodate the experimental
Limitations of Model 1: dwards a new Pedictive  procedure to children, the number of participants was
Model (Model 2) increased and a smaller stimulus sample was ésethe
main taget was to evaluate the way macular dichromat
Model 1 would be accurate if, as we have assumed tilchildren use the eleven basic chromatic categories, a set of
now, clinically diagnosed dichromats were real dichromats.just 11 prototypes was usetihe results led to the following
The evidence we shall now comment on suggests that thisonclusions: (a) Macular dichromats achieved almost 100
assumption is not fully tenable. % correct responses when naming primary basic categories
At the turn of the centunNagel (1904, cited in Fletcher (red, green, yellowand blue), but made significantly more
& Voke, 1985) designed the clinical anomaloscope whicherrors than controls when naming all the secondary chromatic
is still “the undisputed queen of all color vision test categories (purple, orange, pink, brown); (b) Macular
instruments” (Kaiser & Boynton, 1996, p. 429). Nagel wasdichromats made fewer errors than predicted by Model 1,
aware that his anomaloscope projected onto a visual fieldlthough most errors were of the types predicted by the
restricted to the macula and, most important, he was thenodel; and (c) Protanopes tended to make more errors than
first (Nagel, 1905, as cited in Nag}980 and in Nagy & deuteranopes but, except for the pink prototype, these
Boynton, 1979) to discover that most macular dichromatdifferences were not statistically significant.
become anomalous trichromats when color stimulation strikes Altogether the studies by Montag (1994) and Lillo et
the peripheral retindhis discoveryhoweverwas fogotten  al. (in press) suggest that in macular dichronzgsipheral
until it was finally rediscovered (Boynton & Scheibper retina, there are cones of a type similar to those missing
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from their maculaAs with normal trichormats (Abrampv Method

Gordon, & Chan, 1991; Nagy & Doyal, 1993), these cones

must have a scattered distribution; therefore, they can onlfParticipants

provide information when continuous, saturated, angelar

stimuli are projected onto the periphehy this case, the There were three groups of subjects: protanopes (

red-green opponent mechanism will give a diminished12), deuteranopes & 18), and controlsn(= 29). Their

response (compared to that of common observesisula) mean age was 7.17 yea&X= 1.58).All of them lived in

and macular dichromatgerception will be similatout never  Alcorcén, a city near Madrid (Spain), and their mother

identical, to that of common observers. tongue was Spanisfihey were chosen from 1,631 boys,
What will be called Model 2 from now on, is the result aged 5-9 years, who were screened for eblioidness.

of assuming that in macular dichromat€ripheral retina,

a cone type that is absent from macula is operating andvlaterials

consequentlythat these are anomalous trichromats when

responding to lae stimuli. From this model, the following The test battery consisted of the Ishih@est (1917,

predictions are made: see, for example, Birch, 1993, or FletcheN&ke, 1985,
1. The identity of the erroneously employed basic pp. 276-278), the City University Colovision Test

categories can be predicted from the postulates of Model ICUCVT; Fletcher 1980), and the ‘@st para Identificacion

(chromatic and reflectance concordance). de los Daltonismos” (TIDA[Test to ldentify Color
2. Due to the third cone availabilitiodel 2 predicts  Blindness]; Lillo, 1996).A child was considered a dichromat
fewer naming errors than Model 1. if the following three criteria were met: (a) anomalous

3. Due to the scattering of the cone distribution atresponses on more than 90% of the Ishihara tiles, (b) six
periphery it is assumed that, for macular dichromats, theor more out of temed-geenresponses (protan or deutan
third cone type has less informative capacity than that ofesponses) on the CUCYand (c) they were ratestvee
common trichromats in their macula. Consequentlis on theTIDA. Pilot work with adult observers showed that
predicted that macular dicromats will produce more naminghese are conservative criteri@ll adults meeting these
errors in response to low saturation stimuli, because in thisriteria were confirmed as dichromats by the anomaloscope.
situation, the third cong’activity will not be informative.  although some adults diagnosed as dichromats by the

