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Equivalent luminance contrast of red-green drifting stimuli:
dependency on luminance-color

interactions and on the psychophysical task

Christel Agonie and Andrei Gorea

Laboratoire de Psychologie Exp6rimentale, Rena Descartes University,

and Centre National de la Recherche Scientifique, 28 rue Serpente, 75006 Paris, France

Received July 20, 1992; revised manuscript received October 19, 1992; accepted November 20, 1992

The equivalent luminance contrast (EqLC) of red-green drifting stimuli was assessed by three independent
methods. The first method [method (a)] consisted in adjusting the luminance constrast of a yellow, equi-
chromatic stimulus to match the direction-discrimination performances that were obtained with a red-green,
equiluminant stimulus. The second method [method (b)] was a replica of the standard motion-cancellation
technique proposed by Cavanagh et al. [J. Opt. Soc. Am. A 1, 894 (1984)]. The third method [method (c)] con-
sisted in adjusting the luminance contrast of the same yellow, equichromatic stimulus as in method (a) to match
the perceived speed of the red-green, equiluminant stimulus. The three estimated EqLC's are all different.
It is argued that differences between EqLC's assessed by means of methods (a) and (b) result from unbalanced
interactions between the chromatic and achromatic, directional-sensitive mechanisms and that differences be-
tween EqLC's assessed by means of methods (a) and (c) reveal unequal transfer efficiencies from the directional
to the speed-processing stages in the chromatic and achromatic pathways.

1. INTRODUCTION

Comparing performances for a given perceptual task with
luminance- and color-defined stimuli is meaningless un-
less one makes certain that their contrast is equivalently
efficient. This raises the question, What do we mean by
"equivalently efficient"?

Ideally, one would like to have a general contrast met-
ric that is both task and method independent. In their
1984 seminal paper Cavanagh et al.' set forth the debat-
able idea of expressing contrast as a percentage of the
maximum modulation that one can obtain in a given per-
ceptual domain. For color modulation they decided that
the maximum modulation (i.e., 100%) is given by the
largest distance within the CIE space. With this conven-
tion in mind, they concluded that color is a highly ineffi-
cient motion carrier. We know, however, that the CIE
space is not an accurate representation of the correspond-
ing perceptual space: equal distances in the CIE space
do not correspond to a constant number of just noticeable
differences (jnd's).2 3

The convention that was used by Cavanagh et al. for
expressing chromatic contrast is, in fact, equivalent to
that adopted in classical studies in which a pure chromatic
modulation was obtained by the superposition of two
monochromatic lights whose luminance modulations were
identical but out of phase.4 ` With this technique one can
obtain any chromatic contrast by jointly varying the lumi-
nance modulation of the two monochromatic lights. By
construction, 100% luminance modulation corresponds to
the maximum chromatic modulation, whereas 0% lumi-
nance modulation will correspond to an equichromatic
field. Chromatic contrast is thus expressed directly in
luminance-modulation units. This metric is obviously ar-
bitrary since it provides the same modulation range inde-

pendently of the two primaries whose contrast it is meant
to specify.

The two (equivalent) approaches described above may
be regarded as stimulus oriented insofar as the proposed
metrics are made independent of the particularities of sen-
sory processing. In the same vein, more-recent studies
proposed the use of cone contrast as a universal metric for
luminance- and color-modulated stimuli.9' 2 Based on the
Smith-Pokorny fundamentals,' 3 the cone-contrast metric,
however, recasts external physical energy into something
approximating the proximal visual stimulus and, as such,
provides a nonarbitrary reference for the efficiencies of
subsequent processing stages in the visual pathways. Ex-
pressing an arbitrary modulation in terms of cone contrast
requires, nonetheless, the specification of an intercone-
summation metric that is a matter of debate. Depending
on whether this metric is supposed to be linear (i.e., rms
values), computed heterochromatic contrasts may vary by
as much as 20%."

At least two distinct, sensory-oriented approaches permit
comparisons between chromatic and luminance contrasts.
One is to equate such modulations in terms of jnd's. 5 6

The major drawback of the jnd metric is its inadequacy
when it is used for comparing largely suprathreshold
modulations.'7 The motion-cancellation technique was
proposed as an alternative method for assessing the equiva-
lent luminance contrast (EqLC) of an arbitrarily high
chromatic modulation. This technique requires the
simultaneous presentation of chromatic and luminance-
modulated stimuli drifting in opposite directions. It is
necessarily based on the implicit assumption that the two
types of information do not interact or, if they do, that
they display symmetrical interactions. Nevertheless,
studies on the interactions between color and luminance
pathways showed that this assumption might not be
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true 61620 21 Like any sensory-oriented approach, the
assessment of an EqLC either by means of the motion-
cancellation technique or in jnd units suffers from being
potentially both task and stimulus dependent.

The use of stimulus-oriented and sensory-oriented
metrics in the literature may lead to quite different
conclusions regarding the relative efficiencies of the chro-
matic and luminance pathways. For example, the motion-
cancellation technique revealed that the directional
visibility of a red-green-modulated drifting grating is
canceled by 10% modulation of an achromatic stimulus
drifting in the opposite direction. This result was taken
as evidence that pure chromatic motion is much less effi-
cient than pure luminance motion. This conclusion loses
its strength, however, when one considers that the cone
contrast of such a red-green grating is -25% (on a video
screen).'2 Indeed, it is well established that, at least at
the first levels of the visual pathway, color and luminance
attributes are processed along separate streams22 23 whose
transmission efficiencies may be quite different. The sig-
nificant difference between the EqLC's assessed by means
of the motion-cancellation technique (i.e., -10%) and those
assessed in terms of cone contrast (i.e., -25%) suggests a
mildly (rather than dramatically) lower motion-processing
efficiency in the chromatic pathway relative to the achro-
matic pathway.

The difference in the processing efficiency of distinct
visual pathways is not the unique reason accounting for the
dependency of EqLC on its assessment technique. The
first purpose of this study is to show that, even when it is
assessed for the same processing stage (in this case the
stage subserving motion perception), EqLC still depends
on the experimental technique. In particular, we compare
the EqLC's assessed by means of the standard motion-
cancellation technique and those assessed by means of a
new method that was specifically designed to avoid the
simultaneous presentation of color- and luminance-
carried motions. The theoretical motivation of this com-
parison is related to the putative interactions between the
chromatic and achromatic pathways5-' 6 2 02' that may bias
the assessment of EqLC by the first method but not by
the second. This second, interaction-free method is remi-
niscent of Crawford's equivalent background luminance
technique24 and of more recent work by Blakemore and
Nachmias25 whereby orientation gradients were expressed
in terms of luminance contrast.

The second purpose of the present study is to demon-
strate that the assessment of EqLC is task dependent. In
particular, we show that measurements of directional sen-
sitivity and of perceived speed for the same drifting stimu-
lus lead to significantly different EqLC's. This result is
taken as evidence for distinct processing stages for direc-
tion and speed in the chromatic and achromatic pathways.

