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Abstract
The context in which a pattern is viewed can greatly affect its apparent contrast, a phenomenon
commonly attributed to pooled contrast gain control processes. A low-contrast surround may slightly
enhance apparent contrast, whereas increasing the contrast of the surround leads to a monotonic
decline in contrast appearance. We ask here how the presence of a patterned surround affects the
ability to perform fine, suprathreshold orientation, contrast, and spatial frequency discriminations as
a function of surround contrast and phase. Our results revealed an unexpected dip in performance
when center and surround were in-phase and similar in contrast. These results suggest that additional
processes, perhaps those involved in scene segregation, play a role in contextual effects on
discrimination.

1. Introduction
A fundamental question in pattern vision is that of contrast sensitivity regulation. Early in
visual processing, cortical neurons respond to simple pattern information formed by changes
in luminance over space. Their responses to a pattern are primarily determined by 1) stimulus
contrast, 2) the match between the stimulus and receptive field/tuning properties of the neuron
(spatial location, spatial frequency, orientation, and phase for static, achromatic stimuli), and
3) the state of adaptation of the neuron (contrast sensitivity). Typically, the function relating
neural response rate to contrast is ogival, positively accelerating at low contrasts, and saturating
at higher contrasts. A function of this form also describes human psychophysical discrimination
performance as a function of contrast, when the task is based on small differences in spatial
frequency or orientation between two simple sinusoidal gratings 1. Performance initially rises
with contrast, but becomes independent of contrast at quite low contrasts (∼10%).

Historically, it had been widely presumed that this function reflected an accelerating
nonlinearity followed by a form of within-pathway contrast gain control that reduces the
neuron’s sensitivity to contrast as contrast increases, effectively adapting the cell to prevailing
contrast levels. This process effectively keeps the ogival response functions centered at the
prevailing contrast level, resulting in consistently high levels of performance 1-6. Furthermore,
many modelers of pattern detection and discrimination made the simplifying assumption that
different neural pathways with non-overlapping response ranges, such as very low and very
high spatial frequencies or different preferred spatial locations, operated relatively
independently of one another. Sensitivity was thought to be primarily governed by the
independent, within-pathway processes described above, modeled by a static nonlinearity
following linear filter stage. This view was supported by considerable data from both
physiological studies and psychophysical studies performed at or near the detection threshold
(see 7-9 for reviews).
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However, empirical results from both neurophysiology and more recently, suprathreshold
psychophysics, have demonstrated that the assumption of independent processing is not
tenable. The physiological evidence is incontrovertible. Profound interactions occur among VI
neurons, in some cases among those with very different tuning characteristics. A neuron’s
activity can be modulated by stimuli which are spatially outside the cell’s classic spatial
receptive field or outside its response range along other dimensions such as orientation or
spatial frequency. That is, ongoing neural activity can be modulated by a stimulus that by itself
does not activate a pathway. These interactions are thought to contribute to sensitivity
regulation and perhaps the sharpness of tuning characteristics which permit us to make fine
spatial discriminations 10-29. We will term these sources of sensitivity regulation between-
pathways contrast gain control. Two notable neural models of cortical gain control postulate
that the response of each neuron in a gain control network is reduced by the total activity in a
pool of neurons that collectively have a broader response range along a number of dimensions
than each individual neuron 4, 30.

It is now widely accepted that both within and between pathway gain control processes are
needed to account for both the appearance and the ability to make fine discriminations between
stimuli that are more complex than simple sinusoidal grating patches. Apparent contrast has
been the most widely studied phenomenon with respect to lateral interactions 31-37, although
a number of researchers have examined effects of flankers and other contextual stimuli on
detection, while others have addressed contrast discrimination 38-48. Mareschal and her
colleagues 49-51 have reported a number of results of contextual influences on coarse
orientation judgments (2-4 degrees), which may be of relevance here. We save discussion of
their results until the final section of the paper.

Although results are complex and vary among individuals, a general finding is that both
facilitative and suppressive effects are found which depend upon both relative location and
relative contrast of test and context patches. Suppressive effects are larger and occur more
reliably among individuals than facilitation. Although pooled gain control models only predict
suppressive effects, variations of the Albrecht and the Heeger neural models have been adapted
into a number of psychophysical models to account for spatially remote contextual effects e.g.,
52.

