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We present a series of experiments in texture discrimination with textures whose local elements are defined by
their color (red and/or green), luminance polarity, and orientation (vertical and/or horizontal). The 23 distinct
texture configurations were designed for testing and parameterizing a model based on the generalization of the
concept of double opponency. The double-opponent mechanisms of the model are classified into four domains:
the luminance- and color-oriented (LO and CO) domains and the luminance- and color-nonoriented (LnO and
Cn0O) domains. Texture edge strength is extracted from the weighted, half-wave rectified outputs of each
double-opponent mechanism. These signals are then combined through probability summation within each
domain. Overall sensitivity to a given texture pair is predicted by the probability summation of all the domain
outputs. Good fits of the experimental data are obtained when the contribution of the CO domain is the
smallest and the contribution of the CnO domain is the largest. We suggest that the double-opponency principle
is a natural way of implementing spatial interactions in higher-order domains and that it could be generalized
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to other dimensions such as spatial frequency, motion, and stereopsis.

1. INTRODUCTION

The concept of double opponency may be traced back to
Hering' and was explicitly used in accounts of the behavior
of a class of color-sensitive cells in the goldfish retina® and
in area V1 of the monkey visual cortex.® Jameson and
Hurvich were among the first to elaborate on the concept
as it is related to psychophysical data; see Jameson.! A
chromatic double-opponent cell will display a response in-
crement if it is stimulated with red and green lights in the
center and in the surround of its receptive field, respec-
tively, and a response decrement if the spatial positions of
the two lights are interchanged [see Fig. 1(a)].

With this prototypical idea of double opponency in mind,
one may overlook the fact that a linear, spatially opponent
achromatic (i.e., Kuffler) unit can be looked on as a double-
opponent unit in the luminance-polarity domain [Fig. 1(b)].
If such behavior is achieved by subtraction of the half-wave
rectified outputs of independent ON and OFF achromatic
subunits (e.g., Ref. 5 and Fig. 7 therein), the relationship
between chromatic and lumjnance double opponencies is
more than just analogical. Of course, there is no a priori
reason not to extend the double-opponency principle to
second-order dimensions such as orientation (and spatial
frequency). A first-order oriented unit, for example, is
double opponent insofar as luminance polarity is con-
cerned, but it is not double opponent in the orientation
domain per se. A double-opponent oriented (second-order)
unit would have a receptive field center that receives
opposite-sign inputs from first-order oriented units with
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overlapping receptive fields tuned to different (e.g., 45°
apart) orientations. The surround of such a second-order
unit would receive inputs from first-order oriented units
with their signs reversed relative to the center. This idea
is illustrated in Fig. 1(c).

The essential property of a double-opponent unit is to
measure generalized spatial contrast. The notion of gen-
eralized contrast refers here to the fact that contrast can
be measured in any dimension, from luminance to orienta-
tion or spatial frequency, etc. The critical characteristic
of such an operator is its spatially opponent behavior
rather than its linearity: the information provided by
two half-wave rectified double-opponent units of opposite
polarities is equivalent to the information provided by a
fully linear, spatially opponent unit (e.g., Ref. 5). Given
that half-wave rectification characterizes most of the
striate cells, double-opponent units in the classical sense
might be difficult to find.®

The main message conveyed by Fig. 1 is that all the
standard models of texture discrimination do in fact use
first-order (luminance) double-opponent kernels as a first
processing stage.”*® None of them, however, extended the
double-opponency concept (in the sense defined above) to
second-order dimensions such as orientation'* and spatial
frequency. However, the existence of spatial interactions
among first-order (oriented, spatial frequency) filters has
been known for some time,'® and these interactions have
recently received both psychophysical®® and physiologi-
cal’®?! support. Moreover, these models addressed only
discrimination issues in the luminance domain, and little
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Fig. 1. Generalized double opponency. (a) Classical, ON-center,
OFF-surround receptive field (RF) that is both nonoriented and
achromatic. If one assumes independent ON and OFF systems,
such a unit can be looked on as double opponent in the polarity
domain. This interpretation is made explicit on the left-hand
side, where the response profile of this RF is shown. (b) Typical
chromatic, double-opponent RF. A unit of this type responds
positively to a red (R) light in its center and to a green (G) light in
its surround and reverses polarity when the positions of the two
lights are reversed. (c) Hypothetical double-opponent RF in the
orientation domain that responds to either luminance or chro-
matic contrasts. In its center such a unit will respond positively
to a vertical bar of a given polarity (e.g., bright or R) and nega-
tively to a +45° bar of the same polarity. Responses are reversed
in its surround. Note that the linear superposition of the two
groups of three RF’s (in the center and the surround) results in
many ON and OFF lobes of different strengths that are reminis-
cent of the RF of a complex cell.

is known of how they would behave if they were applied to
chromatically defined textures or to both chromatically
defined and luminance-defined textures.?>?

The purpose of the present study was to test the predic-
tions of a generalized double-opponent model against tex-
ture discrimination performances measured with a large
variety of texture pairs built from texture elements—or
textels —defined by their luminance and/or chromatic con-
trast and their orientation. A first set of stimuli involved
only color (red and green) and orientation (vertical and
horizontal) attributes. A second stimulus set involved
luminance-polarity and orientation attributes and was de-
signed as a template against which one could evaluate the
efficiency of the chromatic channels in texture discrimi-
nation. Finally, a third group was constructed by the
combination of luminance-polarity and chromatic at-
tributes. One of the particular interests here was to
evaluate, by means of the proposed model, the relative
contributions of the four mechanism groups that were de-
scribed in previous studies?*?* [i.e., color-oriented (CO),
color-nonoriented (CnO), luminance-oriented (LO), and
luminance-nonoriented (LnO)] and that were presumably
involved in tasks of this kind.
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The main novelty of the model presented here consists
in the use of double-opponent interactions across color and
orientation. With only five free parameters, this general-
ized double-opponent model provides a fairly good fit to
the psychophysical data, which suggests that some pop-out
effects traditionally studied in the visual-attention litera-
ture (see Ref. 25 for a review) could be accounted for at a
relatively early stage of visual processing. The good fit of
the data encourages us to think that the concept of double
opponency might be successfully applied to domains other
than orientation, such as spatial frequency, stereopsis, and
motion (for the last-named domain see Refs. 26 and 27).

