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We examined the effects of luminance contrast and spatial frequency on chromaticity discrimination of grating
bars. Alternate bars of gratings were filled with light of a standard wavelength and light that could be varied in
wavelength. The observer set the variable bars to match the standard bars in hue. Discrimination, as measured by
the standard deviation of the matches, decreased as spatial frequency increased. Luminance contrast did not
improve chromaticity discrimination but did lead to Bezold-Briicke hue shifts that were spatial-frequency depen-

dent.

INTRODUCTION

“Color specifications reveal whether or not two sources radi-
ating different spectral distributions appear to have the
same color, for the average human observer.”! Often it is
desired to determine under what conditions the colors of two
objects are reliably discriminated or what color a given ob-
ject appears rather than merely whether a colored object is
detected. Examples include discriminating the colors of
signal lights and interpreting color-coded video graphics dis-
plays. In these cases, it is necessary to employ a task that
requires discrimination based on color information and to
manipulate experimentally or control other factors, such as
luminance, luminance contrast, and spatial frequency. As
the specification of real-world objects typically is stated with
reference to a chromaticity diagram rather than to wave-
length and luminance units, the term chromaticity discrimi-
nation has come to describe the discrimination of color.

Chromaticity discrimination depends on many factors,
including the spatial structure of the viewing field and the
chromaticity of the standard. There are comprehensive
reviews of the data and theory for chromaticity discrimina-
tion,!~7 but many of these describe discrimination for a nar-
row class of stimuli, such as bipartite fields.

For a wider class of stimuli, such as higher-spatial-fre-
quency stimuli, chromaticity discrimination is not yet well
characterized, particularly in the presence of luminance con-
trast. At higher spatial frequencies it is difficult to measure
the visual-system response to chromatic contrasts uncon-
founded by luminance contrasts, especially when the con-
trast threshold is lower for luminance than chromatic con-
trast.8-15 That is, although adding luminance contrast to a
small object may make it easier to detect, there may be no
advantage gained when discriminating the color of that ob-
ject from the color of a second. Generally, detection of
chromatic contrast or chromaticity discrimination is poorer
for high-spatial-frequency stimuli®1% (or for small field
sizes!6-18) than lower spatial frequencies (or large field sizes).
The wavelength dependence of chromaticity discrimination
also varies as spatial frequency increases (or field size de-
creases).®15-20  Here, we investigate the role of luminance
contrast in chromaticity discrimination for a range of spatial
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frequencies. Specifically, does the addition of luminance
contrast improve the discrimination of hue per se of grating
bars?

Luminance contrast, when added to chromatic contrast,
improves the resolution of high-spatial-frequency grating
bars and enhances the distinctness of borders between two
color fields; i.e., it provides the necessary high-frequency
information to make the border appear distinct.!3:1421-23
Can this be taken to mean that there is an improvement in
chromaticity discrimination or chromatic information pro-
cessing? Previous reports of improving wavelength dis-
crimination at medium to high spatial frequencies may be
due to the higher threshold for chromatic contrast than for
luminance contrast at these frequencies. It has long been
known that performance of tasks that depend on high-spa-
tial-frequency information, e.g., obtaining the clearest
boundaries of two or more objects, is improved with the
addition of luminance contrast (the Liebmann effect24).
Recall that in many instances, although the boundaries of
colored patches are indistinct, the colors per se are quite
distinct in the regions away from the borders. Also, lumi-
nance contrast may be irrelevant to the judgment of other
stimulus attributes of chromatic stimuli, provided that reso-
lution is sufficient to perform the task. For instance, when
luminance contrast is added to chromatic stimuli, there is no
change in the orientation judgments of bipartite fields? or in
the response time to the presence of chromatic stimuli,26
even though the color appearance is significantly changed in
both cases.

