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Abstract

Current approaches to the problem of equating different colors for luminance (chromatic isoluminance)

rely upon human reports of perceptual events that are reduced at some luminance ratio. In this report, a
technique is described that evokes a vivid percept of motion of a textured pattern only at isoluminance.
Furthermore, in both humans and monkeys, the moving stimulus produces a striking optokinetic response in
the same direction as the perceived motion. If used in this manner, the technique can provide an estimate of
chromatic isoluminance in a variety of species and be used to corroborate a human subjects’s perceptual

judgement.
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Introduction

The use of chromatic patterns that are equated for luminance
has become increasingly popular in psychophysical and neuro-
physiological studies of visual processing (e.g. Livingstone &
Hubel, 1987). Classical techniques for determining isoluminance
require perceptual judgements on the minimization of a partic-
ular sensory parameter. In heterochromatic brightness match-
ing, a reference light of fixed wavelength and luminance is
presented adjacent to a comparison field of a different wave-
length. The observer is required to adjust the luminance of the
comparison field in order to minimize a brightness difference
between the two (Walters & Wright, 1943; Ikeda & Shimozono,
1981). In heterochromatic flicker photometry, two coextensive
fields of different wavelengths are alternated at frequencies
greater than 10 Hz (Ives, 1912). Subjects are required to adjust
the luminance of one of the components until the sensation of
flicker is minimized and the field takes on the appearance of an
intermediate color. In the minimally distinct border technique,
subjects adjust the luminance of one field in order to reduce the
contrast of a precisely juxtaposed border with a reference field
of a different wavelength (Boynton & Kaiser, 1968).
Criterion responses that rely upon such perceptual judge-
ments are susceptible to variability and imprecision. Moreover,
although flicker discrimination paradigms have been used with
some success in rhesus monkeys (Schiller et al., 1990), they are
generally difficult to employ in nonhumans. Recently, a tech-
nique that produces a reflexive response has been used to esti-
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mate isoluminance. The minimum motion technique (Anstis &
Cavanagh, 1983; Cavanagh et al., 1987) yields perceived move-
ment in one direction when the luminance ratio in a chromatic
grating is less than 1.0 and movement in the opposite direction
when that ratio is greater than 1.0. As expected, optokinetic
(OKN), head, and body movements often follow the grating
and the directional reversals have been used to estimate the
isoluminant point in human infants (Anstis et al., 1987), rhe-
sus monkeys (Logothetis & Charles, 1990), and fish (Anstis
et al., 1990). Despite its apparent utility, like previous methods,
the minimum motion technique relies on minimization of a per-
ceptual (perceived motion) or reflexive response (OKN).

In this report, a new technique is introduced that has the
converse property, that is, a striking percept of motion and con-
comitant optokinetic response is produced only at chromatic
isoluminance. Small deviations from the isoluminant point in
either direction eliminate the percept of motion. They also abol-
ish the eye movements entirely and, in some cases, produce an
optokinetic response in the opposite direction. Because the pro-
cedure evokes a reflexive response, it can be used in all animals
that display OKN, without the need for any special training.
Furthermore, the OKN responses provide an independent as-
sessment of chromatic isoluminance that can be used to confirm
values obtained with any of the classical paradigms. This work
has appeared previously in abstract form (Chaudhuri, 1990).

Methods

The approach is a modified version of that used in hetero-
chromatic flicker photometry. A two-color textured pattern is
alternated at 30 Hz and translated in a particular direction. Su-
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perimposed upon the chromatic pattern is a luminance-noise
pattern composed of randomly placed black dots. At each al-
ternation, the color contrast of the textured pattern is reversed
and, along with the luminance-noise pattern, moved in a par-
ticular direction. When the two colors that compose the tex-
tured pattern are unequal in luminance, an overriding flicker
sensation will mask the true movement of the entire pattern. In
fact, a paradoxical percept of motion in the opposite direction
is often reported. Prior studies have documented a phenome-
non, called “reverse-phi,” which is seen with luminance-contrast
patterns that undergo contrast reversals as they are translated
(Anstis & Rogers, 1975). At isoluminance, however, flicker in
the dichromatic textured pattern is minimized and a striking ve-
ridical motion percept of the black dots emerges.