4. Considering the ample evidence (for examfplgern anomaloscope failed to meet the triple criteria.

& Torii, 1968a, 1968b; Heath, 1958; Kinne&®86; Lillo The classical Ishihara test uses a series of tiles on whictk
et al., 1998; De Marco et al., 1992) about both the existenceertain numbers can be identified (e.g., “seven” or “forty-
of lightness-perception alterations in macular dichromatstwo”), provided the figures and the background on which
and how these alterations are more severe in protanopéisey are presented are perceived as being fefelift colors.
than in deuteranopes, more naming errors are predicted f@iven that some of the younger children hadidifties in
protanopes. identifying the two-figure numbers verballthey were
allowed to emit their “numberesponse” figure-by-figure

To evaluate the accuracy of Model 2, we selected g“one and four” instead of fourteen). In some cases,
sample of 12 stimuli that, in previous pilot works, had moreovey children were allowed to trace with their finger
received consistent naming responses by normal childrerihe form of the number they said they recognized (if they
Specifically the children named seven of these stimgraen were unable to identify it verbally).
three of thenblue, and two of thenpurple Each category The second of the tests employed, the CUC36Rsists
included at least one relatively high- and one relatively low-of 11 tiles (1 training + 10 diagnostic), on which is presented
saturation stimulusThe total number of stimuli was similar a central reference pattern (a colored circle) and around it,
to the one used in previous research (Lillo et al., in press¥our alternatives from which the children are asked to
and facilitates administering the naming task to children.indicate (verbally or signaling with a finger) which is more
One of the stimuli contained in each of the three categoriesimilar to the central pattern. In all of the diagnostic tiles,
employed was its prototypé relatively high number of one of the alternatives corresponds to that which a persor
greensamples (seven) was included in the sample: (a) tavith normal chromatic vision would select, whereas the
confirm the surprisingly accurate results obtained in previoushree remaining figures correspond to the three classic type:
research (Lillo et al., in press); and (b) to increase theof alteration (“protan,” “deutan,” and “tritan”).
number of errors computed for every observer (otherwise, The TIDA is a test that employs pseudoisochromatic
it would be not possible to obtain significantfeiences). illustrations especially designed for children. It has two
As the categonplue includes both dark and light stimuli, parts.The first part allows detection of red-green celor
and these two types are categorizededéntly in some  vision anomalies (daltonisms) and starts the process of
languages (see Davies & Corbett, 1994), we used one samppecific diagnosisAll the tiles show two groups of monkeys
of light and another of dark blue. (3 larger ones on the top row and 4 smaller ones on the
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bottom row) with diferent functionsThe function of the  of known reflectance (84.66 %), was placed in this position
top-row monkeys is to act as reference elements for the typand its luminance (Y) was measured. From the same
of stimuli the child should look for in the bottom row position, the tiles used as stimuli in the naming task were
(“gray” or “colorless”).The function of the illustrations on measured successivelgnd the reflectance of a specific
the bottom row is to present the alternatives from which thestimulus was deduced from the proportion between the
child is requested to select those that he or she perceives lasninances of the reference sample and the specific stimulus.
achromatic.The second part of thEIDA should only be
administered to observers detected as color blind, fodief Procedue
a specific red-green diagnoshll tiles of this part show
three monkeys to the children. One acts as reference. From Testing was carried out where possible using natural
the other two, the children are requested to select the mosght with an illuminance level between 250-400 lux and
similar to the reference. a correlated color temperature between 4000-6500 Kelvin.
The stimuli for the colenaming task consisted of twelve These two parameters were measured with a Gossen
5-centimeter square colored tiles, presented on a neutr&olormaster 3F termocolorimetdf light parameters fell
gray backgroundThey projected a visual angle of 8Phe outside of the desired values, natural light from the
colors were from the Colekid range.Table 2 shows their windows was mixed with light from a blue incandescent
Color-Aid identification (number and code), chromatic light bulb (its correlated color temperature was 3210 K),
category CIEuUv' chromaticity coordinates, dominant from a conventional adjustable table lamfplthough no
wavelength X)), standard (control) reflectance, and direct measurements of this parameter were taken, in all
protanope and deuteranope reflectancébe basic cases, the CIE Color Rendering index values were very
colorimetric measurements, (X, y) of the tiles were carried close to 100%, as can be seen from the characteristics of
out with a Minolta CS-100 colorimete8tarting with these  the two kinds of light mixed (see Hunt, 1987, chap. 5 and
measurements, all the parameters shownhaile 2 were  Appendix 7).
computed. Specificallyto adequately compute the standard  All children were tested individually in the coloaming
reflectance values, all the measurements with the colorimetéask. The tiles were shown one at a time, in random
were carried out after fixing it onto a tripod and always sequence.The tiles were viewed binocularly from a distance
pointing it at a spatial position that prevented the possiblef approximately 35 cniThe tester requested the child to
effects of specular reflection. First, a sample (N 0500), fromrespond with one color name, and no object names (such
the NCS color atlas (Hard, Sivick, B®onnquist, 1996) and asbananaor tomatqg were allowed.