Previous psychophysical investigations into gain control mechanisms that mediate fine spatial
and contrast discriminations among suprathreshold complex stimuli have been limited to
effects that occurred when stimulus components that were very different in orientation or
spatial frequency. Furthermore, the components were superimposed in space to form 2-
dimensional surface textures and 1-dimensional edgelike stimuli 6, 36, 43, 53, 54. Effects of
superimposed masks were always suppressive, except near the detection threshold. Olzak and
Thomas 55 explicitly demonstrated the need for both within and between-pathway gain control
processes in accounting for masking by parallel and orthogonal gratings in fine spatial
frequency discriminations, and an adaptation of the Albrecht and Heeger neural models were
able to account for these results as well.

The Thomas and Olzak 6, 36 models of gain control were developed to account for masking
of discrimination performance by overlapping, non-informative components. In this model,
the excitatory response of a neuron (a function of stimulus contrast) is modified by dividing
its response by activity in a pool of responding neurons, which included spatially overlapping
neurons tuned to a broad range of orientations and spatial frequencies. A test of this model
using spatially localized, narrowband stimuli with little overlap in spatial frequency content,
however, showed that contributions to the gain control pool rapidly diminished as stimuli
became nonoverlapping 56. Nevertheless, a normalization model of the same general form
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(though with a different pool of neurons contributing to sensitivity regulation) was successfully
used by Xing and Heeger 52 to account for apparent contrast.

In the present paper, we ask whether a modified version of the Xing and Heeger formulation
might account for contextual effects on spatial discrimination performance. We use the Xing
and Heeger formulation as a simple example of an entire class of models e.g.,57, 58-60 that
might better capture some aspects of the data (i.e., facilitation at low surround contrasts).
However, to our knowledge, all current models of gain control would predict for our conditions
a monotonically declining function once surround contrast exceeds center contrast.

In the set of experiments reported here, we examined performance (d’) on fine suprathreshold
spatial discrimination tasks based on small (hyperacuity level) differences in either the spatial
frequency or orientation of a central target disk, as a function of surround contrast and the
relative phases of center and surround. For comparison purposes, observers also made
discriminations based on contrast, although it has been pointed out that a single model cannot
account for how both extensive and intensive discriminations vary with contrast 61.

2. Model
The model we will consider is a modified hybrid of the Xing and Heeger apparent contrast
model 52 and a portion of the Thomas and Olzak 6, 36 discrimination model, simplified to
account for the experiments at hand. The Xing and Heeger model explicitly considers
contributions from both the center test disk and the laterally displaced surround. The surround
may have both excitatory and suppressive effects, as shown by contributions to the numerator
and the denominator of Eq. 1, respectively. Eq. 1 below shows the modified Xing and Heeger
model, taken from their Eq. 4 with one added parameter to permit its application to a
discrimination task.

Rt =
k(1 +WeCs

pe)(StCtp)
(1 + aCtq +WiCs

qi) , (1)

where Rt is the response to the center test disc, k is a constant, Ct and Cs are contrasts of the
test and surround patterns, respectively, We and Wi are the enhancement and inhibitory weights,
respectively, and a, p, pe, q, and qi are free parameters. The term St was added because in the
discrimination model, differential sensitivity of the neuron(s) to the two patterns to be
discriminated is necessary.

In order to link the neural model to discrimination performance and the performance measure
d’ , we make assumptions identical to those proposed in the decision stage of the Olzak and
Thomas 36 model. We assume that discriminating between two alternative patterns is
accomplished by differencing the output of two neurons (or groups of neurons) that give the
greatest differential response to the two patterns to be discriminated. This generates a single
decision variable D, linking the model to standard signal detection theory and permitting
calculation of d’.

D = RtA − RtB, (2)

where RtA and RtB are responses to the two test patterns A and B.