2. STIMULI AND RATIONALE

The stimuli that were used belong to the class of multi-
attribute stimuli developed by Gorea and Papathomas.26 27

They are characterized by a set of discrete elements whose
characteristic attributes, e.g., color and luminance, can be
matched independently across space and time. A color or
a luminance contrast coherently matched across space and

time is a token for motion perception if motion direction
can be unambiguously perceived.

Figures 1(a)-1(c) display the three spatiotemporal con-
figurations that were used in the present experiments. In
each of these figures the abscissa represents space and the
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Fig. 1. (a)-(c) Schematic spatiotemporal representation of the
stimuli used in the three experiments. In each figure one row
represents one stimulus frame with time going downward. Each
element in a frame is defined by its color contrast (a), by its lumi-
nance contrast (b), or by both types of contrast (c) relative to the
yellow (Y) background set at luminance Lo. The motion-carrying
attributes are shown in bold characters. In (a) the pure color
stimulus is equiluminant (at Lo) and the red (R) and green (G)
elements are arranged spatiotemporally so as to carry rightward
motion. In (b) the pure luminance stimulus is equichromatic (Y)
and the luminance defined elements (L+ and L-) are arranged
spatiotemporally so as to carry rightward motion. In (c) color
carries motion to the right and luminance to the left (against
stimulus). (d) The actual appearance of one pure color stimulus
frame in x-y space. In the actual experiments, two successive
stimulus frames were separated by one background frame.
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ordinate represents time so that each row in each figure
represents one stimulus frame. Figure 1(a) shows the
pure color stimulus, in which only the color is coherently
matched across space and time. The stimulus is equi-
luminant (set at Lo), with the two colors [red (R) and
green (G)] shown in bold characters. The gray back-
ground was in fact yellow (Y) and set at the equiluminant
point relative to the red and green squares. Figure 1(b)
shows the pure luminance stimulus, in which only the lu-
minance contrasts are coherently matched across space
and time. The stimulus is monochrome (i.e., yellow), with
each square element defined by its luminance contrast.
Luminance decrements (L -) and increments (L +) are
symmetrical about the Lo, yellow background. Fig-
ure 1(c) displays what is termed the against stimulus, in
which color- and luminance-carried motions are pitted
against each other. Figure 1(d) illustrates one frame of
the pure color stimulus displayed in an x-y space (see
Section 3). Notice that, given our animation technique,
the stimuli repeat themselves every other four frames
[Figs. 1(a)-1(c)]. Also notice that one spatial period con-
sists of one R (or L +) and one G (or L -) square and two

intersquare yellow areas [background; Fig. 1(d)].
The purpose of the three experiments reported here was

the assessment of the EqLC of a maximally modulated
red-green chromatic stimulus. The chromatic contrast
was thus a fixed parameter as in many of the previous
studies that compared the efficiencies of the luminance
and chromatic systems in the processing of pattern and
movement information. The luminance contrast of the
L-/L+ yellow stimuli (in both pure luminance against
conditions) was the independent variable.

The assessment of the EqLC with the pure stimuli was
based on the postulate that equivalent (chromatic and
luminance) contrasts yield identical (directional) perfor-
mances. The comparison of performances obtained with
the two types of stimuli requires the use of an independent
variable that can modulate the directional performances
obtained with both pure chromatic and pure luminance
stimuli while the chromatic contrast of the former is kept
constant. The spatial extent of the stimuli (specified in
number of visible spatial cycles) is one such performance-
modulating variable. 28 The EqLC was assessed by this

method in experiment 1.
In experiment 2 the EqLC was assessed with the against

stimulus by means of the standard motion-cancellation
technique. 8 "l As discussed in Section 1, this technique
requires the simultaneous activation of the chromatic and
achromatic motion-sensitive mechanisms. Thus the esti-
mation of the EqLC could be biased by their putative
unbalanced interactions. The comparison between the
EqLC's assessed in experiments 1 and 2 should then per-
mit the evaluation of such interactions. We consider the
following three possible outcomes of the comparison:

(a) The EqLC estimated in experiment 1 (EqLC 1) is

lower than the EqLC estimated in experiment 2 (EqLC2 ;
EqLC, < EqLC2 ). In other words, the luminance contrast
that one requires in order to cancel the color-carried
motion is higher than the luminance contrast of the equi-
chromatic stimulus [Fig. 1(a)] yielding directional perfor-
mances identical to those obtained with the equiluminant

stimulus [Fig. 1(b)]. To account for this difference, one
should assume that color-luminance interactions (in the
against stimulus) are unbalanced, with a stronger inhi-
bition of the chromatic mechanisms on the luminance
mechanisms than the reverse. Notice that "inhibition"
here is used as a generic term for an undefined class of
interactions. In fact, the same EqLC, < EqLC2 outcome
may be interpreted as an unbalanced facilitation of the
chromatic mechanisms by the luminance mechanisms.
The present experiment cannot discriminate between
these two possibilities.

(b) EqLC, > EqLC2. According to the same logic, this
outcome implies that the luminance mechanisms inhibit
the color mechanisms more than the reverse (or that the
latter facilitate the former).

(c) EqLC, = EqLC2 . This outcome may reflect either
the absence of any color-luminance interactions or the ex-
istence of perfectly balanced interactions.

In experiment 3 the EqLC was defined as the luminance
contrast of the pure luminance stimulus yielding a per-
ceived speed identical with the perceived speed of the
pure chromatic stimulus. In this case both stimuli were
suprathreshold.

3. METHOD

Stimuli
The stimuli were red, green, and yellow square elements
displayed on a Sony Trinitron monitor (GDM 1601/1950)
driven by an Adage PG-90/10 graphic card under the con-
trol of a L6anord-386 AT computer. The CIE (x, y) co-
ordinates were (0.611,0.353) for red and (0.285,0.597) for
green (phosphors and stimuli). The (x, y) coordinates for
yellow were observer dependent insofar as the observers
had slightly different red-green equiluminant points and
given that the red-green mixture to obtain yellow pre-
served their equiluminance ratio. Qualitatively, the yel-
low obtained in this way was close to the unique yellow for
each observer (see below). The yellow (x, y) coordinates
averaged across observers were (0.448,0.475). The cone
contrast of the red-green modulation varied slightly
across observers as a result of their different equilumi-
nant points. The average cone contrast was 28%.29

The square elements were displayed in three rows below
and three rows above the fixation point [see Fig. 1(d)].
The vertical separation between the top and bottom
halves, calculated at the midpoints of the bottom and top
rows, respectively, subtended 1 deg. Within each half, the
vertical interrow separation (between the midpoints of the
squares) subtended 0.5 deg. The square elements sub-
tended 25.6 x 25.6 arcmin, and their horizontal separa-
tion was equally 25.6 arcmin, so that the spatial frequency
of the stimuli was 0.59 cycle (cyc) per degree. Notice that
this spatial frequency is obtained by considering that one
spatial cycle includes one red (or L+) and one green
(or L-) element plus two interelement distances, i.e., a
total extent of 25.6 x 4 arcmin.