2, METHODS
A. Stimuli

Stimulus Configurations and Notation

We present data obtained with two sets of stimulus con-
figuration. The first set, shown schematically in Fig. 2,
consisted of equiluminant texture pairs that could be dis-
criminated exclusively on the basis of color and/or orienta-
tion differences (the C&O set). The red and/or green
textels were displayed on an equiluminant background.
Given the following three construction constraints, the
C & O set represents a quasi-exhaustive sample of all pos-
sible stimulus configurations:

(1) Textures were exclusively composed of red (filled
symbols) and/or green (open symbols) rectangular textels
displayed either vertically or horizontally. Only the con-
figuration at bottom right in Fig. 2 was composed of
square textels.

(2) Texture density was kept constant across all the
textures.

(3) Each texture in a texture pair was built of at most
four distinct textel types. When more than one textel
type was employed, textel types were always equally rep-
resented (i.e., the population density of each was 1/n,
where n was the number of different types).

There are 11 texture pairs in Fig. 2, of which five have
been labeled with a trigraphic notation by analogy with
our notation in previous motion and texture grouping
studies.???* This notation will serve as a mnemonic and
will facilitate description and comparison of the data.
The first letter of the trigraphic notation denotes the
attribute on which discrimination is based, i.e., C or O
for the C&O set. The second letter specifies whether
the second attribute, denoted by the third letter of
the trigraph, is uniform across the two textures to be dis-
criminated [within (w)], varies randomly [across (X)], or
covaries positively with the first attribute [plus (+)]. For
example, the notation O w C (orientation within color) in-
dicates that the texture pair is discriminated on the basis
of an orientation difference, while the color is constant
within the whole texture. C X O denotes that discrimina-
tion is based on a color difference, while orientation varies
randomly across the whole texture. Finally, C + O signi-
fies that discrimination is jointly based on a color and an
orientation difference. The labels SCJ for configuration 4
and DCJ for configuration 6 stand for simple conjunction
and double conjunction, respectively, since these configu-
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Fig. 2. Schematic illustration of the texture pairs used in the
complete C& O set. Below each texture pair are shown the tex-
tels that compose the specific masks (M1 type) with which they
are associated. Each texture pair is labeled with an alphanu-
meric code used throughout. Texture pairs 1a and 1b, 1c and 1d,
2a and 2b, 4a and 4b, 5a, 5b, and 6 are also labeled with a tri-
graphic code explained in the text. Color codes are given at the
bottom of the figure. Textels were always presented on a yellow
background, with which they were equiluminant. Yellow textels
were present only in the mask, and their luminance was twice
that of the yellow background.

rations are constructed on the same basis as the classical
SCJ and DCJ stimuli of Treisman and Gelade.2

There are several configuration pairs for which there is
no a priori reason for expecting different performances.
For example, texture segregation in both cases 1a and 1b
is due to orientation differences of green (case 1a) and red
(case 1b) textels (OwC). Similarly, in cases 2a and 2b
segregation is attributed to both color and orientation
differences (C+0). The other cases for which perfor-
mances are expected to be the same are 3a and 3b, 3¢ and
3d, 4a and 4b, and 7a and 7b. Since this expectation was
verified by the experimental data, performances were
averaged across the corresponding condition pairs.

All configurations labeled with the trigraphic notation
in the C & O set (including DCJ) were reproduced for com-
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binations of polarity and orientation (P& O) and color and
polarity (C&P) attributes. The P& O set consisted of
texture pairs constructed with isochromatic (yellow) tex-
tels of different polarities and/or orientations. The C &P
set consisted of texture pairs always constructed with ver-
tical textels of different colors and/or polarities. A new
series of experiments was then run with the 18 texture
pairs shown in Fig. 3.

In view of both neurophysiological and psychophysical
studies, some of the texture pairs illustrated in Figs. 2 and
3 have an a priori significance. The existence of CO
mechanisms has been repeatedly questioned by neuro-
physiologists.”® Assessing the discriminability of texture
pairs OwC and O X C (C&O set) is a critical test of the
existence of CO mechanisms. These mechanisms are, in-
deed, the only ones that can account for this type of segre-
gation in the absence of all luminance cues. In view of
the visual-attention literature?%® it is expected that
configuration DCJ will yield relatively weak segregation
performances.

Stimulus Characteristics

The texture pairs shown in Figs. 2 and 3 were displayed
on a Mitsubishi HL69155ATK monitor screen driven by a
Silicon Graphics IRIS workstation. Each texture pair had
its corresponding noise texture (referred to as matched
noise), where the textels of both textures in the texture
pair were randomly intermixed across the screen, which
consequently produced a uniformly textured area.

At 122 em from the observer the inspection field sub-
tended 16.9° X 13.2°. Textels were 0.07° wide and 0.38°
long and. covered approximately 7.5% of the inspection
field (28 X 23 textels presented simultaneously). They
were always displayed on a yellow background of approxi-
mately 24 cd/m®. The Commission Internationale de
PEclairage x and y coordinates of the red and green tex-
tels were (0.65,0.31) and (0.29,0.59), respectively. Yellow
textels and background were obtained by the linear combi-
nation of the red and green hues set at equiluminance by
means of flicker photometry (for the details see Ref. 24).
The luminance contrast used in producing polarity dif-
ferences for the P& O and C & P stimuli was chosen in a
preliminary experiment so that it matched discrimination
performances obtained with configurations CwO and
P wO (see Subsection 2.B). The best match was obtained
for a luminance contrast of approximately +10%. A cen-
tral yellow, bright cross of the size of the textels was used
for steady fixation.

Texture pairs were constructed so that they randomly
displayed either a vertical (as illustrated in Figs. 2 and 3)
or a horizontal edge. In order that all local cues were
avoided, the edge itself was wavy and randomly displaced
within a +1° range with respect to the fixation point.