Up to this point, we have ignored the role of noise in processing. In earlier work, however, it
has been shown that in fine spatial discriminations, the decision variable appears to be normally
distributed and is equally variable in the two channels. Thus, we can represent d’ as the
difference in expected values of the random decision variable distributions that arise in
response to patterns A and B, divided by the standard deviation of the responses in Eq. 2
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d ′ = D(A) − D(B)
σ . (3)

Embodied in Eq. 3 are the assumptions that noise is Gaussian with unit variance regardless of
which stimulus was presented. The Gaussian assumption has been tested many times for
discrimination tasks such as ours, and the equal-variance assumption holds valid as well 62.

Figure 1 shows the output of a simulation of the model applied to discrimination performance.
Parameter values published by Xing and Heeger 52 were used in the simulation. Estimates that
differed between the two observers were averaged, and the enhancement and facilitation
weights were taken from the wide-surround configuration.

Contrast of the test disk was held constant at 0.1, as in our experiments. Surround contrast
varied between 0 (control) and 0.75, although in the actual experiment the highest surround
contrast was 0.5. . In order to apply the output to discrimination, the added sensitivity parameter
was given a value of 1.0 (Xing and Heeger model exactly) in response to the preferred pattern
A and a value of 0.8 for the less-preferred pattern B. The resultant responses were differenced
as in Equation 2 the resulting differences were then scaled by multiplying by a constant to
approximate d’ and to move the curves into our approximate experimental operating range.

The important points to notice in this predicted performance curve are that 1) a small amount
of enhancement occurs at surround contrasts equal to or lower than the 0.1 test contrast, and
2) at surround contrasts higher than the test contrast, performance is suppressed in a
monotonically declining function.

3. Methods
3.1 Observers

The observers were three undergraduate volunteers who were naïve to the purpose of the
experiments and three undergraduate research assistants who were aware (KAE, AMC, and
JLH). Each had normal vision or was corrected to normal by spectacles. All were between the
ages of 19 and 22. Observers KAE and AMC were males; observers JLH, ECG, JAW and KDS
were females. Not all observers participated in all experiments.

3.2 Stimuli, Apparati and Procedures
A custom program using a Genus graphics package interfaced with a C program was used to
compute and draw stimuli pixel-by-pixel, as well as to control the experiment. Software was
run on a Dell Dimension XPS R450. Stimuli were presented on a 17“ ViewSonic Profession
Series PS775 monitor, which was linearized through software and empirically confirmed. The
mean luminance of the display was 19.2 cd/m2. The monitor was equipped with video
attenuators tied together in a summing circuit to generate more than adequate gray levels 63.
A resolution level of 120 pixels per degree was achieved at a viewing distance of 3.5 m.
Viewing was free and binocular.

Figure 2 shows examples of a control stimulus (panel A) and test stimuli with surrounds of
lower (panel B), equal (panel C), or higher (panel D) contrast. The test stimuli were 40-minute,
sharp-edged circular patches of vertical (or near-vertical when discrimination judgments were
made on the basis of orientation) sinusoidal grating at or near 4 cpd. Test contrast was held
constant at 0.10, except in one instance when it was lowered to 0.05 in an external control
experiment. In control conditions of the main experiment, the surround was uniform at the
mean luminance level (Michelson contrast = 0). In test conditions, a 3-deg diameter grating of
varying contrast levels (0.025, 0.05, 0.10, 0.30, and 0.50) surrounded the test patch, filling the
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display screen. The surround was either in phase or 180 deg out of phase with the center, and
was always exactly vertical and 4.0 cpd.

Discriminations were always between two stimuli, which differed slightly along the
dimensions of spatial frequency, orientation, or contrast in different experiments. The
difference between the stimuli was individually determined and fixed to be identical in all
conditions of the experiment; we were interested in how performance varied as a function of
the surround. Each experiment was run twice; once with center and surround in phase, and
once with center and surround 180 deg out of phase. Different surround contrast levels were
run in separate blocks of 80 trials (40 of each stimulus, randomly intermingled), but the entire
set of six surround contrasts was run in a single session each day. Trial pacing was brisk so
that a single block of trials took approximately five to seven minutes. Sessions were replicated
over five days following extensive practice. Observers were free to rest between blocks. Missed
trials were re-fed, and feedback as to which stimulus had actually been presented was given.