The Bezold-Briicke hue shift (a change in hue with a
change in luminance or luminance contrast)?7-33 complicates
interpretation of studies in which both hue and luminance
contrast vary. Under appropriate stimulus conditions, a
Bezold-Briicke hue shift occurs for small luminance differ-
ences (0.2-0.3 log unit) between the standard and vari-
able,31-32 with the luminance difference at which a hue dif-
ference is first perceived depending on wavelength.32 The
hue shift increases at higher spatial frequencies.3! Thus, if
there is luminance contrast between variable and standard
grating bars, they may not match in hue when they are the
same wavelength. This result might lead to artifacts in the
usual measure of wavelength discrimination (A\). A more
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important consideration is that chromaticity discrimination
does not remain constant when the standard or variable
undergoes a hue shift; the observer must discriminate hue
with respect to a new standard.!83¢ That is, the observer is
now performing discriminations around a new operating
point. If a psychometric function were determined for
wavelength discrimination around both the old and the new
operating points, there is no reason a priori to think that the
slope of the function (indicating discrimination) would re-
main constant. As will be seen in the section headed Re-
sults, our findings agree with previous results3435 in that, as
the standard changes, discrimination does not remain con-
stant but depends on the standard and the underlying re-
sponses of visual mechanisms.

We measured chromaticity discrimination as a function of
luminance contrast and spatial frequency. We matched the
variable and standard in hue and, following MacAdam,}
used the standard deviation of a series of matches as our
index of discrimination. This method defines discrimina-
tion of chromaticity in an equal-luminance plane. A dis-
crimination contour results, which may be elliptical in
shape.3 If luminance is also varied,3 an ellipsoid results.

Previous results of chromaticity discrimination for higher
spatial frequencies indicate a large, nonmonotonic change in
performance when luminance contrast is added to chromatic
contrast.!34 In contrast, recent results obtained for the
detection of gratings show ellipses and ellipsoids, similar to
those found for bipartite fields, for a wide range of spatial
and temporal frequencies.l®!5 The discrimination in the
chromatic- and luminance-contrast directions depends on
spatial frequency. Above 1 cycle/degree (cpd), discrimina-
tion in the luminance-contrast direction improves, whereas
chromatic-contrast discrimination worsens. However,
these results do not indicate whether the hues of the grating
bars were discriminated, since the criterion was “to detect
any difference from a blank field, not the presence of hue
modulation.”?® Additional detection results indicated a de-
crease in performance above 1 cpd if the criterion was not (1)
the detection of grating bars versus a blank field but rather
(2) the discrimination of their hues.® Accompanying this
performance difference was a luminance contrast visible
above 3 cpd, regardless of experimental manipulation.
Above 20 cpd, only luminance contrast was visible.

Thus, given the greater sensitivity of achromatic visual
mechanisms above 1 ¢pd, along with the numerous possible
artifacts that can produce detectable luminance contrast at
high spatial frequencies, a method is required that will tap
color information, not merely form detection. Methodolo-
gies involving setting just-noticeable differences or obtain-
ing two-alternative forced-choice judgments may allow re-
sponses to be partly or entirely based on luminance contrast.
In contrast, the use of equality of hue allows a clear criterion,
which may not be obtainable at high spatial frequencies with
the other methods. At high spatial frequencies it is often
difficult to identify which bars represent the standard, and a
forced-choice judgment of longer wavelength depends on
correct identification of the standard and variable bars. If
the standard bars are brighter or darker than the variable
ones, this stimulus uncertainty is eliminated. With a hue
matching method, we can report the matching wavelength in
addition to the standard deviations of hue matches for grat-
ings with luminance contrast. The hypothesis to be tested is
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the following: Does chromaticity discrimination improve
when there is luminance contrast between the variable and
the standard? If so, then the standard deviation of hue
matches will be largest for the equiluminant condition.

METHODS

Two of the authors served as observers. They had normal
color vision and normal acuity with correction. They were
knowledgeable about the experimental hypotheses but were
naive about their results during a session.