In the first series of experiments (C & O set) a specific
mask (hereafter referred to as M1) was designed for each
texture pair (see Fig. 2). The design principle was to pro-
vide mask elements that represented the pairwise combi-
nation of all textel types that composed a given texture
pair. For example, the mask for configuration 6 (DCJ)
was composed of red and green crosses and vertical and
horizontal yellow textels, which represent all possible
pairwise combinations of textels taken from the left-hand
and right-hand regions of the texture pair. Red and
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green crosses were matched in luminance with the target
textels, while the vertical and horizontal yellow bars were
approximately twice as bright as the background. M1
was thus stimulus dependent. Since mask element types
were selected randomly, the spatial matching between
a textel in the texture pair and its corresponding mask
element was not necessarily preserved.

The use of mask M1 does not guarantee that all texture
pairs in the C & O set are equally masked. To test this
possibility, we used two additional mask types. In the
second set of experiments (stimuli shown in Fig. 3) the
mask configuration was homogeneous over all 18 stimulus
configurations (i.e., stimulus independent). The mask
(hereafter referred to as M2) consisted of nonoverlapping
textels whose color (red or green), polarity (bright or dark),
and orientation (vertical or horizontal) were randomly
chosen across space and across trials. Thus any particu-
lar texture pair was masked by the random combination
of all attributes used in the three stimulus sets (i.e,, C&O,
P&O, and C&P). Observer AG ran selected conditions
from the C & O set with a third mask (hereafter referred
to as M3) composed exclusively of yellow crosses, i.e., the
linear sum of all possible textels used in that particular
set. This pure luminance mask (also stimulus indepen-
dent) had twice the luminance of the individual target tex-
tels (i.e., 100% contrast relative to the yellow background).
Note that high-contrast, pure luminance stimuli may effi-
ciently mask pure chromatic stimuli.?

Mask elements always occupied the same spatial posi-
tions as those of the textels of the texture pair and of its
matched noise.

B. Procedure

In order to compare performances obtained with pure
chromatic (i.e., equiluminant) and pure luminance (i.e.,
equichromatic) stimuli, one needs to set them at equiva-
lent contrasts. The yellow, bright, and dark textels were
set at their equivalent luminance contrast relative to the
red-yellow and green-yellow chromatic contrasts by
means of the following procedure (for more details see
Ref. 33). Percentages of correct detection (see below) for
the C w O stimulus were first measured at a fixed stimu-
lus duration as a function of the overall size of the inspec-
tion field, which yielded a classical psychometric function.
The window size that yielded detection performances of
approximately 80% was chosen for use with the P w O con-
figuration, and performances were measured this time as
a function of luminance contrast with the same stimulus
duration. The luminance contrast that yielded the same
percentage correct detection as that in the C wQO experi-
ment (i.e., 80%) was named the equivalent luminance con-
trast and used throughout. Both window-size-dependent
and contrast-dependent measurements were performed
without masks. Note that this procedure equates the
total activities in the CnO and CO mechanisms on the one
hand and in the LnO and LLO mechanisms on the other
hand. It does not guarantee, therefore, that the activities
of each subset in the chromatic and luminance domains
are pairwise matched.

For subsequent experiments a typical trial proceeded as
follows. A texture pair and its matched noise (i.e., the
random combination of all textels of the texture pair) were
presented each in one of two temporal intervals for the
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Fig. 4. Sensitivities (filled circles), measured in units of inverse
milliseconds, and simulations (solid curves) for the 11 texture
pairs in the complete C & O set and for the two observers, (a) AG
and (b) TVP. Alphanumeric and trigraphic notations are shown
on the abscissas. The inset in each plot gives the correlations
between data and simulations. Vertical bars show the average
+1 standard deviation as computed from the average slope of the
psychometric functions fitted to the data of each observer.

same duration (SD, for stimulus duration). Within each
interval the texture pair and the noise were followed after
a fixed interstimulus interval (16.7 ms) by the mask stimu-
lus. The duration of the mask was 333 ms.

The percentage correct as a function of SD was mea-
sured by means of a 2 X 2 alternative forced-choice,
constant-stimuli procedure in which the observer indi-
cated both the temporal interval that contained the target
(detection) and the orientation of the texture edge (identi-
fication). Pilot experiments were required for the choice
of four or five SD’s, which bracketed the threshold for
each texture pair. Most of the experiments were run
with a fixed stimulus configuration in each session
(blocked sessions), which was randomized across sessions.
Within a blocked session a given texture pair (and its
matched noise and mask) was presented at least 50 times
per SD, so that a complete session consisted of at least 200
(or 250) trials. Each stimulus condition was repeated at
least twice, so that each percentage correct (for a given SD,
configuration, and stimulus set) was computed out of at
least 100 trials. In order to ensure that the data collected
in the blocked sessions were not biased by nonsensory ef-
fects (i.e., stimulus-specific response strategies), observer
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AG also ran the C&O set with stimulus configurations
randomized within sessions (mixed sessions). These data
were obtained with the mask M1 only.

The percentages correct as a function of SD for both de-
tection and identification tasks were fitted with a Weibull
function by means of a modified maximum-likelihood pro-

_cedure.®** This procedure permitted the assessment of

both the threshold (SDry, in units of milliseconds) at 81.6%
correct and the slope B of the psychometric function. The
data are presented as 1/SDqy ratios (i.e., sensitivity).
With one exception [for configuration 6 (DCJ)] all the
measured SDyy were below 90 ms, i.e., within the range of
full temporal summation (Bloch’s law).** Thus SDru
within this range is linearly related to contrast (whether
chromatic or luminance), a more traditional dimension for
expressing sensitivity.’

With the exception of the two conditions mentioned
above (i.e., mask M3 and mixed sessions), the two authors
served as observers for all the experiments. A few pilot
sessions were also run with a naive observer exclusively for
stimulus configuration 6 (DCJ) in the C&O set. Vision
was binocular with natural pupils.