Table 2
Stimuli description: ColeAid Identification, Chomatic Categoy, CIEuv’ Chromaticity Coodinates and Saturation, Dominant
Wavelength ), Standad (Contol), Protanope, and Deuteranope Reflectances of iles Tised in the Namingagk

Color-aid u V' CIE Ap R Rprot Rdeut
Sat

Greens

36 Ygc-HUE .138 512 1.08 516 22.6 25.93 20.92
45 G-HUE 123 466 1.13 494 13.6 16.47 12.15
115 G-EX .126 ATT7 1.10 496 14.7 17.58 13.25
242 G-S2 .150 475 0.78 496 8.9 10.13 8.26
48 G-T3 154 476 0.73 496 38.6 43.60 36.08
54 GC-T4 .162 465 0.63 492 47.7 53.35 44.80
247 G-P3-1 .176 AT73 0.44 495 16.0 17.27 15.35
Blues

65 BC-HUE 219 .330 2.17 580 9.4 12.78 7.65
276 B-S2 153 .370 1.50 580 4.8 5.83 4.32
57 BG-T2 139 430 1.06 591 30.9 36.99 27.83
Purples

87 V-HUE 222 373 1.27 569 54 5.40 5.41
289 R/P1-1 .225 423 0.64 566 12.9 12.59 13.05

Note.\, = Dominant wavelength; R = Standard reflectance; Rprot = Protanope reflectance; Rdeut = Deuteranope reflectance.
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Results value, 3). Using &2 test, we found that the number of
correct responses given by protanopds (las significantly
As in pilot studies, control subjects only committed a higher than predicted by Model 1 for tile 36.Table 3,
minimum number of erroneous denominatiofiserefore,  asterisks indicate when correct response frequencies wer:
specific information about their responses will not Herefl ~ higher than those predicted by Model 1 (p < .05, one tail).
and the description of results will focus on the dichromat Second, the number of correct responses in control anc
macular response¥able 3 shows, for protanopes% 12) color-blind observers was comparedable 4 shows that
and deuteranope® € 18), the number of responses that when all stimuli were grouped (A) and when the analysis
every basic chromatic category received in response to evemyas restricted to the three chromatic categories (B), both
tile. Deuteranope responses are presented in bracketdichromat groups made significantly more errors than
According to Model 1, there are two types of expectedcontrols.Table 4 also shows that protanopes made more
responses. One (numbers on gray background) indicatesearors than deuteranopes (except for one case, falledites
correct-category response; the other (underlined numbersyere significant).
indicates an incorrect-category response to a specific tile, Third, the number of correct responses was analyzed as
as predicted by Model The results fronTable 3 were  a function of the saturation level for every type of stimuli
analysed in four diérent ways. (greens, blues, and purples) and of the kind of macular
First, for every tile, the number of correct responses waslichromat observer (protanopes and deuteranopaisle 5
compared with that expected from the equiprobabilistic useshows the errors made by both dichromatic groups for every
of Model 1, which depends on the number of categoriechromatic categorylable 6 shows the results of applying
predicted. For example, Model 1 predicts green (correct series of? tests to evaluate whether errors decreased
response), yelloworange, pink, and gray for tile number significantly with the CIEW' saturation increment in every
36. Equiprobabilistic use of these categories should produckasic categoryAll the significant diferences obtained
only 20% of correct responses ar frequency terms, 2.4 correspond to a higher number of errors for less saturatec
correct responses (for analysis, we roundédoathe higher  stimuli.