The apparatus was a computer-controlled, four-channel
Maxwellian-view stimulator3”-38 with a 2-mm artificial pupil.
For the variable channel (channel 1), which the experiment-
er varied in illuminance and the observer in wavelength, the
wavelength was determined by monochromator. The
monochromator wavelength was monitored with a potenti-
ometer and a digital voltmeter accurate to 0.1 nm. When
additional precision was necessary, the wavelength was de-
termined by attaching a laser optical lever to the monochro-
mator. Channel 2 remained constant over the course of the
experiment, serving as a luminance standard for the other
channels. Channel 3, the standard channel, remained con-
stant in wavelength and illuminance throughout a session.
The wavelength was determined with a three-cavity inter-
ference filter (Ditric Optics) of 530 or 560 nm. Standard
and variable bars were formed by reflection and transmis-
sion at one of a series of engine-ruled mirror grating beam-
splitter cubes, including a bipartite-field beam splitter.
Spatial frequency was altered by changing the beam-splitter
cube between sessions. Channel 4 could provide either a
desaturant or a surround.

The circular test field subtended 2-deg visual angle and
had no fixation point. A square-wave grating of 1.07, 2.15,
4.30, or 8.60 cpd was presented, with standard bars alternat-
ing with variable bars. Standard stimuli were 100 Td. Lu-
minance differences between the standard and variable were
0.2, 0.1, 0.03, or 0 log unit. As the observer could not possi-
bly perform all conditions in a session without fatigue, sub-
sets of the conditions were selected for each data set.

The method was similar to that of Burns et al.38 As the
observer adjusted the wavelength of the variable bars, reti-
nal illuminance did not change. Before a session, each ob-
server used heterochromatic flicker photometry (HFP) to
match in luminance the variable channel to channel 2, the
luminance standard, in 3-nm steps over a range of wave-
lengths greater than the narrow range required for discrimi-
nation of hue. HFP was done through the clear portion of
the bipartite beam-splitter cube, placed to provide a uni-
form 2-deg field of view. Immediately before testing a given
spatial frequency, the grating beam-splitter cube of the test
frequency was inserted; then the observer obtained an iso-
meric match between the variable and standard bars to en-
sure a precise match of illuminance between the variable and
standard channels. The computer was programmed to
maintain constant retinal illuminance of the variable bars
through dec servo control of a neutral-density wedge in the
variable channel.

The two standard wavelengths were selected to be in spec-
tral regions where the variable-channel wedge required min-
imal adjustment with change in wavelength. Discrimina-
tion for these two midspectral standards typically is good for
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normal observers, thus minimizing those artifacts (e.g., scat-
tered light and chromatic aberration) that may be present
when large wavelength differences are required for discrimi-
nation.

RESULTS

Main Conditions

For both standard wavelengths and all spatial frequencies,
there was no case in which the chromaticity discrimination
in the equal-luminance condition was significantly worse (or
better) than in the conditions with low luminance contrasts.

The apparent superiority of chromaticity discrimination in

the equal-luminance condition over the other conditions was
not statistically significant (Figs. 1-3).39 At low spatial fre-
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Fig.1. Left panel: Bezold-Briicke hue shift as a function of lumi-
nance contrast between the variable and standard bars. Standard
bars are 530 nm at 100 Td: triangles, 2.15 cpd; diamonds, 4.3 cpd.
Top, data for observer SB; bottom, data for observer AE. Right
panel: Hue discrimination, the median standard deviation for data
in left panel, with five sessions for observer SB and four sessions for
observer AE. N = 10 per session. Observers and symbols are as
above.
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Fig. 2, Left panel: Asin Fig. 1 for a 560-nm standard. Data with

an additional spatial frequency and greater luminance contrast are

shown in Fig. 3. Right panel: Hue discrimination for 560-nm
standard, as in Fig. 1, but with only four sessions for observer SB.
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Fig. 3. Left panel: Bezold-Briicke hue shift for observer SB as a
function of luminance contrast between variable and standard bars.
The standard bars were 560 nm. Squares, 1.07 ¢pd; triangles, 2.15
cpd; diamonds, 4.3 c¢pd; and circles, 8.6 cpd. Right panel: Hue
discrimination measured as the standard deviation. Symbols are as
above.