3. PSYCHOPHYSICAL RESULTS

A. General Analysis
Figure 4 displays detection performances obtained with
the large C & O set for both observers. Detection perfor-
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Fig. 5. Same as Fig. 4 but for the 18 texture pairs used in the

_ limited C&O, P&O, and C &P sets.
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mances for the limited C& O, P&O, and C &P sets are
shown in Fig. 5. Psychophysical data (filled circles) should
be distinguished from simulations (solid curves; discussed
in Subsections 4.C and 4.D). Detection and identification
performances (and slopes of the respective psychometric
functions) were practically identical, so only the former
are shown. The average values of B8 (pooled across all the
experimental conditions) were 2.5 and 2.8 for observers
AG and TVP, respectively. These average slopes corre-
spond to average standard deviations of 31% and 27.5% of
the mean, respectively. They are shown as vertical bars
for two points in each plot of Figs. 4 and 5. As a general
rule, AG and TVP performances are strongly correlated
(Pearson correlations of 72 = 0.84 for the complete C &0
set of 11 conditions in Fig. 2 and of r? = 0.94 for the lim-
ited C& O, P& O, and C & P sets of 18 conditions in Fig. 3).

The analysis below is focused mainly on the data
obtained with the limited C&O, P&O, and C&P sets
(see Fig. 5). These data display the following general
trends (note that the ordinate is logarithmic and that
the vertical bars show *1 standard deviations and not
+1 standard errors):

(1) The prior matching of performances for the CwO
and PwO conditions did not produce a perfect match in
the main experiments (compare sensitivities for these con-
ditions for both observers in Fig. 5). This fact should ex-
plain a global but minor positive offset for all color-based
(C & O set) discriminations relative to the polarity-based
(P& O set) ones. The offset could be due to a mask-
related effect, since the prior matching of the chromatic
and luminance contrasts was obtained without masks (see
Subsection 2.B).

(2) In the C & O and P& O sets discriminations based on
color or polarity differences are always higher (for both
observers) than those based on orientation, independent of
whether the second attribute is uniform (w conditions) or
varies randomly (X conditions) across the textures.

(3) Orientation-based discriminations are weaker (for
both observers) under equiluminant (C & O set) conditions
than under equichromatic (P& O set) conditions, which
suggests a weak contribution of the CO units. However,
performances with OwC and O X C are well beyond
chance for both observers and support, together with our
previous findings,?? the existence of the CO mechanisms.

(4) In the C & P set color-based discriminations are sys-
tematically better than polarity-based ones. This differ-
ence is larger than that expected on the basis of a potential
imperfect contrast-matching effect {see trend (1) above],
and it could be accounted for, at least partly, by differ-
ences in the efficiency of mask M2 for stimulus sets P& O
and C&P. However, the results of the control experi-
ments described below (Subsection 3.C) reduce this possi-
bility. Given our technique for assessing the equivalent
luminance contrast of the chromatic stimuli (see Subsec-
tion 2.B), it is possible that this overall superiority of the
color-based discriminations over the polarity-based dis-
criminations in the C &P set reflects an imperfect pair-
wise matching of the activities in the oriented and
nonoriented chromatic and luminance mechanisms.

(5) The covariance of two attributes (+ conditions) is
expected (on grounds of probability summation) to im-
prove discrimination performances relatively to conditions
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in which the textures in the texture pair differ in only one
attribute (i.e., w conditions). With two exceptions (out of
six; observer AG, P + O and C + P stimuli in the P& O and
C &P sets) such improvement is not observed: per-
formances with all the remaining + configurations are
clearly not better than performances with the w con-
figurations. While this counterintuitive result requires
further testing, it can be predicted under the assumption
that units that are simultaneously opponent in two dimen-
sions (C& O, P&O, and C & P) do not exist or have insig-
nificant weights (see Subsection 4.D). In fact, this
assumption is required in the context of the model pre-
sented in Section 4 to account for the low performances
obtained with all the DCJ stimuli.

(6) As one would expect, configurations DCJ yield by
far the lowest segregation performances for both observ-
ers and for the three stimulus sets (see Figs. 4 and 5). SD
thresholds for the DCJ of color and orientation were 280
and 445 ms with mask M1 and 433 and 773 ms with mask
M2 for observers AG and TVP, respectively. For the
mixed sessions the same configuration yielded a thresh-
old of 670 ms (observer AG with mask MI; see Subsec-
tion 3.B). Despite fixation, eye movements might have
been involved in all these durations. Data of this type
have been previously taken as evidence for an independent
processing of shape (orientation) and color.?® The detec-
tion criteria with the DCJ of polarity and orientation and
of color and polarity were reached by both observers for
durations below 200 ms, a range where it is less but still
likely that eye movements can interfere with sensitivity.

It should be noted that observers (the two authors and a
naive one) reported that they used a special strategy in
discriminating configuration DCJ. With the C&O set,
for example, their strategy consisted in responding only to
textels of the same color (red or green), and thus they tried
to base their responses on a pure orientation discrimina-
tion. Without this (involuntary) strategy, segregation of
this texture pair would have been much more difficult if
not impossible. Given this strategy, the relatively high
performances obtained with the DCJ in the C&P set
(81 and 64 ms for observers AG and TVP, respectively)
may be due to the imperfect match of the chromatic and
luminance contrasts. Indeed, any mismatch would help
to focus one’s attention on either the chromatic or the lu-
minance modulations and would thus facilitate discrimi-
nation based on a difference in contrast in a single map.
Accounting for this capacity for focusing attention on a
specific attribute is beyond the scope of this paper. Based
on these observations, adjusting the parameters of the
model so that they fit DCJ performances was not consid-
ered a priority.

B. Mixed-Stimuli Conditions

Figure 6 shows data obtained by observer AG with the re-
duced C & O set under conditions in which the six stimulus
configurations were randomly presented within a session
(squares). The mask stimulus was M1. For comparison,
data from Fig. 4 (blocked sessions) are also shown (circles).
Mixing stimulus configurations entails an overall decrease
of performances by a factor of 1.6 or 1.3, depending on
whether or not configuration DCJ is taken into account.
Mixing stimulus configurations does not change the rela-
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and mixed (squares) conditions. The mask was of M1 type. The
observer was AG.
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Fig. 7. Sensitivities (in inverse milliseconds) to six (or four for

mask type M3) texture pairs with the mask type as a parameter.
The observers were (a) AG and (b) TVP.

tive sensitivities to the six configurations, an observation
that eliminates the possibility that the data collected in
the blocked sessions are biased by nonsensory effects (i.e.,
the use of stimulus-specific discrimination strategies).
As just noted above, this conclusion does not apply to con-
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figuration DCJ, for which such strategies have indeed
been developed. For this texture pair the 81.6% discrimi-
nation criterion in the mixed sessions was reached for a
stimulus duration of approximately 670 ms, a range where
it is difficult to avoid eye movements. Sensitivity to this
stimulus may thus be considered virtually zero and was
considered such in the process of fitting our model to
the data. As a consequence, the goodness of the fit was
slightly worsened.