Table 3
Response Matrix for Btanopes and Deuteranopes
Presented Response
Tile Green Blue Purple Red Yellow Orange Brown Pink Gray Black White
36 Ygc-HUE  [11%(18%) 1 0(0) (0) 0(0) 0(0)
45 G-HUE 11%(18%)  0(0) (0) 1 0 0(0)
115 G-EX 125179  (0) (0) 0 0 0 0(0) @
48 G-T3 11%(17%)  0(0) 1 0 (1) 0(0) 0(0)
242 G-S2 6(16%) @ 3 1 2(1)
247 G-P3-1 | 9%(16%) ) (0) 2(0) 0 0(2) 1
54 GC-T4 6(13%) 1 (1) 1(2) 1(2) 3
65 BC-HUE 1574 1(1) 0 0
276 B-S2 6(10%) 5(8) 1
57 BG-T2 3(5) 4(11%) 1(0) 1(0) 3(1) (1)
87 V-HUE ) 5(n) | 7¢(10%)  0(1) 0(1) (2) @)
289 R/P1-1 0) 51) | 1(12%) 0 0 4 1 1

Note.Numbers in gray rectangles represent the frequency of correct responses for the green (upper), blue (middle), and purple (
tiles. An asterisk indicates a frequency of correct responses statistically hghe®g) than predicted by Model 1. Numbers in brackets
correspond to deuteranope responses. Numbers with no brackets correspond to protanope responses. Underlined numheestediicate
errors. Zero represents a category of expected errors that did nat occur
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Table 4
Results of Statistical Comparisons between the Number oé&@dResponses Obtained for thaidus Obsever Gioups
with the Diffeent Stimuli Ypes

Groups compared x2
A. All stimuli considered
Protanopes vs. Deuteranopes 10.432**
Protanopes vs. Control 107.045**
Deuteranopes vs. Control 51.960**
B. Grouped by chromatic category
Green Protanopes vs. Deuteranopes 10.432**
Protanopes vs. Control 42.126**
Deuteranopes vs. Control 15.011**
Blue Protanopes vs. Deuteranopes 1.386
Protanopes vs. Control 24.128**
Deuteranopes vs. Control 14.993**
Purple Protanopes vs. Deuteranopes 4.444*
Protanopes vs. Control 48.040**
Deuteranopes vs. Control 26.503**

Note.A = comparisons grouping the responses of all stimuli. B = grouping only the responses given to the tiles of the same chromr
category
* p<.05 *p<.01.

Table 5
Number of Erors for Piotanopes and Deuteranopes as a Function of Stimulbi@atic Categoy and Saturation Level
Stimuli type
Prototype Satured Medium Low Satured Low Satured Low
Green Green Green Green Blue Blue Purple Purple
Tiles (36) (45+115) (48+242)  (54+247) (65) (57+276) (87) 289
Protanopes 1/12 1/24 7124 9/24 1/12 14/24 5/12 11/12
(8.3%) (4.1%) (21.1%) (37.5%) (8.3%) (58.3%) (41.7%) (91.7%)
Deuteranopes 0/18 1/36 3/36 7136 1/18 15/36 8/18 6/18
(0%) (2.7%) (8.3%) (19.4%) (5.5%) (41.7%) (44.4%) (33.3%)

Note: Underlined numbers in bold type correspond to COLOR-AID identification tiles. In fractions, the denominator represents tt
maximum number of possible errors.

Table 6
Results of Comparing, in each ©hmatic Categoy, the Fequency of Eors of the Stimuli Grups Described inable 5
Protanopes Deuteranopes
Comparison x? X2
Prototype green vs. Saturated green 0.256 0.509
Saturated green vs. Medium green 5.400* 1.059
Saturated green vs. Low green 8.084* 5.063*
Medium green vs. Low green 0.375 1.858
Saturated blue vs. Low blue 8.229** 7.505**
Saturated purple vs. Low purple 6.750** 0.468

*p<.05 *p<.0l.
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Table 7
Results of Statistical Comparisons between the Number of Expected and Unexpecte@litained in the The Goups
of ColorBlind Obsevers: Dtal (Protanopes + Deuteranopes), ®anopes, and Deuteranopes

Groups compared X2
A. All stimuli considered
Total (protanopes + deuteranopes) 24.206**
Protanopes 9.949**
Deuteranopes 12.947*
B. Stimuli grouped by chromatic category
Green Total (protanopes + deuteranopes) 5.526*
Protanopes 3.010*
Deuteranopes 2.561
Blue Total (protanopes + deuteranopes) 12.155**
Protanopes 7.056**
Deuteranopes 5.236*
Purple Total (protanopes + deuteranopes) 7.500**
Protanopes 5.236*
Deuteranopes 2.489