quencies, discrimination was as good as that generally found
in bipartite-field studies.?® At higher spatial frequencies,
the discrimination was worse, whether the variable and stan-
dard matched in luminance or not. However, our discrimi-
nation was better than that reported previously.314 The
matching hue changed with the amount of luminance con-
trast, with the largest hue shifts at the highest spatial fre-
quencies (Figs. 1 and 3).

Replications of the Finding That Luminance Contrast
Does Not Improve Chromaticity Discrimination

We confirmed the generality of our findings in several ways.
(1) Our results were replicated with a 2-deg bipartite field
and several standards of midspectral wavelength on a lab-
oratory wavelength-discrimination device.#* (2) In a con-
trol study on the main apparatus, an experimenter naive
about the purpose of this study varied the luminance of a
550-nm standard by inserting or removing calibrated 0.03-
log-unit neutral-density filters in the variable channel.
Thus the standard bars remained fixed in luminance, where-
as the variable bars were brighter than, equal to, or dimmer
than the standard bars. The observer made 50 settings in
blocks of 10 at 4.3 cpd. Blocks were presented in random
order. There were no statistically significant differences of
the variances across conditions.?® (3) The results were repli-
cated with stimuli from 20 to 1000 T'd. (4) The results were
replicated with 2-deg gratings and white surrounds. (5) To
test arange of hue and saturation wider than that induced by
our luminance-contrast manipulations, we compared the ef-
fects of luminance contrast on hue matches of 520-590-nm
standard bars of 1.0 colorimetric purity and variables with a
colorimetric purity of 1.0, 0.79, or 0.63. Discrimination in
the equal-luminance condition, regardless of saturation, was
not statistically different from discrimination in other con-
ditions.3® For our conditions, the hue shifts obtained in the
presence of luminance contrasts were smaller than the
changes in hue with saturation, and both effects depended
on spatial frequency. That is, the Abney effect4? was great-
er than the Bezold-Bricke effect, and both depend on spa-
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tial frequency. (6) The results were replicated with another
luminance matching procedure, the minimally distinct bor-
der criterion.

DISCUSSION

Hue Perception

As expected from published Bezold-Briicke data,3! the
matching wavelength changed as a function of both spatial
frequency and luminance contrast between the variable and
the standard (Figs. 1 and 3). A small difference in lumi-

nance between adjacent bars produced striking hue shifts at *

high spatial frequencies but not at low spatial frequencies, as
van der Wildt and Bouman3! have shown. In our data the
shift in matching hue was sometimes in opposite directions
for low versus higher spatial frequencies, e.g., shorter versus
longer in wavelength at a given contrast. Thus, if our mea-
sure of wavelength discrimination were dependent on the
adjusted wavelength per se, as opposed to the accuracy with
which it was set, then these Bezold-Briicke effects would
have introduced artifacts into our measure.

The change of matching hue across spatial frequency was
not due to the precision of setting hue matches at higher
spatial frequencies but was rather a change in color appear-
ance, consistent with the properties of color vision mecha-
nisms changing with spatial frequency. Chromatic contrast
appeared greater at the higher spatial frequencies. We in-
formally investigated this effect by adjusting the bars to be
distinctly different. For the 530-nm standard, adjacent
bars, which observers called “greenish-yellow” (although
different) at low spatial frequencies, were called “red” and
“blue” at high spatial frequencies. It is unlikely that these
striking contrast effects were reflected in the standard devi-
ations because our technique required that chromatic con-
trast be minimized. While collecting pilot data, for some
conditions, we noted that at high spatial frequencies the
entire grating changed in hue as the wavelength of the vari-
able changed until the bars were discriminable, an assimila-
tion phenomenon.#3 Thus the task was qualitatively differ-
ent from matching bars in hue. It did not occur for the
conditions used in this study.