C. Different Masking Conditions

Figure 7 shows discrimination performances obtained
with three types [observer AG, Fig. 7(a)] or two types
[observer TVP, Fig. 7(b)] of mask for the restricted C&O
set. Performances obtained with M1 masks are approxi-
mately 1.6 and 1.3 times higher (for observers AG and
TVP, respectively) than those obtained with M2 and M3
masks; i.e., the latter two masks (observer AG only) yield
practically identical performances. The main observation
is that all the masks perserve the relative sensitivities for
the selected stimulus configurations, discarding possible
mask-related artifacts. This fact does not mean, of course,
that the choice of a balanced mask for multiattribute stim-
uli is arbitrary. On the contrary, only a small set of mask-
ing configurations preserves the relative sensitivities, and
their selection and use in our experiments was of primary
concern. Our results demonstrate that, for the particular
stimulation space used here, spatially distributed features
built by means of a pairwise combination of the attributes
that define the target texture (mask M1), of a local sum of
these attributes (M3), or of a random spatial distribution
of a larger set of attributes including those that define the
target set (M2), provide fair (or balanced) masks. Fair-
ness here refers to the property that the masks do not dis-
tort relative performances obtained with a large number
of attribute combinations that define the set of target tex-
tures. This empirical observation might have theoretical
implications relative to the nature of the attribute space
under study and is of practical importance for future stud-
ies with multiattribute stimuli.

4. MODEL DESCRIPTION

The model that we describe in this section shares some
basic features with previous models of texture discrimi-
nation”® while adding new features related to color oppo-
nency, limited here to the red—green dimension, and to
orientation opponency, limited here to vertical-horizontal
interactions. Of course, one could relax these restrictions
to incorporate the yellow-blue system as well as inter-
actions between orientation-tuned channels that differ by
one orientational bandwidth [as in Fig. 1(c)]. The limita-
tion of our analysis is, however, justified by the limited
attribute space used in our stimuli.

A. General Assumptions and Parameters

We postulate the existence of four distinct perceptual do-
mains relevant to the types of texture used in the present
experiments. These domains relate to CO, CnO, LO, and
LnO populations of cells.??**

We assume that each of the oriented domains consists of
three distinct subsets (or maps). The first subset com-
prises the traditional oriented units (simple-cell-like),
which are inherently polarity opponent. Such units may
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Table 1. Coefficients of the
Double-Opponent Model
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contribution of the third subset was set virtually to zero,
which implies that units that are simultaneously polarity

(or color) and orientation opponent might not exist. So,
z; E(\g/l\gg::;;r\l;/llggﬁ ?)Effaggesr)'ators) 1-w = ggg having started with three subsets, we ended with only two
21 (R/Gv and R/Gx operators) 0.80 subsets (or maps) per domain. This particular point is
22 (V/Hg and V/Hg operators) 1- 2 =020 discussed in more detail in Subsection 4.D.
d; (LO weight) 0.30 Within each subset of the LO and CO domains it is as-
dz (LnO weight) 0.20 sumed that all the units have equal weights. Under the
d3 (CO weight) 0.10 assumption that the third subset does not exist, the model

d, (CnO weight)
€ (Noise parameter)

1- (dl + d2 + da) = 0.40
arbitrarily set at  0.10

come in four varieties. In the chromatic domain they are
+R/—G V and H, and —R/+G V and H, where R, G, V, and
H denote red, green, vertical, and horizontal, respectively.
In short, this subset comprises R/Gv and R/Gy units in
the chromatic domain and ON/OFFy and ON/OFFy units
in the luminance domain. The second subset comprises
orientation-opponent units, i.e., V/Hgr ony and V/Hg c: orr
(also in four varieties). For completeness, we assume the
existence of a third subset, which is both polarity and
orientation opponent, i.e., with RV/GH (or ON-V/OFF-H)
and RH/GV (ON-H/OFF-V) units. It should be noted
that, for simplicity, the only orientation opponency con-
sidered here is that between vertically and horizontally
tuned units. Opponency between units less than 90°
apart [see Figs. 1(c) and 8] will be part of a more elabo-
rated, analog version of the present model.

The use of the second and third subsets represents the
main innovation of the present approach. However, our
model provided best fits of the experimental data when the

L3

LO

{

requires the adjustment of eight coefficients, of which
four represent the relative weights of the two subsets
within each oriented domain and four represent the rela-
tive weights of the four (LO, LnO, CO, and CnO) domains.
In fact, we can see that this number reduces to 5. Since
the subset weights are relative, they should sum to unity
within each domain, which leaves only one subset free pa-
rameter per domain, i.e., two subset coefficients (w and z).
Identically, the domain weights should also sum to unity,
which leaves only three domain free parameters (d).
Thus there are five coefficients altogether (see Table 1).
A sixth parameter, related to the noise in the system, may
or may not be necessary, depending on the specific compu-
tation that determines the texture gradient (see Subsec-
tion 4.A). The number of free parameters is reasonably
low, given that we required that the model fit 23 experi-
mental conditions.