The largest stimulus array subtended 13.6 deg horizon-
tally and 3.4 deg vertically (i.e., eight spatial cycles) at
114 cm from the observer. This spatial aperture was used
only in experiments 2 and 3. Smaller stimulus displays
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(ranging from 0.27 to 0.67 deg along the horizontal axis)
were used in experiment 1 and, for one observer, in ex-
periment 2. The yellow background was set at 20 cd/M2

and subtended a 17 x 13.5 deg area. The drift rate of all
stimuli in all the experiments was 7.5 Hz, i.e., a speed of
12.7 deg/s. This temporal modulation was obtained by in-
troducing an empty yellow background frame of 16.66 ms
in between any two stimulus frames. In experiments 1
and 2, one stimulus presentation consisted of one full tem-
poral period (i.e., four stimulus frames, 133 ms). In
experiment 3, eight stimulus frames were presented for
each trial (i.e., 267 ms). It should be noted that, given
both the spatiotemporal discreteness of the stimuli and
their limited spatial and temporal presentations, the stim-
uli were broadband. Thus the given spatial and temporal
frequencies refer to fundamental rather than to nominal
frequencies.

The red and green elements were set at the equi-
luminant point by means of heterochromatic flicker
photometry. The heterochromatic flicker-photometry
procedure was used with two different stimuli. In one
case the stimulus was a 13.6 X 4.8 deg red-green checker-
board centered on the fixation point. The red and green
squares subtended 25.6 25.6 arcmin as in the main ex-
periments. A second, eccentric stimulus consisting of al-
ternating 51.2-arcmin-wide red and green bars subtended
13.6 deg horizontally and 1.5 deg vertically and was cen-
tered 1 deg above or below the fixation point. This stimu-
lus extended over the same area as the upper or lower
halves of the stimuli that were used in the main experi-
ments under the largest aperture conditions. For both
stimuli the luminance of one of the two colors was fixed
while the luminance of the second color was adjusted by
the observer to minimize flicker perception. Fixed and
adjustable luminances were exchanged across the two col-
ors in different sessions. For the checkerboard stimulus,
minimum flicker settings were obtained at five luminance
adaptation levels ranging from 0.5 to 27 cd/M2 . The
flicker rate was 15 Hz for the highest three luminances
and 3.75 Hz for the two lower ones. For the eccentric,
grating stimulus, minimum flicker was obtained only at
the adaptation level used in the main experiments, i.e.,
20 cd/m2 . At least five adjustments per stimulating con-
dition were obtained from each observer. Within compa-
rable luminance ranges, the two stimuli yielded practically
identical equiluminance points. This is not surprising
given that the two stimuli covered largely overlapping
retinal areas.

The minimum flicker settings permitted the construc-
tion both of equiluminant stimuli and of a balanced yellow
(i.e., as close as possible to unique yellow). The latter was
obtained by mixing red and green lights in proportions
determined by the heterochromatic flicker-photometry
procedure. A control experiment that was conducted with
one of the observers (described in a related paper3 0) pro-
vided support for our choice of yellow. In this experiment
the motion-cancellation technique (see experiment 2) was
used independently with red-yellow and green-yellow
chromatically modulated stimuli, and an EqLC was ob-
tained for each of them. The two EqLC's were almost
identical and were one half of the EqLC of a red-green-
modulated stimulus. This result indicates that the chosen
yellow was equally distant, in chromatic contrast, from the
red and green lights.

General Procedure
In all the experiments the spatiotemporal correspondence
of the chromatic- and/or luminance-defined elements was
changed randomly from trial to trial to produce leftward
or rightward motion. In experiments 1 and 2, the observ-
ers' task was to indicate the perceived direction of motion.
In experiment 1, in which only one (color- or luminance-)
motion carrier was present at a time, the observers' perfor-
mances were expressed as percentages correct relative to
the true direction. In experiment 2, in which color- and
luminance-carried motions were pitted against each other,
the observers' performances were expressed in terms of
percentages of luminance-carried motion preferences. In
experiment 3 the pure stimuli were presented at supra-
threshold levels, and the observers' task was to judge their
speed relative to a reference probe whose physical speed
was monitored by means of a double-staircase procedure.
No feedback was provided in any of the three experiments.
A more detailed description of each of these procedures is
given below.

The two authors and two naive observers participated in
experiments 1 and 2. The two authors and another naYve
observer served in experiment 3. Three observers were
emmetropes, and two had vision that was corrected to
normal. Slightly deviant results obtained in pilot experi-
ments with observer BD hinted at a potential color defi-
ciency. The Ishihara, the D-15, and saturated D-15 tests
did not reveal any anomaly. The Rayleigh color-matching
test indicated a slightly lower than normal sensitivity to
green light (A - Q = 1.2). As discussed below in Sec-
tions 4 and 5, the partially deviant results of this observer
are difficult to account for on the basis of this mild anom-
aly. Inspection was binocular with natural pupils.

4. EXPERIMENT 1

Rationale
The independent activation of the color and luminance
pathways by the pure stimuli permits the isolation of the
color and luminance contribution to motion perception.
By definition, the equivalent activation of the chromatic
and achromatic motion detectors should entail identi-
cal directional performances (i.e., percentage of correct
responses). This is to say that the mechanism's activa-
tion and therefore the observers' performances depend
directly on contrast (chromatic or luminance). As a con-
sequence, contrasts are equivalent if they yield identical
performances.

In theory, the implementation of this principle is
straightforward: one should measure directional perfor-
mances for an achromatic stimulus as a function of its
luminance contrast so as to find the particular contrast
yielding directional performances identical to those of the
reference chromatic stimulus. In practice, the specific
(red-green) chromatic contrast used in this study yields
perfect (100%) directional discrimination and cannot
therefore be matched by a particular luminance contrast.
A third independent variable is then required to modulate
performances with the fixed red-green chromatic stimu-
lus. The variable chosen here was the number of visible
cycles of the stimulus regulated by the aperture size.28

The aperture size was varied along the horizontal dimen-
sion only.

Figure 2 illustrates the rationale of experiment 1.
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Fig. 2. Illustration of the rationale for assessing EqLC in experi-
ment 1. (a) Hypothetical directional performances obtained
with the pure color stimulus as a function of the aperture size.
(b) Hypothetical performances obtained with the pure luminance
stimulus as a function of luminance contrast for each of the aper-
ture sizes used with the pure color stimulus. The EqLC is de-
fined as the luminance contrast of the pure luminance stimulus
yielding directional performances identical to those of the pure
color stimulus for a given aperture size. The EqLC should not
depend on the specific aperture size used to estimate it (see text).