Comparisons with Previous Studies

Previously it was reported that “Hue discrimination im-
proves if a small luminance contrast is added.”'* For the
discrimination of a 560-nm spot from a background, a two-
alternative forced-choice paradigm was used, with the
threshold defined as the wavelength interval between the 50
and 84% “longer” responses. Although the best discrimina-
tion in the experiment was for the largest spot on an equilu-
minant background, the performance for smaller spots was
improved nonmonotonically by the addition of luminance
contrast, sometimes by a factor of 5. For gratings, a just-
noticeable difference between bars was adjusted by varying
either wavelength or spatial frequency. A 0.045-log-unit
luminance contrast improved performance by a factor of 2 to
4 times for spatial frequencies over 8 cpd. The improve-
ment was nonmonotonic, however, with 0.09-log-unit lumi-
nance contrast leading to less improvement. In later stud-
ies,B-111544 most using a criterion-free two-alternative
forced-choice detection of gratings, the observer varied the
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relative amounts of a red and a green primary. Typically,
there is a very gradual, monotonic improvement in detection
performance as the luminance of the primaries is varied to
form a chromatic grating to a chromatic-plus-luminance-
contrast grating, whether the primaries are broadband9.11.15
or monochromatic.** Our data, although gathered with a
different method, are more consistent with these later re-
sults in that gradual, monotonic changes in color appearance
with luminance contrast were measured.

Let us now consider whether the difference between our
results and previous results'3!4 for the equal-luminance con-
dition can be explained by the difference in procedure for
setting the relative radiances of the variable and standard
bars. Suppose that there is a ratio of the relative lumin-
ances of standard and variable that produces the least dis-
criminable grating bars but that this ratio is not produced by
HFP. Then that ratio of luminances should be within the
range of luminance contrasts that we tested, a 0.4-log-unit
range. We used a very small luminance mismatch, 0.03 log
unit. If this luminance mismatch decreased discrimination
for a nonisomeric condition, then this should be reflected in
either an increase in the standard deviation (a peak in the
function) or a displaced mean (a wavelength shift). As can
be seen in the section headed Results, no such peaks or
nonmonotonic shifts in wavelength occurred. In contrast,
the standard deviations were similar for all conditions at a
given spatial frequency (Figs. 2 and 3). For equal-lumi-
nance conditions, both laboratories made isomeric matches.
Our wavelength adjustment range was small, with little lu-
minance change needed over the range of adjustments. Giv-
en that both laboratories used similar stimuli, square-wave
gratings and a range of monochromatic standards, it is likely
that the difference in the results depends on the task. Per-
haps in the previous results the chromatic information in the
equiluminant conditions could not be used by the observer
because the spatial structure of the visual field could not be
resolved without increasing the contrast, either luminance
or chromatic. A luminance contrast of 0.045 log unit is
sufficient to define grating bars for the range of frequencies
that we explored. Any additional contrast serves only to
increase the Bezold-Briicke hue shift and possibly contrib-
utes to the nonmonotonicity of the previous discrimination
results.

In summary, we show that luminance contrast affects col-
or appearance but does not necessarily lead to improved
color discrimination. Previous reports of luminance con-
trast improving color discrimination may therefore be due
either to changes in color appearance with luminance con-
trast or to assimilation under equiluminant conditions.

ACKNOWLEDGMENTS

Supported in part by National Institutes of Health—Nation-
al Eye Institute grants EY007010 and EY00901.

* Present address, Department of Ophthalmology, Eye
and Ear Hospital, 230 Lothrop Street, Pittsburgh, Pennsyl-
vania 15213.

REFERENCES AND NOTES

1. D. L. MacAdam, “Visual sensitivities to color differences in
daylight,” J. Opt. Soc. Am. 32, 247-274 (1942).



920

2.

10.

11
12.

13.

14.

15.

16.
17.

18.

19.

20.
21.
22.
23.