B. Flow Chart

A simplified schematic of the model is shown in Fig. 8.
First Stage. Linear convolution with oriented and

nonoriented ON and OFF units is performed in both the

luminance and the chromatic domains.
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Fig. 8. Flow chart of the double-opponency model shown only for the LO and LnO (=LO) domains. Identical schemes apply to the CO

and CnO (=C0) domains

It is understood that the first-order receptive fields shown at the top for each domain occupy the same retinal

location. Thus, up to the third processing stage (see below), this diagram illustrates only local operations. Within each domain linear
ON- amil OFF-center units (first processing stage) inhibit each other (differencing operation) to produce half-wave rectified units at a
second processing stage.  These units may have direct output (see the arrows numbered 2 and 3 and 6 and 7 for the LO domain and 1 and 2

for the LnO domain) or interact at the third processing stage, where inhibition (or differencing occurs between units of the same polarity
but of different orientation (see the arrows numbered 1,4, 5 and 8 in the LO domaim) and between units that differ in both orientation ond
polarity (not shown). A texture-gradient response r is computed at a fourth stage from the final outputs of each operator across the space
iin both orented and nonoriented domains), and the responses v and r; are summed probabilistically within each donaim (8 sumumuliom;

fifth stangel.  Finally, weighted texture-gradient responses R of each domain are also summed probabilistically (sixth stage; in principle,
orientation opponency could be generalized to spatial frequency or other second-order dimensions). -



1458 dJ. Opt. Soc. Am. A/Vol. 10, No. 7/July 1993

Second Stage. At each spatial location the outputs of
ON (or red) and OFF (or green) nonoriented and oriented
units are differenced so that we obtain ON and OFF half-
wave rectified units. Half-wave rectification is typical of
simple V1 cells whose behavior is supposedly mimicked by
this processing stage.'®%® At this point both the oriented
and the nonoriented units are already polarity opponent,
and their outputs are conveyed without further transfor-
mation to the next stage [see the long arrows numbered 2
and 3 and 6 and 7 for LO and 1 and 2 for LnO (labeled LO)
in Fig. 8]. Of course, half-wave rectification could have
been implemented from the beginning considering that
lateral geniculate cells have a rather low resting discharge.

Third Stage. Half-wave rectified oriented filters that
differ in either orientation or both orientation and polar-
ity interact through the same differencing operation as
that in the second stage and produce at each spatial posi-
tion (in both the LO and CO domains) eight additional
opponent filters, four of which are the complements of the
others. For simplicity, Fig. 8 displays only the orientation-
opponent receptive fields numbered 1, 4, 5, and 8 (LO do-
main). Also for simplicity, Fig. 8 displays only the center
of the second-order receptive fields. The surround, which
displays opposite-sign response profiles, was exemplified
in Fig. 1(c). While the receptive fields of the third-stage
operators could not be represented graphically in Fig. 8 as
the linear sum of the Gabor-like, first-order receptive
fields, it should be noted that they are reminiscent of the
classical complex-cell receptive field [see Fig. 1(c) for the
correct representation].

Fourth Stage. A texture gradient, or edge, is computed
for each operator by the use, as a rule of thumb, of both
the difference between the output across the edge and the
smallest of the average signals within each texture of the
texture pair, or the ratio between this difference and
the smallest average signal (i.e., normalization; see Sub-
section 4.C). Since this smallest average signal may be
null, the ratio computation requires an additional noise
parameter (¢). The ratio computation implies a Weber-
like behavior that could account for some of the texture
discrimination asymmetries mentioned in the literature.?®
Extracting the texture edge independently in complemen-

tary operators (e.g., ON and OFF units) ensures that spa- -

tial phase information is preserved.

Fifth Stage. Texture-gradient signals are weighted
and summed probabilistically (8 summation)?* within
each domain. The weights (w; for LO domains and z; for
CO domains) determine the relative contributions of the
different operator subsets in each domain and are pa-
rameters of the model. The probability summation ac-
counts for the degree of independence of the operators
and/or for an intrinsic nonlinearity of the operators them-
selves.’” The B parameter was estimated experimentally
for each observer.

Sixth (and Last) Stage. Texture gradients are also
probabilistically summed across domains, where each
domain’s sum is given a specific weight d;.

C. Computational Implementation

We estimated the performance of the model by using a sta-
tistical approach. Rather than actually convolving the im-
age with spatially extended filters, as suggested in Fig. 3,
we estimated the output of such filters assuming that their
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spatial extent was precisely matched to the intertextel dis-
tance. To be specific, let us consider a red-green double-
opponent operator, which has an excitatory response to a
red light and an inhibitory response to a green light at its
center x, with the opposite response signs at x + Ax. We
obtained the response of this operator by sampling only at

. the two points x and x + Ax, where the two textels are

assumed to be located, and this response will yield a rough
approximation to the expected response of an analog filter.
The output at x is arbitrarily set to a maximum of +1 for
ared textel and —1 for a green textel, with a linear varia-
tion between, i.e., a zero response for yellow; of course,
the zero response may be offset by the spontaneous firing
rate, which changes the response range to 0-2. We chose
to consider each operator as a half-wave rectifier with
positive responses in the range 0-1. The response of
other double-opponent operators is computed analogously.
For simplicity, let us assume that the texture pair con-
sists of two textured regions, T, on the left-hand side and
T, on the right-hand side, separated by a vertical edge G.
The expected values of the operators’ responses, based on
the types and the relative probability densities of the
textels that form the texture pair, are found as follows:

(1) Find the expected value E for the output H, of each op-
erator q across all possible textel pairs within T, (and T,).
As an example, for the left-hand texture we obtain

E; = Average[(H)\] = >, 2 niniH,G, k),
i€T; kET,
where n; and n, are the probabilities of the two textels and
H,(i, k) is the output of the operator when it spans textels
i and k. This procedure is repeated for the expected out-
put E. inside the right-hand region and for Eg across the
texture edge. Values for E), E,, and E¢ are computed indi-
vidually for each operator in all the domains.

(2) The magnitude of the texture gradient, Mg, i.e., the
strength of the texture edge for each operator, is obtained
by either a difference or a ratio estimator. For the differ-
ence measure, Mg is simply set to Eg — Enin, Wwhere Epy is
the minimum between E| and E,; for the ratio measure,
Mg is set to (Eg — Enin)/Enin.

(3) Combine the edge strengths of all individual opera-
tors within a domain through a 8 summation:

18
Domain(Mg) = [ > dG(Mg,q)"] ,
gEdomain
where Mg, is the signal strength of the gth operator within
the domain under consideration and dg is its weight.
(4) Finally, the overall signal strength is obtained by a
B summation across all the domains.