The stimuli for these experiments were generated by a PC in-
stalled with a graphics coprocessor (Number Nine Computer
Corp., Cambridge, MA) and displayed on a NEC Multisync
high-resolution color monitor. Although a wide range of stim-
ulus parameter values produced similar results, we found that
certain values yielded stronger motion percepts, elicited better
eye movements, and gave a narrower OKN tuning curve. The
optimal stimulus parameter values with our system are as fol-
lows. The random-dot pattern had 6 X 6 pixel components
which were randomly chosen to be either gray or green (Fig. 1a).
Each pixel subtended about 3 min arc. The luminance of the
gray components was set at 9.0 cd/m?; the luminance of the
green components was variable and under keyboard control by
the experimenter. A standard photometer (United Detector
Technology, Hawthorne, CA) was used to obtain luminance
values in the patterns. Superimposed upon the chromatic-tex-
ture pattern was a luminance-noise pattern, composed of 2 X 2
pixel black dots and generated randomly with a spatial density
of 1/16 and the requirement that they not appear side by side.

The entire pattern, both chromatic-texture and luminance-
noise components, was then moved upward by a displacement
of 6 pixels at a frequency of 30 Hz (9 deg/s). With each dis-
placement, a contrast reversal occurred in the chromatic-texture
pattern so that all gray elements became green and all green
ones became gray (Fig. 1b). The luminance-noise pattern re-
mained unaffected by this process. Two human subjects and
two rhesus monkeys (Macaca mulatta) viewed the stimulus
through a tunnel (Length: 57 cm; diameter: 16 cm) placed
against the monitor screen. This obscured all environmental
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contours which could have interfered with the eye movements.
The pattern viewed by all subjects was circular and had an area
of 200 deg?. There was no fixation spot.

A brief consideration of the stimulus described above will re-
veal that its essential components consist of heterochromatic
flicker superimposed upon a drifting luminance-textured pat-
tern. We hypothesized that the motion of the luminance pattern
would become maximally salient when the contrast reversal in
the chromatic pattern does not mask its movement. This will
occur at the heterochromatic flicker fusion point. Thus, motion
should be perceived only at the point where the two colors in
the display are perceived to be equally bright.

Eye movements were monitored by the technique of mag-
netic search-coil oculography (Robinson, 1963). In the human
subjects, a search coil implanted within a soft annular contact
lens (Skalar, Holland) was placed in the right eye, which had
been anesthetized with Proparacaine HCI (0.5%) (see Collewijn
et al., 1975 for details). The subjects viewed the stimuli binoc-
ularly through the tunnel at a distance of 57 cm with the aid of
a chin rest and forehead support. In the monkeys, a search coil
was surgically implanted under the conjunctiva (see Judge et al.,
1980 for details). During the experiment, the monkeys sat in a
specially constructed primate chair with their head held rigidly
by a restraining pole attached to an acrylic skull cap. Synchro-
nous demodulation of axis-specific frequency signals provided
accurate estimates of both horizontal and vertical eye move-
ments (CNC Engineering, Seattle, WA). The eye movements
were obtained in 4-s epochs during which the subjects viewed
the moving stimuli with a preset green/gray luminance ratio. A
total of five such trials were collected for each luminance ratio.
The oculographic traces were analyzed off-line at the end of the
experiment in order to obtain eye-drift velocity.

Results and discussion

Figure 2 shows the OKN results for both human and monkey.
Since we found similar results with all subjects, only one set of
data from each species will be presented. Given a gray lumi-
nance of 9.0 cd/m? and a green luminance of 6.7 cd/m?, the
human subjects displayed a significant downward OKN which
was consistent with the “reverse-phi” motion they perceived at
this luminance ratio. The monkeys, however, displayed only
slight downward OKN in between a series of saccades over the

Fig. 1. Schematic depiction of the stimulus pattern used in this experiment. (a) A green/gray chromatic-texture pattern is first
created with an element size of 6 X 6 pixels. Superimposed upon this are randomly placed black dots (2 X 2 pixels) with a spa-
tial density of 1/16. Both patterns are then moved upward, however, the chromatic pattern undergoes a contrast reversal with
each displacement. (b) The color sequence for the bottom row in (a) is shown at three snapshots in time as it drifts upward.
All green components (shaded) were interchanged with all the gray ones with each displacement.
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Fig. 2. Optokinetic eye movements generated by the dynamic flicker stimulus. The luminance of the gray components was main-
tained at 9.0 cd/m? (boxed) while the green luminance was varied from 6.7-11.3 ¢d/m?, as indicated by the values placed be-
tween the eye movement traces. Each panel in this figure presents the eye movements for a 4-s epoch during which the luminance
ratio was kept at a constant value. A striking upward OKN was seen in both humans and monkeys when green and gray lu-

minances were matched.

stimulus field. As the luminance of the green components ap-
proached that of the fixed gray luminance (9.0 cd/m?), a strik-
ing upward OKN emerged in both humans and monkeys. The
human subjects reported seeing a vivid upward movement of
the black dots at this point and that they were unable to sup-
press the concomitant upward eye drift. This suggests that the
eye movements were not the exclusive product of tracking spe-
cific features (i.e. smooth pursuit) but rather the result of a
reflexive response (OKN). Nevertheless, it can be assumed that
some smooth pursuit was present in these eye movements since
individual tokens were clearly seen to be moving at isolumi-
nance. The monkeys, who were experimentally naive, shifted
their gaze over all parts of the stimulus field. However, at each
position, their eyes were driven upward by the stimulus. As the
luminance of the green component was increased further, OKN
gain declined for all subjects and became overtly negative for
the human subjects (i.e. downward eye drift) at the highest lu-
minance tested (11.3 cd/m?).