24.

25.

J. Opt. Soc. Am. A/Vol. 3, No. 7/July 1986

C. H. Graham, “Color: data and theories,” in Vision and Visu-
al Perception, C. H. Graham, ed. (Wiley, New York, 1965), pp.
414-451.

. M. A. Bouman and P. L. Walraven, “Color discrimination data,”

in Handbook of Sensory Physiology, D. Jameson and L. Hur-
vich, eds. (Springer-Verlag, New York, 1972), Vol. Vil/4, pp.
484-516.

. K. J. Bowman, “Hue discrimination,” Aust. J. Optom. 59, 42-52

(1976).

. R. M. Boynton, Human Color Vision (Holt, New York, 1979).
. G. Wyszecki and W. S. Stiles, Color Science (Wiley, New York,

1982).

. J.Pokorny and V. C. Smith, “Colorimetry and color discrimina-

tion” in Handbook of Perception and Human Performance, K.
R. Boff, L. Kaufman, and J. P. Thomas, eds. (Wiley, New York,
in press).

. See, for example, G. J. C. van der Horst, “Fourier analysis and

color discrimination,” J. Opt. Soc. Am. 59, 1670-1676 (1969).

. E. M. Granger and J. C. Heurtley, “Visual chromaticity-modu-

lation transfer function,” J. Opt. Soc. Am. 63, 1173-1174 (1973).
S. A. Burns, A. E. Elsrier, and R. F. Quick, Jr., “Interactions of
chromatic and achromatic spatial mechanisms,” J. Opt. Soc.
Am. 71,1571 (A) (1981).

D. H. Kelly, “Spatiotemporal variation of chromatic and achro-
matic contrast thresholds,” J. Opt. Soc. Am. 73, 742-750 (1983).
G. J. C. van der Horst, C. M. M. De Weert, and M. A. Bouman,
“Transfer of spatial chromaticity-contrast threshold in the hu-
man eye,” J. Opt. Soc. Am. 57, 1260-1266 (1967).

R. Hilz and C. R. Cavonius, “Wavelength discrimination mea-
sured with square-wave gratings,” J. Opt. Soc. Am. 60, 273-277
(1970).

R. Hilz, G: Huppmann, andC R. Cavonius, “Influence of lumi-
nance contrast on hue discrimination,” J. Opt. Soc. Am. 64, 763
766 (1974). »

C. Noorlander and J. J. Koenderink, “Spatial and temporal
discrimination ellipsoids in color space,” J. Opt. Soc. Am. 73,
1533-1543 (1983).

D. B. Judd, “Chromaticity sensibility to stimulus differences,”
J. Opt. Soc. Am. 22, 72-108 (1932).

E. N. Willmer and W. D. Wright, “Colour sensitivity of the fovea
centralis,” Nature 156, 119-121 (1945).

W. J. R. Brown, “The effect of field size and cliromatic sur-
roundings on color discrimination,” J. Opt. Soc. Am. 42, 837-
844 (1952). _

A.E.Elsner, S. A. Burns, and J. Pokorny, “The Abney effect as a
function of spatial frequency,” Invest. Ophthalmol. Suppl. 18,
93 (1979), “Changes in constant hue loci with spatial frequen-
cy,” Color Res. Appl. (to be published).

K. J. McCree, “Small-field tritanopia and the effects of volun-
tary fixation,” Opt. Acta 7, 317-323 (1960).

K. Koffka and M. R. Harrower, “Colour and organization 1,”
Psychol. Forsh. 15, 145-192 (1931).

K. Koffka and M. R. Harrower, “Colour and organization II,”
Psychol. Forsh. 15, 193-275 (1931).

/
R. Boynton, “Implications of the minimally distinct botder,” J /

Opt. Soc. Am. 63, 1037-1043 (1973).

S. Liebmann, “Uber das Verhalten farbiger Formen bei Helhg-
keitsgleichheit von Figur und Grund,” Psychol. Forsh. 9, 300-
353 (1927).