* p<.05.* p< .0l

Given the reduced number of errors, incorrect responses An alternative explanation would postulate that the
to all tiles were grouped for the last analysisble 7 shows anomalous dichromatism observed in macular dichromats
that the more frequent errors corresponded to those predicteebuld depend, partially or totallpn the information provided
by Model 1, specially when protanopes where consideredby the rods in the retindhis explanation could only be fully
This same result was also found when only responses tdiscarded if a study were carried out in which the response
each chromatic category were considered. of these photoreceptors was saturated by the stimulation

intensity thus annulling their informative abilithlthough

the illuminances employed in this study (250-400 lux) almost
Discussion achieve this déct (see, for example, Hood & Finkelstein,

1986, Table 5.1), higher values should have been used in

The results show that children diagnosed as dichromatsrder to reject definitely any explanation of the results based
perform more accurately than is predicted for a pureon rod activity Nevertheless, with regard to alternative
dichromat.This is especially true for high saturation stimuli. explanations, those derived from the recent discovery of
On the other hand, whereas low saturation stimuli increasedetectable dferences within the same type of cone (Neitz
naming errors for both clinical groups, this increase was& Neitz, 1998) should not be discarddthat is, contrary to
significantly higher for protanope$hese results also confirm prior assumptions by the scientific communityere are
that macular dichromats tend to correctly name saturatedmall diferences in the spectral sensitivities of the same type
greens. of cones (for example, protocones or deuteracoAefast