The model in its present form is discrete and statistical.
This approach may be criticized on different grounds,
but our claim is that it is predictive of the crude behavior
of a more elaborated, multiscale analog model (see, for ex-
ample, Refs. 9 and 13 for a similar approach), which we
are pursuing.

D. Predictions of the Model
As we discussed in Subsection 4.B, the free parameters of
the model refer to the relative weights of the opponent op-
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Fig. 9. Oriented units that differ at the same time in their orien-
tation and color (or polarity) probably do not interact. The aver-
age outputs of the eight possible differencing operations (denoted
in the middle of the figure) between units specified by their pre-
ferred color [red (R) or green (G)] and orientation [horizontal (H)
or vertical (V)] are shown for texture pairs 5a (O X C) and
6 (DCJ). Texture gradients summed across the eight operators
produce equally strong signals for both texture pairs. The only
way of accounting for the obvious discriminability difference
between these texture pairs is to assume low or null weights for
operators RV/GH and RH/GV. See the text for details.

erators within the LO and CO domains (w; and z;, respec-
tively), to the relative weights d; of the four considered
domains (LO, LnO, CO, and CnO), and to the noise-related
parameter €. The last-named was arbitrarily set at 0.1
(i.e., 10% of the maximum output of any operator), and it
is not considered in the following discussion.

Figure 9 illustrates our claim that oriented operators
that are simultaneously opponent in color (or polarity) and
orientation (i.e., RV/GH and RH/GV units and their ON
and OFF counterparts) should not be considered in the
framework of the present model. Figure 9 displays the
outputs of the six possible combinations of red/green and
vertical/horizontal units that yield double opponency in
response to configurations O X C and DCJ. As one can
note by mere inspection (and as confirmed by the data in
Figs. 4 and 5), it is significantly more difficult to discrimi-
nate texture pair DCJ than texture pair O X C. This is
the case whether the textures are shown with different
colors or with different polarities (as illustrated). How-
ever, the simple summation (whether linear or not) of the
signals at the texture edges computed from the six out-
puts will yield identical responses for the two texture
pairs. Within the context of the model, the only way that
one can account for the actual percept is to decrease the
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weights to the RV/GH and RH/GV operators. If perfor-
mances with configuration DCJ are close to ‘those that
arise from chance (as we suspect they are, at least for the
C & O set), these weights should be set to zero. With zero
weights, discrimination of configuration O X C will be
clearly favored over that of configuration DCJ. Setting
RV/GH and RH/GV weights to zero would also account for
the unexpected lower performances with configuration
C + O relative to configuration C wO (see Figs. 4-7). In-
deed, the model predicts higher performances for the for-
mer, given the stronger activation of RV/GH and RH/GV
units. If these units do not exist, or if their weight is
relatively small, the correct, albeit counterintuitive, pre-
dictions are obtained.

Finally, it should be noted that not all DCJ stimuli are
necessarily undiscriminable by human observers,3%3.3%
Thus operators that are opponent in more than one dimen-
sion (e.g., disparity and direction) may actually exist, and
the present model should account for performances with
such DCJ stimuli by simply assigning nonzero weights to
the relevant operators. By comparison, a standard en-
ergy computation approach®" is bound to predict zero dis-
crimination for any DCJ configuration. Indeed, ignoring
the sign of the textels of the DCJ configuration in Fig. 9
will produce a spatially unmodulated activity in both the
vertical and horizontal maps and will thus lead to zero
discrimination.

The five free parameters of the model were estimated by
successive (but not exhaustive) iterations. Remarkably,
the best fit to the data of both observers was obtained
with the same set of coefficients (to the first decimal,;
see Table 1).

Difference and ratio predictions of the model are virtu-
ally identical, with one exception for condition DCJ, for
which the former systematically overestimates measured
performances and the latter underestimates them. For
reasons given in Subsection 4.B we preferred the second
alternative and therefore show only the ratio predictions
(solid curves in Figs. 4 and 5). The correlations between
the ratio simulations and the psychophysical data obtained
with the complete C & O set (11 stimulus configurations)
are 0.91 and 0.79 for observers AG and TVP, respectively.
The correlations between simulations and the psychophysi-
cal data obtained with the limited C & O, P& O, and C & P
sets (18 configurations) are 0.72 and 0.91 for observers AG
and TVP, respectively. The average correlation (across
observers and stimulus sets) of 83.25 compares favorably
with those found by Rubenstein and Sagi® (0.80; p. 1638)
and by Malik and Perona’ (81.5; computed from their
Table 3). It should be noted that these correlations would
have been improved had we adjusted the parameters of the
model to obtain better fits for the DCJ conditions. As we
mentioned in Subsection 4.B, the ratio (as opposed to the
difference) variant is @ priori more reasonable, since it
produces a Weber-like behavior in texture discrimination,
which, in turn, might account for some asymmetrical pop-
out effects? recently discussed from a theoretical point of
view by Rubenstein and Sagi.!

Based on the large number of iterations performed with
different parameter sets, it appears that globally good fits
of the data always require that the weight of the CO do-
main be significantly lower than the remaining three
weights and that the CnO weight be stronger than the LnO
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weight. The first finding is consistent with the neuro-
physiological literature,”*® while the validity of the second
finding requires additional neurophysiological evidence.
It is important to note that, if the contribution of the CO
domain is arbitrarily set to zero, the model predicts nuil
sensitivities for configurations OwC and O X C (see
Figs. 4-6). The experimental data show relatively high
sensitivities for these stimuli and confirm, together with
previous studies,?**® the existence of CO mechanisms. A
good fit of the data also requires that the weights of the
orientation-opponent interactions in both the chromatic-
and luminance-oriented domains (i.e., parameters w, and
23) be weaker than the weights of the polarity interactions
within the same domains (i.e., parameters w, and z;).
The interpretation of this observation is that vertical-
horizontal interactions are substantially weaker than
interactions between units of the same orientation but
of opposite polarity (or color). This behavior can be
understood if one assumes that, as suggested by recent
electrophysiological data,'® the strongest orientational
interactions occur between orientation-tuned channels
that differ by less than 90° (i.e., by one orientational
bandwidth).