A. Elsner, “Hue difference contours can be used in processing
orientation information,” Percept. Psychophys. 24, 451-456
(1978).

Elsner et al.

26. M. J. Nissen, J. Pokorny, and V. C. Smith, “Chromatic informa-
tion processing,” J. Exp. Psychol. Human Perf. Percept. 5, 406—
419 (1979). i ‘

27. W. von Bezold, “Uber das Gesetz der Farbenmischung und die
physiologischen Grundfarben,” Pogg. Ann. Phys. Chiem. 150,
921-239 (1873).

28. E. Briicke, “Uber einige Empfiridungen im Gebiete der Sehner-
ven,” Sh. Pieuss. Akad. Wiss. 77 (3), 39-71 (1878).

29. D. McL. Purdy, “Spectral hue as a function of intensity,” Am. dJ.
Psychol. 43, 541-559 (1931).

30. D. McL. Purdy, “The Bezold-Briicke phenomenon arid con-
tours of constant hue,” Am. J. Psychol. 49, 313-315 (1937).

31. G. J. van der Wildt and M. A. Bouman, “The dependence of
Bezold-Briicke hue shift on spatial intensity distribution,” Vi-

. sion Res. 8, 303-313 (1968).

32, V. C. Smith, J. Pokorny, J. Cohen, and T. Perera, “Luminance
thresholds for the Bezold-Briicke hue shift,” Percept. Psy-
chophys. 3, 306-310 (1968).

33. S. Coren and B. Keith, “Bezold-Briicke effect: pigment or
neural locus?” J. Opt. Soc. Am. 60, 559-562 (1970).

34. D. Jameson and L. M. Hurvich, “Theory of brightness contrast
and color contrast in human vision,” Vision Res. 4, 135-154
(1964).

35. W. R. J. Brown and D. L. MacAdam, “Visual sensitivities to
combined chromaticity and luminance differences,” J. Opt. Soc.
A. 39, 808-834 (1949).

36. Discrimination has been described by polygons with corners
indicating interactions between two visual mechanisms, e.g., R.
M. Boynton, A. L. Nagy, and C. X. Olson, “A flaw in equations
for predicting chromatic differences,” Color Res. Appl. 8, 69-72
(1983).

37. S. A. Burns, V. C. Smith, J. Pokorny, and A. E. Elsner, “Bright-
ness of equal-luminance lights,” J. Opt. Soc. Am., 72, 1225-1231
(1982).

38. S. A. Burns, A. E. Elsner, J. Pokorny, dnd V. C. Smith, “The
Abney effect: chromaticity coordinates of unique and other
constant hues,” Vision Res. 24, 479-489 (1984).

39. An F test was performed on the ratios of the variances for the
luminance mismatch conditions compared with the variance for
the equal-luminance condition, with degrees of freedom = (N —
1, N — 1) and the probability of a type-I error = 0.05.

40. Although a just-noticeable difference measure computed from
three times the standard deviation reaches statistical signifi-
cance, a measure of five times the standard deviation may make
data collected with different methods more nearly comparable
at low spatial frequencies. The accuracy of our high-spatial-
frequency data is greater than that of some previous reports,!3.1
even if the just-noticeable difference is computed as five times
tHe standard deviation. For a discussion of comparison meth-

/ods, see Ref. 6.

}1. J. Pokorny and V. C: Smith, “Wavelength discrimination in the

presence of added chromatic fields,” J. Opt. Soc. Am. 60, 562
569 (1970).

42. W. de W. Abney, “On the change of hue of spectrum colors by
dilution with white light,” Proc. R. Soc. London Ser. A 83, 120-
127 (1910).

43. R. M. Evans, An Introduction to Color (Wiley, New York,
1948).

44. K. T. Mullen, “The contrast sensitivity of human colour vision
to red—green and blue-yellow chromatic gratings,” J. Physiol.
(London) 359, 381-400 (1985).