The most parsimonious interpretation of our results istheoretically this variability may contribute to compensating
similar to that proposed by Montag (1994) and assumes th&br the loss of a cone type that characterizes macular
diagnosed dichromats only behave like true dichromats irdichromats.
response to small-sized stimuli that project exclusively onto  As mentioned previouslyour group$ work is highly
the macula. Howevewhen stimuli also project onto the related to that of Montag (1994; Montag & Boynton, 1989).
periphery these same observers become anomaloui both cases, a naming task of chromatic samples was uset
trichromats and show partial functionality of their red-greenand, more important, bett¢éhan-expected results were
mechanism, presumably because of the information providedbtained in observers with only two types of cones in their
for the cone type that is absent in macula but that could beetina. Nevertheless, Montag and our research group uses
present in peripheral retin@he increase of errors produced the data in significantly dérent ways. In Montag’ work,
by reduced saturation and the fact that most of them wer®llowing the tradition of Boynton and Olson (1987), the
predictable from Model 2 are consistent with this explanationnames provided by the colbtind were used to calculate
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the position of the centroids of each of thebasic categories sized stimuli are used. Error reduction is predicted when
and, based on the comparison with common observerdarge-sized and very saturated stimuli are projected onto the
categories, the authors were able to make deductions aborgtina, as in our experiment. Howeyvadditional research
the perceptive causes of the errors (a weakness in the needed before a more quantitative relation between
response capacity of the red-green mechanism). Howevestimulus size and response accuracy can be established. In
no efort was made to make specific predictions about theorder to adapt the model to the characteristics of Spanish
identity of the naming errors (whose basic categarjact, speakers as much as possible, basic research should be
is used incorrectly for a specific sample). In an attempt tccarried out to determine the exact basic Spanish category
predict these naming errors, we undertook the present studyolumes.Thus, in our model, the volumes determined from
thus developing what has been called Model 2. Boynton and Olsos’ (1987) results can be substituted by
The main implication of our results is that, like Montag other volumes, more specific to the Spanish population.
(1994; Montag & Boyton, 1989), they challenge an eminent
idea that has pervaded many related fields of visual
perception: that the visual response produced by medium- References
or lage-sized stimuli is similar to that produced by small
stimuli projected onto the macular retifitais idea underlies  Abramoy I., Gordon, J., & Chan, H. (1991). Color appearance
contemporary photometryfor example, although it is across the retina: fétts of stimulus sizelournal of the Optical
currently receiving much criticism in this area (Fotios &  Society ofAmerica, 8,404-414.
Levermore, 1997; ynes, 1996)This idea is also essential Alpern, M., & Torii, S. (1968a)The luminosity curve of the
to what we have called Model 1, which postulated that small- protanomalus fovealournal of General Physiolog$2, 717-
field dichromats will still be dichromats even withder 737.
sized stimuli (i.e., most everyday stimuljccording to the  Alpern, M., & Torii, S. (1968b).The luminosity curve of the
results from the last thirty years (e.g., Montag, 1994; Nagy deuteranomalous fovedournal of General Physiolog$2,
1980; Scheibner & Boynton, 1968; Smith & Pokort§77), 738-749.
the high rate of correct denominations by macular dichromat8erlin, B., & Kay, P (1969).Basic color terms: Their universality
that we observed would never have been predicted under and evolutionBerkeley CA: University of California Press.
the assumption of a pure dichromatic retina. Birch, J. (1993)Diagnosis of defective color visio@xford, UK:
If there is so much evidence against it, what fate awaits  Oxford University Press.
Model 1? It will probably still be considered an appropriate Boynton, R.M., & ScheibngH.M.O. (1967). On the perception
model in specific contexts because it accurately accounts of red by red-blind observerscta Chomatic, 1 205-220.
for functional vision with small-sized stimuli. For example, Boynton, R.M., & Olson, C.X. (1987). Locating basic colors in
it has been successfully used to predict which backgrounds the OSAspaceColor Researh andApplication 12, 94-105.
would make reading coldetter messages more fiiult Boynton, R.M., & Olson, C.X. (1990). Salience of chromatic basic
(Lillo, Collado, Martin, & Garcia, 1999). In this task, as in color terms confirmed by three measuidsion Researh, 30,
most reading tasks, the essential aspect was the way in which 1311-1317.
small contours are distinguished from their background. FoCommission Internationale de I'Eclairage (1932)E proceedings
this task, no help can be expected from peripheral cones 1931 Cambridge, UK: Cambridge University Press.
and, consequentiModel 1 is accurate. It is also accurate Corbett, G.G., & Davies, I.R.L. (1997). Establishing basic color
to predict naming errors in small-sized stimuli (Paramei, terms: Measures and techniques. In C.L. Hardin & L.fMaf
Bimler, & Cavonious, 1998). Moreovethis model has (Eds.),Color categories in thought and languagep. 197-
dominated scientific thought on visual perception for most  223). Cambridge, MA: Cambridge University Press.
of this century and due to this, it is described as beingCoren, S.Ward, L., & Enns, J.T(1994).Sensation and pegption
accurate in general books on perception (see, for example, (4™ ed.).London: Harcourt Brace.
Coren,Ward, & Enns, 1994), in publications that are directly Crawford, T.D. (1982). Defining “basic colour terms.”
related to standard evaluation of chromatic alteration (see, Anthoplogical Linguistics, 24338-343.
for example, Birch, 1993; Lillo, 1996), and in guidelines to Davies, I.R.L., & Corbett, G.G. (1994Jhe basic color terms of
help the coloblind (e.g., Rigden, 1999). Russian Linguistics, 3265-89.
Model 2 incorporates the predictions made by Model 1,De Marco, B Pokorny J., & Smith,V.C. (1992). Full-spectrum
as far as the processing of small-sized stimuli is concerned, cone sensitivity functions for X-chromosome-linked anomalous
but assumes that, as more peripheral stimulation is involved, trichromats.Journal of the Optical Society 8imerica, 9,1465-
the more will peripheral cones, similar to the one missing  1476.
from the macula, contribute to the visual response. FronFletcher R. (1980). The City University Colourision Test(2nd
this framework, pseudoisochromaticity lines can be used to ed.). London: Keeler
predict which categories are expectable as erroneousletcher R., & Voke, J. (1985)Defective colour visiorBristol,UK:
responses, but will only predict erfoequencywhen small- Adam Hilger



36 LILLO, VITINI, CABALLERO, AND MOREIRA

Fotios, S., & Levermore, G.J. (1997). Perception of electric lightMontag, E.D., & Boynton, R.M. (1987). Rod influence in
sources of dferent colour propertied.ighting Researh and dichromatic surface color perceptiovision Researh, 27,
Technology 29,161-171. 2153-2162.

Frome, F PiantanidaT., & Kelly, D.H. (1982). Psychophysical Nagy A.L. (1980). Lage-field color matches of dichromafimurnal
evidence for more than two cone types in dichromatic colour  of the Optical Society dimerica, 70,778-784.
blindnessScience, 215417-419. Nagy, A.L., & Boynton, R.M. (1979). Laye-field color naming of

Hard,A., Sivick, L., & Tonnquist, G. (1996). NCS, Natural colour dichromats with rods bleachedournal of the Optical Society
system: From concept to research and applications. Part 1. of America, 69,1259-1265.