Directional performances shown as a psychometric func-
tion (to be fitted by the method described in Ref. 31) are
measured with the pure color stimulus [Fig. 2(a)] as a
function of the aperture size (five aperture sizes in the
illustration). Directional performances are then mea-
sured with the pure luminance stimulus [Fig. 2(b)] for
each of the apertures used above as a function of lumi-

nance contrast. A psychometric function is fitted to the
data obtained for each aperture. The measured (or inter-
polated) performance with the pure color stimulus for a
given aperture size is projected onto the corresponding
psychometric function (i.e., for, the same aperture) ob-
tained with-the pure luminance stimulus. One then ob-
tains the EqLC point by finding the luminance contrast
yielding that particular performance (arrowhead).

Under the assumption that the chromatic and achro-
matic motion-sensitive mechanisms have similar spatial
integration characteristics, the EqLC should not depend
on the particular aperture that is chosen to assess it.
This assumption, however, is not critical for the imple-
mentation of our rationale. In case it is not verified, the
EqLC's assessed by this method and those obtained in
experiments 2 and 3 should be compared for each particu-

lar aperture. These aperture-specific comparisons were
indeed required for observer BD, whose EqLC's increased
systematically with a decrease in the aperture size. The
EqLC's of the remaining three observers did not show any
such systematic dependence and were consequently aver-
aged across aperture sizes.

Procedure
For the pure color stimulus, one session consisted of
100 trials with the aperture size randomized across ses-
sions. Each session was repeated twice so that each per-
centage of correct responses was computed from 200 trials.
For the pure luminance stimulus, we chose four lumi-
nance contrasts in pilot experiments so as to bracket the
expected threshold for each aperture size and for each ob-

server. One session, defined by a fixed aperture size,
consisted of 200 trials, with 50 trials per luminance con-

trast. Luminance contrast was randomized across trials,
whereas the aperture size was randomized across ses-
sions. Each session was repeated four times so that each
percentage of correct responses was computed from
200 trials. Stimulus configuration (i.e., pure color and
pure luminance) was also randomized across sessions.

Results
Figure 3 displays the percentages of correct directional
responses as a function of the aperture size (in number of
visible cycles) with the pure color stimulus for the four
observers. Psychometric functions fitted to the data with
a (the threshold at 75% correct) and 13 (the slope) as free
parameters are shown as continuous curves. The slopes
of the psychometric functions vary from 2.05 to 6.4 across
observers. The estimated thresholds (in number of visible
cycles) vary from 0.21 to 0.38 across observers.

Figure 4 displays the percentages of correct responses
that were obtained with the pure luminance stimulus as a
function of its luminance contrast and for each of the ap-
erture sizes that were used with the pure color stimulus.
Performances and the fitted psychometric functions are
shown for the four observers. The slopes of the psycho-
metric functions do not show any systematic variation
with the aperture size. Their variability across observers
is comparable with their variability across aperture sizes.

Figure 5 displays the psychometric functions that
were fitted for each observer for the pure color stimu-
lus (left-hand panels from Fig. 3) and for the pure lumi-
nance stimulus (right-hand panels). The latter were
readjusted to fit the data of Fig. 4 while 13 was used

% CORRECT ('pure' color)

CA

90

60

0

0.00
APERTURE SIZE (visible cycles)

0.6

0.6 0.00

APERTURE SIZE (visible cycles)

0.5

APERTURE SIZE (visible cycles) APERTURE SIZE (visible cycles)

Fig. 3. Measured directional performance (circles) with the
pure color stimulus as a function of the aperture size for four
observers. Continuous sigmoids are the psychometric functions
fitted to each set of data.
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Fig. 4. Measured directional performance (marked by symbols)
with the pure luminance stimulus as a function of luminance
contrast for different aperture sizes (see insets). Each panel
shows the data and the fitted psychometric functions (with 13 as a
free parameter; see text).

as a fixed parameter. The fixed 13 was taken as the aver-
age slope across aperture sizes for each observer. Esti-
mated EqLC's are indicated by arrowheads. As can be
seen, EqLC estimations are practically independent of the
aperture size for observers CA, AG, and VS. Averaged
across aperture sizes, the EqLC's for these observers vary
between 5.4% and 6.1% and are statistically indiscrimin-
able (see also Table 1). These estimations are within the
range of EqLC's measured by Anstis et al."5 and Cavanagh
and Anstis'9 by means of the motion-cancellation tech-
nique (6-10%o).

For observer BD, the estimated EqLC increases system-
atically from 3% to 12% with a decrease in the aperture
size. It is not clear how this deviant performance relates
to this observer's potentially deficient chromatic vision.
Those EqLC's of observer BD that were estimated for the
largest three apertures (3.2%, 3.7%, and 4.8%) are signifi-
cantly lower than the mean EqLC's of the remaining three
observers, an observation that complies with observer BD's
mild deuteranomaly. Nonetheless, for observer BD, the
EqLC estimated with the smallest aperture (12%o) is signifi-
cantly larger than the EqLC's of the other three observers.

For all four observers, EqLC estimations obtained with
, as a free parameter are statistically indiscriminable
from estimations obtained with 13 as a fixed parameter
(see Table 1). All in all, the nonsystematic and small
amount of variability of the estimated EqLC's with the
aperture size (for three of the four observers) supports

APERTURE SIZE (visible cycles) . LUMINANCE CONTRAST

APERTURE SIZE (visible cycles) LUMINANCE CONTRAST

0.06 0.5 0.01 0.1
APERTURE SIZE (visible cycles) LUMINANCE CONTRAST

Fig. 5. Psychometric functions fitted to the data of Figs. 3 and 4
for the four observers (left-hand and right-hand panels, respec-
tively). The psychometric functions fitted to the data of Fig. 4
were obtained with p as a fixed parameter (see text). EqLC's,
obtained by the method illustrated in Fig. 2 (indicated by arrow-
heads), are practically independent of aperture size for observers
CA, AG, and VS but not for observer BD.
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Table 1. EqLC's for Five Observers (Experiments 1-3),
(Experiments 1 and 2)a

Standard Errors, and Statistics

Student's t Test

Experiment 1 Experiment 2 (EqLCE.pti - EqLCExpt2)

Observer Fixed ,6 Free /3 Fixed /3 Free ,3 Experiment 3 Fixed /3 Free ,/

CA EqLc 6.1 5.4 7.8 7.7 36 3.85 4.33

SE 0.14 0.47 0.30 0.30 df= 10 df = 10

N 4 4 8 8 p < 0.01 p < 0.002

AG EqLC 5.4 5.6 4.3 4.2 19 4.18 6.14

SE 0.28 0.20 0.10 0.13 df= 10 df= 10

N 5 5 7 7 p < 0.00 2 p < 0.002

VS EqLC 6.03 5.9 13.4 13.5 17.4 14.4

SE 0.28 0.43 0.26 0.30 df = 10 df = 10

N 4 4 8 8 p < 0.00 2 p < 0.002

BD Al EqLC 10.5 10.2 15.8 17 3.84 4.23

SE 0.47 0.82 1.30 1.37 df = 6 df = 6

N 4 4 4 4 p < 0.01 p < 0.01

A2 EqLC 5.1 5.1 14.8 14.8 8.55 5.81

SE 0.14 0.09 1.13 1.66 df = 6 df = 6

N 4 4 4 4 p < 0.00 2 p < 0.002

A3 EqLC 3.63 3.6 15.1 15.1 26.89 18.70

SE 0.05 0.05 0.42 0.61 df = 6 df = 6

N 4 4 4 4 p < 0.00 2 p < 0.002

A4 EqLC 3.14 3.16 15.2 15.3 22.22 12.82

SE 0.07 0.06 0.54 0.94 df = 6 df = 6

N 4 4 4 4 p < 0.00 2 p < 0.002

EC EqLC 21

All EqLC 5.8 5.6 10.2 10.2 25.3 1.75 1.78

SE 0.17 0.10 2.52 2.60 5.36 df = 6 df = 6

N 4 4 4 4 3 p < 0.2 p < 0.2

aFor experiment 1, EqLC's are averaged across aperture sizes for observer,
experiments 1 and 2, EqLC's were estimated with a fixed and a variable 3 (see
of freedom.