Whether the fitted parameters can be regarded as valid
estimators of the relative proportions of the underlying
cell populations remains a question that will be answered
by the behavior of a more comprehensive, analog version
of the present model tested against additional electro-
physiological data.

5. DISCUSSION

Some of the stimulus configurations used in the present
study may be regarded as generalizations of more tra-
ditional stimuli used in visual-attention, “odd man out”
experiments (SCJ and DCJ, represented in Fig. 2 by con-
figurations 4a and 4b and by configuration 6, respectively).
As such, they contribute to our understanding both of
multiattribute interactions in spatial vision and of the
underlying mechanisms. Taken at face value, the present
results lead to the following conclusions.

The data clearly support the existence of chromatic-
oriented mechanisms. Units of this type are absolutely
necessary in accounting for the discrimination of tex-
ture pairs such as OwC and O X C. Indeed, these equi-
luminant texture pairs differ only in their orientation, and
their discrimination requires units that are both orienta-
tion and chromatic specific. One may argue that chro-
matic broadband units would do equally well. Independent
of their unlikely existence,®*' we found at least two reasons
to discard them. The first relates to the so-called veto
effect that we reported earlier in both motion and texture
studies.?****2 The term veto refers to the fact that, under
equiluminant conditions, orientation matching cannot
carry motion or yield spatial grouping if color is mis-
matched. Chromatic broadband oriented units should,
however, ignore color mismatch and yield both motion
perception and perceptual grouping under such conditions.
A second argument against implementation of broadband
oriented units in the model was based on the present data.
These units cannot discriminate configuration C wO,
whereas they respond strongly to configuration C + O.
If broadband chromatic units were to replace the CO
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units, configuration C + O should be significantly more
discriminable than configuration C wO, a prediction not
supported by the present data.

Another general trend of the data concerns the system-
atic superiority of color- and polarity-based discrimina-
tions (configurations Cw0O, CX O, PwO, and PXO in
Fig. 5) over orientation-based discriminations (configura-
tions OwC, O XC, OwP, and O X P), which suggests an
overall smaller contribution of the oriented mechanisms.*?

Sensitivities measured with the C & P stimulus set indi-

cate that, when color and polarity are combined, the con-
tribution to texture discrimination of the former (and,
presumably, of the underlying mechanisms) is always
stronger than the contribution of the latter, despite the
fact that their respective contrasts have been matched for
equal performances. Our model accounts for this fact by
assigning stronger weights to the CnO domain than to the
LnO domain. While some neurophysiological studies ap-
pear to support (at least qualitatively) this possibility,2%44-46
other accounts definitely reject it®* (see below).

The two control experiments (Figs. 6 and 7) present
some methodological interest. The first one (Fig. 6) re-
vealed that observers develop stimulus-related strategies
only for the DCJ configuration, in that they may attend to
a given color (or polarity) and base their responses on an
orientation (or color) difference. This observation bears
on the characteristics of visual attention and deserves fur-
ther investigation. The second control experiment (Fig. 7)
showed that, for the present set of multiattribute target
stimuli, there is a set of balanced mask stimuli that yield
equivalent relative masking effects. This observation
may be interpreted in relation to the topology of the multi-
dimensional sensory space within which these attributes
are located, but the limited set of experimental conditions
studied here does not permit elaboration on this particular
topic. The multiple mask experiments provide, nonthe-
less, a basis for the choice of masks in further studies.

The model that we have developed leans heavily on the
concept of generalized double opponency. While the tra-
ditional understanding of double-opponent units (which
requires that opposite-sign responses be processed in-
dependently) may render this concept inappropriate for
the characterization of the classical (lateral geniculate
and V1) ON-OFF achromatic units, it is clear that such
units may be regarded as spatial contrast measuring
devices in the luminance domain. On the other hand, the
existence of classical double-opponent units that perform
the equivalent task in the chromatic domain has been a
matter of recent debate.®*! The significant character-
istic of the double-opponent unit is its spatial opponent
behavior. Whether or not the response of the double-
opponent unit undergoes some nonlinear transformations
(such as half-wave rectification), the unit’s capacity for
computing spatial contrast will not be impaired. The
nonlinear behavior of cortical units may be one reason
why, using different stimulation techniques, different au-
thorg®?4144-46 arrived at opposite conclusions about the ex-
istence of prototypical chromatic double-opponent cells.
At any rate, the extensive analysis of the chromatic prop-
erties of cortical neurons provided by Lennie et al.® clearly
supports the existence of simple cells that prefer chro-
matic to achromatic modulations and are “more sensitive
to some chromatic grating [between 2 and 4 cycles/deg;
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see Fig. 16 of Ref. 6] than to chromatic modulation of
a spatially uniform field” (i.e., supportive of a double-
opponent receptive field; see Ref. 6, p. 663). Spatial fre-
quency selectivity with chromatic gratings was observed
by Lennie et al.’ with complex cells as well (see their
Fig. 17). Finally, receptive fields of the type described by
Hubel and Livingstone’ and by Ts’o and Gilbert,*® whose
surround only suppresses the activity elicited by stimula-
tion of their chromatically opponent center, may well be
looked on as half-wave rectified, double opponent.

Ingling and Martinez-Uriegas* provided a theoretical
analysis that demonstrated why an ideal type I cell should
be regarded as a general-purpose double-opponent device.
Along this line of reasoning we assumed that double oppo-
nency could be extended to second-order features such as
orientation, spatial frequency, and even motion. This idea
is not new (see Ref. 50 for a review) and has recently
received strong psychophysical support.’®'#¢?” However,
it may be more difficult to characterize second-order
opponencies than first-order ones. In the orientation do-
main, for example, recent data'”'®*"5-% suggest that same-
srientation, nonoverlapping stimuli may facilitate each
other if they are collinear and inhibit each other if they
are parallel. Only the second type of interaction has been

considered in the present model. Testing and modeling
these anizotropic interactions remain matters of further
Invesiigalion.
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