Colour Reseath andApplication, 21,180-205. Nagy A.L., & Doyal, J.A. (1993). Red-green color discrimination

Heath, G.G. (1958). Luminosity curves of normal and dicromatic  as a function of stimulus field size in peripheral visiturnal
observersScience. 128775-776. of the Optical Society dfmerica, 10,1147-1156.

Hood, D.C., & Finkelstein, M.A. (1986). Sensitivity to light. In Neitz, M., & Neitz, J. (1998). Molecular genetics and the biological
K.R. Boff, LL. Kaufman, & J.PThomas (Eds.)Handbook of basis of colour vision. IkV. Backhaus, R. Kliegl, & J.SVerner
perception and human performand®ol. 1, chap. 5, pp. 1- (Eds.),Colour vision: Perspectivesdm diffeent disciplines
66). New York: Wiley. (pp. 301-318)Berlin: Gruyter

Hunt, R.WG. (1987).Measuring colarNew York: Wiley. Paramei, G.V Bimler, D.L., & Cavonious, R. (1998). f&ct of

Kaiset PK., & Boynton, R.M. (1996)Human color vision(2"d luminance on color perception of protanopésion Resea,
ed.). Washington, DC: Optical Society 8imerica. 38, 3397-3401.

Kay, P & McDaniel, C.K. (1978)The linguistic significance of  Pitt, FH.G. (1935). Characteristics of dichromatic vision, with an
the meanings of basic colour termsnguage, 54610-646. appendix on anomalous trichromatic visi@reat Britain

Kinnear PR. (1986). Spectral sensitivity for observers with Medical Reseah Council Special Repb&eries. K 200.
protanomalous, extreme protanomalous and protanopic colouRigden, C. (1999). ‘The eye of the beholdeDesigning for

vision. Ophtalmic and Physiological Optics, £37-200. colourblind usersBritish Telecommunications Engineering,
Lillo, J. (1996).Manual del €st de Identificacion de Daltonismos 17, 2-6.

(TIDA). Madrid: TEA. ScheibnerH.M.O., & Boynton, R.M. (1968). Residual red-green
Lillo, J. (2000).Ergonomia: evaluacion y disefio del entorno visible. discrimination in dichromatslournal of the Optical Society

Madrid: Alianza. of America, 58,1151-1158.

Lillo, J., Collado, J., Martin, J., & Garcia, (1999).A fast and Smith,V.C., & Pokorny J. (1975). Spectral sensitivity of the foveal
easy psycho-physical procedure to adjust luminance and cone photopigments between 400 and 500\fsion Reseanh,
achromatic contrast in conventional video display terminals 15, 161-171.

(VDT). In D. Harris (Ed.)Engineering psychology and cognitive Smith,V.C., & Pokorny J. (1977). Lage-field trichromacy in
ergonomics: 4l. 4. Job design, pduct design and human- protanopes and deuteranopésurnal of the Optical Society
computer interactiorfpp. 131-140)Ashgate, UK:Aldershot. of America, 67213-220.

Lillo, J., Collado, J.Vitini, 1., Ponte, E., & Sanchez, M.PL998). Travis, D. (1991)Effective color displays: Theprand practice.

Deteccién de daltonismos tipo protan utilizando un monitor ~ London:Academic Press.

de televisién convenciondPsicothema, 10447-457. Stuges, J., &Whitfield, A. (1997). Salient features of Munsell
Lillo, J., Davies, I.R.L.Vitini, I., & Caballero,A. (1999). Macular colour space as a function of monolexemic naming and
dichromats’chromatic space: Basic categories and partial ~ response latenciesvision Researh, 37, 307-313.
asymmetriesPerception, 28,66. Wyszecki, G. (1986). ColoAppearance. In K.R. Béf LL.
Lillo, J., Davies, I., Collado, J., Ponte, E. \&tini, I. (in press). Kaufman, & J.PThomas (Eds.)Handbook of peeption and
Colour naming by coloublind children.Journal of Child human performancgVol. 1, chap. 9, pp. 1-57New York:
Language. Wiley.
Lynes, J.A. (1996). Daylight and photometric anomaligghting
Reseach and €chnology 28, 63-67. ReceivedApril 22, 1999
Montag, E.D. (1994). Surface color naming in dichrom¥itson Revision received June 5, 2000

Researh, 34,2137-2151. Accepted October 6, 2000