our initial assumption that chromatic and achromatic
direction-selective mechanisms have similar spatial inte-
gration characteristics. Of course, this conclusion lacks
generality since it is based on data obtained with broad-
band stimuli centered at a low spatial and a relatively high
temporal frequency.

5. EXPERIMENT 2

Experiment 2 was meant as a replication of the motion-
cancellation procedure of Anstis et al.'8 and Cavanagh
and Anstis'9 implemented with the against stimulus illus-
trated in Fig. 1(c). It was conducted with the same four
observers who were used in experiment 1. The general
agreement between the EqLC's assessed by means of the
procedure used in experiment 1 and those reported by
Anstis et al. and Cavanagh and Anstis does not exclude
the possibility of significant, intraobserver differences be-
tween the EqLC's assessed with the use of these proce-
dures. As discussed in Section 2, differences of this kind
can be taken as evidence for color-luminance unbalanced
interactions.

sCA, AG, and VS and are given for each aperture size for observer BD. In
text). SE, standard error; N number of repetitions per observer; df, degrees

Procedure
Since by construction the against stimulus contains spatio-
temporal chromatic and achromatic energy along opposite
directions, specifying its perceived direction is a matter of
preference between the two motion carriers. The ob-
server's task was to indicate the dominant direction.
His/her preference is taken as a measure of the relative
strength of the two motion carriers. By convention, pref-
erences are referred to the luminance drifting component
so that 0% and 100% indicate that the observer always
preferred the color- and the luminance-carried motions,
respectively. The EqLC was defined as the luminance
contrast of the luminance drifting component yielding
50% performances.

Performances were assessed with a fixed red-green
chromatic contrast and a variable luminance contrast by
means of a two-alternative forced-choice constant-stimuli
procedure. The direction of the two drifting components
and the luminance contrast were randomized within ses-
sions. At least four luminance contrasts were used in one
session, with each being presented 50 times so that one
session consisted of at least 200 trials. Since, in experi-
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Fig. 6. EqLC's estimated for the four observers by the motion-
cancellation technique with the against stimulus. Estimation of
the EqLC's for observers CA, AG, and VS was obtained with the
largest aperture (i.e., 13.6 3.4 deg). For observer BD, the
EqLC's estimated for each of the aperture sizes shown in the in-
set do not depend on the aperture size. Data and fitted psycho-
metric functions are shown as symbols and continuous sigmoids,
respectively.

ment 1, the EqLC's of observers CA, AG, and VS did not
show any systematic variation with the aperture size, they
were tested in the present experiment with a unique 13.6 
3.4 deg aperture (i.e., eight visible cycles). For these ob-
servers each session was repeated eight times so that each
datum point (percentage of luminance-carried motion
preferences) was computed out of at least 400 trials. For
observer BD, whose EqLC as assessed in experiment 1 was
aperture-size dependent, EqLC's were estimated for the
four aperture sizes used in experiment 1 with four
repetitions for each aperture (i.e., 200 trials/datum
point/aperture size; a total of 16 sessions). The psy-
chometric functions shown in Fig. 6 were fitted to these
average percentages. For the purposes of the statistical
analysis described in Section 6, psychometric functions
were also fitted to the data obtained in each session (i.e.,
50 trials per datum point). The fit was obtained as in
experiment 1, with the slope of the psychometric function
as a free and a fixed parameter (see Table 1). The fixed ,f
was taken as the average slope estimated across sessions
for each observer.

Results
Figure 6 displays the data of the four observers. For ob-
servers CA, AG, and VS, luminance-carried motion pref-
erences span the expected range of 0-100%. Observer
BD's luminance-carried motion preferences range from
8.5-31% to 100%, depending on the aperture size. In other

words, for this observer the strength of the pure color-
carried motion (i.e., 0% luminance-contrast modulation) is
not sufficient to yield perfect directional performances
with these aperture sizes. Consequently, the psycho-
metric functions of observer BD were fitted so as to level
off at the (nonzero) preference percentages that were ob-
tained with 0% luminance-contrast modulation for each of
the four aperture sizes.

The EqLC's vary from 4.2% (observer AG) to 15.5%
(observer BD; averaged across the four apertures) and are
practically independent of whether they were estimated
from psychometric functions fitted with /3 as a fixed or a
free parameter. This range is larger than the range re-
ported by Anstis et al.18 and Cavanagh and Anstis. 9 With
the exception of those of observer AG, these EqLC's are
significantly higher than those assessed with the pure
stimuli in experiment 1 (see Section 6 and Table 1). The
relatively large EqLC's assessed for observer BD are, once
again, difficult to reconcile with his mild deuteranomaly.

6. COMPARISON OF THE EQUIVALENT
LUMINANCE CONTRASTS ASSESSED WITH
PURE AND AGAINST STIMULI
The EqLC's obtained in experiments 1 (pure stimuli) and
2 (against stimulus) were compared for each observer as
well as across observers. Since the estimations of the
EqLC's in the two experiments were performed under dif-
ferent conditions, the choice of the random variable to be
considered for the statistical test is debatable. In experi-
ment 1 the estimation of the EqLC required us to measure
two psychometric functions, one for the pure color stimu-
lus with the aperture size as a variable and one for the
pure luminance stimulus with the aperture size as a pa-
rameter and with luminance contrast as a variable. Each
of these two psychometric functions was measured at least
four times. Since for three of the four observers the esti-
mated EqLC's were independent of the aperture size, one
may disregard this factor and use the repeated estimates
of the EqLC for each observer as the source of variance.