From the oculographic traces, as in Fig. 2, OKN drift veloc-
ity was obtained by differentiating the slow-phase components
with respect to time and neglecting the saccadic portions in each
of the trials. OKN gain was then calculated as the ratio of eye
velocity to pattern velocity (9 deg/s). As noted before, peak
OKN velocity occurred at isoluminance with a rapid decline in
gain on either side (Fig. 3). Three points about this tuning curve
are noteworthy. First, the largest amplitude OKN occurred at
the same point for both humans and monkeys indicating that
similar chromatic mechanisms exist in the two species, as already
noted in previous studies (DeValois et al., 1974). The reduced
peak gain found with humans was most likely a consequence of
the task since they were instructed to maintain gaze in the cen-
ter and not to overtly track any moving targets. Second, at non-
isoluminant ratios, the monkeys and especially the human
subjects displayed negative OKN. As discussed before, this can
be attributed to the phenomenon of “reverse-phi” which is
known to occur with luminance-contrast displays that undergo
contrast reversal as the pattern is displaced. Third, the stimu-
lus used in this experiment is highly sensitive in that OKN was
considerably reduced at small deviations from the isoluminant
point and vanished entirely at 1.0 cd/m? above and below this
point.

Isoluminant patterns are commonly used to study the rela-

tive contributions of color- and luminance-based pathways in
the processing of different visual attributes. Indeed, psycho-
physical evidence for functional differences between the two
principal geniculostriate pathways, i.e. the magnocellular and
parvocellular streams (DeYoe & Van Essen, 1988; Livingstone
& Hubel, 1987), has been based largely on visual performance
with chromatic isoluminant patterns. Similarly, the use of
isoluminant patterns has gained importance in physiological
studies of the primate visual system. Single-unit studies in the
LGN (Kruger, 1979; Hicks et al., 1983), striate cortex (Gouras
& Kruger, 1979; Lennie et al., 1990), and area MT (Saito et al.,
1989), among others, have used isoluminant chromatic patterns.
Recent studies in awake, behaving primates which attempt to
correlate behavioral responses with underlying neural mecha-
nisms have also used isoluminance paradigms in order to exam-
ine the contribution of color to various visual processes (Schiller
et al., 1990; Logothetis et al., 1990; Dobkins & Albright, 1990).
An accurate determination of isoluminance is therefore an es-
sential part of any study which addresses the contribution of
chromatic mechanisms to visual processing.

The technique described in this report offers a simple, sen-
sitive, and reliable approach to estimating chromatic isolumi-
nance. The nature of the display is such that with appropriate
consideration of the stimulus parameters, large-amplitude op-
tokinetic eye movements are observed only at isoluminance.
Furthermore, because the stimulus is composed of random-dot
patterns, drift rate is not constrained by any considerations of
frame-to-frame correlations, as is the case with drifting grat-
ings, thereby allowing free use of any pattern velocity capable
of producing an OKN response. Although Logothetis and
Charles (1990) have reported optokinetic eye movements with
the minimum motion technique, we have been unable to obtain
high-gain OKN in pilot studies with that method in monkeys
that were not specifically trained to pursue stimulus features.
It is reasonable to assume that the drifting gratings are less ca-
pable of driving the eyes and generating an OKN response given
that such stimuli contain fewer contours and less luminance
contrast than the chromatic-texture/luminance-noise pattern
used here. Furthermore, by minimizing luminance flicker, the
technique presented here maximizes perceived motion along
with an associated oculomotor response. This distinguishes it
from other techniques because the isoluminant point is posi-
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Fig. 3. Luminance tuning curves as obtained from OKN responses to drifting pattern (Fig. 2). A rapid symmetric decline in
OKN was seen in both humans and monkeys at small deviations from the isoluminant point (arrow). At non-isoluminant set-
tings, negative OKN was observed. Error bars represent standard deviations from five trials.

tively defined, whereas in other methodologies it is negatively
defined. A detailed evaluation of this technique is under way
and the results will appear in a forthcoming report.
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