The number of repetitions for the estimation of the
EqLC in experiment 1 for each observer can be evaluated
in the following way. One would fit a psychometric func-
tion for the pure color stimulus from a single session (one
repetition) and estimate (at least) 16 EqLC's, i.e., for the
four apertures used with the pure luminance stimulus and
for the four (or more) psychometric functions fitted for
each aperture (repeated sessions). This procedure should
be repeated for the four (or more) psychometric functions
obtained with the pure color stimulus (repeated sessions).
The final EqLC (EqLC,) should be computed as the mean
across at least 64 (N, = 16 4) repetitions per observer.
The EqLC that is obtained with the against stimulus
(EqLC2 ) would be computed as the mean across at least
eight repetitions (N2). The statistical comparison be-
tween EqLC, and EqLC2 will then have 72 degrees of free-
dom (N + N2 - 2). The statistical problem here is that,
in experiment 1, the 64 EqLC's are not independent esti-
mates and that, given this particular experimental design,
there is no proper way of transforming the correlated repe-
titions set into a smaller, independent repetitions set. As
a consequence, we adopted the simpler solution of using as
a random variable the estimated EqLC's for each aperture
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size (i.e., N,' = 4), in experiment 1, and the actual repeti-
tions (i.e., N 2' = 8, for observers CA, AG, and VS), in

experiment 2. There are now 10 degrees of freedom for
the EqLC,-EqLC2 comparison (N,' + N2' - 2). For ob-
server BD, the EqLC,-EqLC2 comparison was performed
for each window (with N1' + N2" = 4) as well as with
EqLC1 and EqLC2 averaged across the four windows (with
N,' = N2 ' = 4). Notice that this simpler solution de-
creases the significance level of the statistical test (fewer
degrees of freedom). Finally, EqLC1 and EqLC2 were
compared across observers. All the statistical tests were
performed with EqLC1 and EqLC2 estimated from psy-
chometric functions that were fitted with /3 as a fixed and
a free parameter.

The last two columns in Table 1 display the significance
levels for all the EqLC,-EqLC2 comparisons (two-tailed
t tests). All intraobserver comparisons are significant be-
yond an a level of at least 0.01. Except for observer AG,
all EqLC, (assessed with the pure stimuli) are smaller
than EqLC2 (assessed with the against stimulus). Ac-
cording to the rationale developed in Section 2, this out-
come suggests a stronger inhibition of the luminance
mechanisms by the chromatic ones than the reverse or, as
an alternative interpretation, a stronger facilitation of the
chromatic mechanisms by the luminance ones. Observer
AG's deviant performance (i.e., EqLC, > EqLC2) may, of
course, be attributed to some experimental bias such as an
imperfect equiluminance setting, but similar inconsisten-
cies across observers may be found in the related litera-

ture. For example, Cole et al.11 reported data showing

that intense chromatic pedestals (i.e., 20-30X threshold)
may either facilitate or slightly inhibit the detection of lu-
minance tests depending on the observer. Because of the
nonhomogeneity across observers that was evident in the
present study, the overall difference between EqLC1 and
EqLC2 (Table 1, bottom row) is not statistically significant.

7. EXPERIMENT 3

Procedure
The pure color and pure luminance configurations [see
Figs. 1(a) and 1(b)] were used as test stimuli. They sub-
tended 13.6 X 3.4 deg (i.e., eight visible cycles) and were

presented for eight stimulus frames (a total duration
of 267 ms). Their drifting rate was fixed at 12.7 deg/s
(i.e., 7.5 Hz) as in our first two experiments. Each test-
stimulus presentation was followed, after 400 ms, by a

probe stimulus consisting of a single empty white square
that was the same size as the individual elements of the
test stimulus (i.e., 25.6 X 25.6 arcmin), presented on the

same yellow adapting background as the test. The lumi-
nance of the probe was 117 cd/m2 . Drift directions of the
test and probe were randomized across trials and uncorre-
lated. The observers' task was to decide whether the
speed of the probe was higher or lower than the speed of

the test stimulus. To prevent any displacement-based
judgments, both the location at which the probe appeared
and its duration were randomized across trials. The du-
ration of the probe was varied in a range of 267-400 ms.

The speed of the probe was made response dependent
by means of two interlaced, ascending and descending
staircases. For the ascending staircase, the speed of the
probe was increased after one slower response and de-

creased after two successive faster responses. The sym-
metrical rule was used for the descending staircase.
These rules make the ascending and descending staircases
converge at 0.293 and 0.707 probabilities of responses
faster and slower, respectively. The increment/decrement
step was initially set at 3.2 arcmin/s. It was decreased to
1.6 arcmin/s after two response reversals and was kept
constant at 0.8 arcmin/s after the third response reversal.
The starting speed of the probe was chosen in preliminary
experiments so as to be in the range of the actual per-
ceived speeds for each experimental condition. One ses-
sion was defined by the configuration of the stimulus
(color- or luminance-carried motion) and by the lumi-
nance contrast of the luminance-carried stimulus. It was
terminated after 20 reversals. We computed the perceived
speed for each staircase by averaging the last ten reversal
points and then averaging across the two staircases.
Stimulus configurations and luminance contrasts of the
luminance-carried motion were randomized across ses-
sions. Each session was repeated four times, and speed
judgments were averaged across repetitions. All stimuli
yielded 100% directional discrimination. We obtained
the EqLC by finding (through linear interpolation) the lu-
minance contrast of a pure luminance stimulus yielding
the same perceived speed as the pure color stimulus.

Results
Figure 7 displays the perceived speeds of the luminance-
carried motion as a function of luminance contrast for the
two authors and a third, nafve observer who was not used
in the first two experiments. The perceived speeds of the
pure color stimulus are shown as solid horizontal lines.

According to the results of previous studies,32 33 one can
expect that perceived speed inceases with luminance
contrast and starts leveling off for contrasts higher than
=20-30%. Interestingly, perceived speeds are almost
always below the physical speed of the stimulus (i.e.,
12.7 deg/s; shown by the dotted horizontal lines). The
markedly different spatial structures of the test and probe
stimuli as well as the high luminance contrast of the latter
may account for this systematic underestimation, although
this effect is not clearly documented in the literature.

The luminance contrasts corresponding to the intersec-
tion of the solid horizontal lines (i.e., the perceived speeds
for the pure color stimuli) and the luminance-contrast-
dependent perceived speeds of the pure luminance stimuli
represent the EqLC's estimated for each observer (i.e.,
36%, 19%, and 21% for observers CA, AG, and EC, respec-

tively). For observers CA and AG, they are factors of -6
and =4 times higher than the EqLC's estimated in experi-
ments 1 and 2. Notice that these EqLC's are within the
range of the cone contrasts for the red-green modulation.
Also notice that these high EqLC's are (apparently) unex-
pected on the basis of the motion-slowing phenomenon
that was observed for equiluminant stimuli. 34

8. DISCUSSION

In the present study, EqLC's were assessed by means of
a new method whose particular purpose is to avoid color-
luminance interactions (experiment 1) and were compared
with the EqLC's estimated by means of the standard
motion-cancellation technique in which such interactions
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Fig. 7. Apparent speed of the pure luminance stimulus (squares) as a function of luminance contrast for two of the observers used in
experiments 1 and 2 and for an additional nalve observer (EC). Apparent speeds of the pure color stimulus are shown as solid horizontal
lines. The luminance contrast corresponding to the intersection of the latter with the apparent speed function for the pure luminance
stimulus is defined as the EqLC. The dotted horizontal lines show the physical speed of the stimuli (i.e., 12.7 deg/s).

are permitted to develop (experiment 2). The EqLC's
that were estimated with the two methods are statistically
different for all four observers, suggesting the existence of
unbalanced interactions between chromatic and achro-
matic motion-sensitive mechanisms (see Section 2). For
three of the four observers, the EqLC's that were esti-
mated in experiment 1 are lower than those estimated in
experiment 2, implying a stronger inhibition of the lumi-
nance mechanisms by the chromatic ones than the reverse
or, as an alternative interpretation, a stronger facilitation
of the chromatic mechanisms by the luminance ones. Ob-
server AG displays the opposite pattern of results, a be-
havior that could be due to some experimental bias,
although incongruencies of this sort across observers are
not unique in the related literature (see, e.g., Ref. 11).
Experiments 1 and 2 were not designed to discriminate
between the two alternative interpretations of unbalanced
inhibitory or facilitatory color-luminance interactions.
Whereas the second interpretation appears to be consis-
tent with the results of several studies that used flashed
or steady stimuli (see Ref. 11 for a review), color- and
luminance-based motions pitted against each other have
been clearly shown to display inhibitory interactions.2 '

The present study's results bear particular relevance to
the current understanding of the chromatic-achromatic
interactions in motion perception. Krauskopf and Farell3 5

studied such interactions by superimposing two drifting
gratings and measuring their degree of perceived co-
herence as a function of the angle (in the color space of
Derrington et al. 6 ) along which each grating was modu-
lated. They found a complete lack of coherence (i.e., no
interaction) whenever the "drifting gratings [were] modu-
lated along different cardinal directions" and strong co-
herence "when the directions of the modulations [were]
rotated by 450 in color space. " More recently, Gorea et al.'0

demonstrated with discrete spatiotemporal stimuli that, at
high temporal rates, chromatic and luminance information
do not combine to produce motion perception at a first pro-
cessing stage. On the other hand, in accord with previous
suggestions2 6 37' 9 but in apparent contrast with Krauskopf
and Farell's"5 findings, the superposition of luminance
and color-modulated stimuli drifting in the same direction
clearly facilitates directional performances. Finally,

luminance- and color-modulated stimuli drifting in oppo-
site directions display clear-cut masking interactions.2 '
Thus the specification of color-luminance interactions ap-
pears to be critically dependent on at least two (not neces-
sarily independent) categories of parameters, namely, the
spatiotemporal structure of stimuli (transient versus sus-
tained presentations, spots versus gratings, stationary
versus drifting, etc.; see Ref. 39) and the experimental
task (pure detection, directional performances, apparent
coherence, etc.; see Ref. 39).

The story that is emerging from the studies dedicated to
motion perception cited above and from the present study
appears to be the following: (a) luminance- and color-
based motions are processed independently at a first stage
where directional information is extracted; (b) once motion
direction has been processed in each of the two pathways,
color- and luminance-based motions interact negatively
if pitted against each other and facilitate one another
if displayed along the same direction of drift; (c) when
superimposed so as to form a drifting plaid, color- and
luminance-based motions do not interact to produce coher-
ent motion. In the context of the present investigation,
the existence of unbalanced color-luminance interactions
at a second processing stage (i.e., after the independent
extraction of directional information in each pathway)
raises doubts about the generality of EqLC assessments by
means of the motion-cancellation technique. Regardless
of whether they involve color-luminance interactions,
EqLC's of chromatic drifting stimuli assessed at the stage
of directional processing are significantly lower (a factor
of at least 3) than their proximal cone contrast. Thus the
chromatic pathway appears to process the directionality of
drifting stimuli with a substantially lower efficiency than
the achromatic pathway. Of course, the large spatiotem-
poral bandwidths, as well as the relatively high speeds of
the present stimuli, limit the generality of this conclusion.

The present study demonstrates that, even if color-
luminance interactions are experimentally avoided (ex-
periments 1 and 3), the evaluation of the EqLC may be as
critically dependent on the underlying processing level at
which it is assessed as are the color-luminance interac-
tions themselves. EqLC's based on the perceived speed of
pure stimuli (experiment 3) are a factor of -5 higher than
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those based on the directional performances measured
with the same stimuli. At the speed-processing stage,
the EqLC's of chromatic stimuli are within the range
of their estimated cone contrast, a finding that suggests
that chromatic and achromatic speed processors are
equally efficient. At first glance this is an odd finding in
two respects. First, it appears to contravene the well-
documented motion-slowing effect at equiluminance.' In
connection with this report it should be remembered that
motion slowing was observed only with sinusoidally modu-
lated gratings of low spatial frequencies (<3 cyc/deg) and
drifting at slow speeds (<5 deg/s). Since only the first
condition was reproduced in the present study, the result
of experiment 3 is not surprising in itself. Second, this
result nonetheless appears to contradict the findings of ex-
periment 1: how can the chromatic and achromatic path-
ways be equally efficient at a presumably high (i.e., speed)
processing stage and unequal at a lower (i.e., direction)
processing stage (see Refs. 40 and 41)? The answer is
both speculative and trivial: the relative loss in chro-
matic processing efficiency at the first stage is compen-
sated for at the second processing stage. Obviously this
can be achieved by decreasing the transfer efficiency be-
tween the two stages in the luminance pathway, by in-
creasing this same efficiency in the color pathway, or by a
combination of both. The present experiments were not
designed to discriminate among these possibilities.

ACKNOWLEDGMENTS

We thank Jean-Didier Bagot for helpful discussions while
this research was in progress and an unknown reviewer
for his/her constructive criticism. A partial report of this
study was presented at the 14th European Conference on
Visual Perception, Vilnius, Lithuania, August 26-30,
1991. The research of A. Gorea was supported by grant
DRET 91-074 from the Direction des Recherche-Etudes
et Techniques (Ministere de la Defense).

REFERENCES AND NOTES

1. P. Cavanagh, C. W Tyler, and 0. E. Favreau, "Perceived veloc-
ity of moving chromatic gratings," J. Opt. Soc. Am. A 1, 894-
899 (1984).

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

3. T. W Butler and L. A. Riggs, "Color differences scaled by
chromatic modulation sensitivity functions," Vision Res. 18,
1407-1416 (1978).

4. H. DeLange, "Research into the dynamic nature of the human
fovea-cortex systems with intermittent and modulated
light. I. Attenuation characteristics with white and colored
light," J. Opt. Soc. Am. 48, 777-784 (1958).

5. G. J. C. van der Host and M. A. Bouman, "Spatiotemporal
chromaticity discrimination," J. Opt. Soc. Am. 59, 1482-
1488 (1969).

6. K. T. Mullen, "The human sensitivity of human color vision
to red-green and blue-yellow chromatic gratings," J. Physiol.
(London) 359, 381-400 (1985).

7. D. H. Kelly, "Luminuous and chromatic flickering patterns
have opposite effects," Science 188, 371-372 (1975).

8. D. H. Kelly, "Spatiotemporal variation of chromatic and achro-
matic contrast thresholds," J. Opt. Soc. Am. 73, 742-750
(1983).

9. C. F. Stromeyer III, G. R. Cole, and R. E. Kronauer, "Second
site adaptation in the red-green chromatic pathways," Vision
Res. 25, 219-237 (1985).

10. C. F. Stromeyer III, G. R. Cole, and R. E. Kronauer, "Chro-
matic suppression of cone inputs to the luminance flicker
mechanisms," Vision Res. 27, 1113-1137 (1987).

11. G. R. Cole, C. F Stromeyer III, and R. E. Kronauer, "Visual
interactions with luminance and chromatic stimuli," J. Opt.
Soc. Am. A 7, 128-140 (1990).

12. J. R. Jordan III, W S. Geisler, and A. C. Bovik, "Color as a
source of information in the stereo correspondence process,"
Vision Res. 30, 1955-1970 (1990).

13. V C. Smith and J. Pokorny, "Spectral sensitivity of the foveal
and cone photopigments between 400 and 500 nm," Vision
Res. 15, 161-171 (1975).

14. P. Lennie and M. D'Zmura, "Mechanisms of color vision,"
CRC Crit. Rev. Neurobiol. 3, 333-400 (1988).

15. K. K. De Valois and E. Switkes, "Simultaneous masking inter-
actions between chromatic and luminance gratings," J. Opt.
Soc. Am. 73, 11-18 (1983).

16. E. Switkes, A. B. Bradley, and K. K. De Valois, "Contrast de-
pendence and mechanisms of masking interactions among
chromatic and luminance gratings," J. Opt. Soc. Am. A 5,
1149-1162 (1988).

17. R. M. Boynton, Human Color Vision (Holt, Rinehart &
Winston, New York, 1979), pp. 288-292.

18. S. M. Anstis, P. Cavanagh, D. Maurer, T. Lewis, D. I. A.
MacLeod, and G. Mather, "Computer-generated screening for
colorblindness," Color Res. Appl. Suppl. 11, S63-S66 (1986).

19. P. Cavanagh and S. M. Anstis, "The contribution of color to
motion in normal and color-deficient observers," Vision Res.
31, 2109-2148 (1991).

20. A. M. Derrington and D. R. Badcock, "The low level motion
system has both chromatic and luminance inputs," Vision
Res. 25, 1879-1884 (1985).

21. A. Gorea, J. Lorenceau, J. D. Bagot, and T. V Papathomas,
"Sensitivity to colour- and to orientation-carried motion re-
spectively improves and deteriorates under equiluminant
background conditions," Spatial Vision 6, 285-302 (1992).

22. M. S. Livingstone and D. H. Hubel, "Segregation of form,
color, movement and depth: anatomy, physiology and per-
ception," Science 240, 740-749 (1988).

23. E. A. DeYoe and D. C. Van Essen, "Concurrent processing
streams in monkey visual cortex," Trends Neurosci. 5, 219-
226 (1988).

24. W S. Stiles and B. H. Crawford, "Equivalent adaptation levels
in localized retinal areas," in Report of a Joint Discussion on
Vision, A. 0. Rankine and A. Ferguson, eds. (Cambridge U.
Press, Cambridge, 1932), pp. 194-211.

25. C. Blakemore and J. Nachmias, "The orientation specificity
of two visual aftereffects," J. Physiol. (London) 213, 157-174
(1971).

26. A. Gorea and T. V Papathomas, "Motion processing by chro-
matic and achromatic visual pathways," J. Opt. Soc. Am. A 6,
590-602 (1989).

27. T. V Papathomas and A. Gorea, "Simultaneous motion percep-
tion along multiple attributes stimuli," Behav. Res. Methods
Instrum. 20, 528-536 (1988).

28. A. Gorea, "Spatial integration characteristics in motion
detection and direction identification," Spatial Vision 2, 85-
102 (1985).

29. Cone contrast was computed according to the procedure de-
scribed by G. R. Cole and T. Hine, "Computation of cone
contrasts for color vision research," Behav. Res. Methods
Instrum. 24, 22-27 (1992). The value given in the text is
obtained by taking the arithmetic mean of the contrasts in
the L, M, and S cones and then averaging it across the five
observers. Excluding the S cones in the computation de-
creases the mean cone contrast to 22%. The contrasts for
each cone type averaged across observers were CL = 2.1%,
CM = 42.2%, Cs = 40.4%. The measured luminances used in
these calculations ranged from 21.9 to 22.7 cd/M2 for the
green stimuli and from 17.3 to 18.1 cd/M2 for the red stimuli.

30. A. Gorea, I. Kovacs, and T. V Papathomas, 'Against a 'covari-
ance metric' for motion perception: chromatic and lumi-
nance information do not combine," in Annual Meeting,
Vol. 23 of OSA Technical Digest Series (Optical Society of
America, Washington, D.C., 1992), p. 215.

31. A. B. Watson, "Probability summation over time," Vision Res.
19, 515-522 (1979).

C. Agonie and A. Gorea



1352 J. Opt. Soc. Am. A/Vol. 10, No. 6/June 1993

32. P. Thompson, "Perceived rate of movement depends on con-
trast," Vision Res. 22, 377-380 (1982).

33. P. Thompson, L. S. Stone, and R. Stone, "Constrast-
dependence of speed perception: effects of temporal presen-
tation," Invest. Ophthalmol. Vis. Sci. Suppl. 33, 973 (1992).

34. K. T. Mullen and C. L. Baker, Jr., 'A motion aftereffect from
an isoluminant stimulus," Vision Res. 25, 685-688 (1985).

35. J. Krauskopf and B. Farell, "Influence of colour on the per-
ception of coherent motion," Nature (London) 348, 328-331
(1990).

36. A. M. Derrington, J. Krauskopf, and P. Lennie, "Chromatic
mechanisms in lateral geniculate nucleus of macaque,"
J. Physiol. (London) 357, 241-265 (1984).

37. P. Cavanagh and 0. E. Favreau, "Color and luminance share
a common pathway," Vision Res. 25, 1595-1601 (1985).

C. Agonie and A. Gorea

38. T. V Papathomas, A. Gorea, and B. Julesz, "Two carriers for
motion perception: color and luminance," Vision Res. 31,
1883-1891 (1991).

39. K. R. Gegenfurner and M. J. Hawken, "Cone contributions to
motion detection and identification," in Annual Meeting,
Vol. 23 of 1992 OSA Technical Digest Series (Optical Society
of America, Washington, D.C., 1992), p. 62.

40. E. H. Adelson and J. R. Bergen, "Spatiotemporal energy
models for the perception of motion," J. Opt. Soc. Am. A 2,
284-299 (1985).

41. A. B. Watson and A. J. Ahumada, Jr., "Model of human
visual-motion sensing," J. Opt. Soc. Am. A 2, 322-341 (1985).