Observers ran in a dark room lit only with a shielded lamp placed behind the plane of the display
screen. Following an initial dark-adaptation period, observers began the session in a preview
mode, during which each stimulus could be triggered and viewed for 500 ms. Preview
presentations were unlimited. When observers were satisfied, they pressed a key to begin the
experimental session. On a given trial, one of the two stimuli to be discriminated was displayed
for 500 ms with abrupt onset and offset, along with a concurrent mid-frequency tone. A five-
second response period of silence ensued, allowing the observer to respond. Observers used a
six-point rating scale to respond, rating their certainty that stimulus A or B had been presented.
Ratings of 1 or 6 indicated certainty that A or B, respectively, had been presented. Ratings of
2 or 5 indicated a lesser degree of certainty about A or B respectively, and ratings of 3 or 4
indicated much uncertainty. Immediately upon response, a feedback tone sounded (low
frequency, indicating stimulus A had been presented, or high frequency, indicating stimulus
B had been presented), and the next trial began after a 1-second delay.

Prior to the experimental sessions in each study, discrimination thresholds for contrast, spatial
frequency, or orientation judgments were determined individually with control stimuli, using
the same procedure as was used in experimental sessions. Easy discriminations were gradually
made more difficult until each observer’s performance stabilized at a d’ of approximately
1.2-1.5. Discrimination differences were in the hyperacuity range for the extensive dimensions
of orientation and spatial frequency (about ± 0.5 deg in orientation and ± .08 cpd in spatial
frequency), and once determined, the differences between the two stimuli on the dimension of
interest were fixed and identical in all conditions for a given observer.

Two pilot experiments were run in order to assess the effects of including a small gap
(unmodulated at mean luminance) between center and surround, or windowing the center with
a Gaussian blur to avoid edge effects. Blurring had the immediate effect of removing all
interfering effects; performance remained approximately at control levels regardless of
surround contrast. The gap, which we first introduced at a width of 0.5 min, as used experiments
by Mareschal et al. 50, had a similar effect as the blur: interactions between surround and center
were drastically reduced or eliminated. These diminished effects continued to gap widths as
low as four min. We therefore chose to run our main studies with no gap between center and
surround.

4. Results
The results found with contrast, orientation, and spatial frequency judgments are shown in
Figures 3, 4 and 5, respectively.
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Different panels represent different observers. Note that due to rather large individual
differences in effect sizes, the scales along the ordinate differ from observer to observer. The
arrow indicates test contrast (in the case of contrast discriminations, the arrow actually
represents the mean of the two slightly deviating test contrasts). The solid line (square symbols)
denotes results when center and surround were in phase; the dashed line (circular symbols)
represents out-of-phase results. Error bars represent ± 1 standard deviation, calculated from
variations in d’ over days. Control performance (no surround) is denoted by the points on the
ordinate. As would be expected, there were no significant differences in performance on control
patterns in the two phase conditions.

The nature of the judgment (contrast, spatial frequency, or orientation) did not appear to
influence the results of these experiments in any significant way; thus we have chosen to discuss
patterns found in all data sets without regard to judgment type. The results depended heavily
upon phase, on the contrast relationship between center and surround, and on individuals.
Individual differences are commonly found when investigating lateral interactions by measures
of apparent contrast 32, and our data sets confirmed this finding when using discrimination
tasks. Despite these individual differences, clear patterns emerged in our data sets.

Out of Phase.
When center and surround were out of phase, the model may adequately describe performance
for at least some observers. Most observers, but not all, showed a slight facilitation of
performance relative to control at contrasts lower or equal to the test contrast. With increasing
contrast, performance gradually fell for most observers, but again, individual differences were
observed. In several cases, performance drops were either borderline or nonexistent, even at
the highest contrast value. This result suggests that something possibly more complex than
simple lateral interactions among a broadly tuned set of neurons is affecting performance, a
point we shall return to in the discussion section.

In Phase.
When center and surround were in phase, a very different pattern of performance was observed.
Like the out-of-phase data, the presence of a low-contrast surround led to a facilitation of
discrimination performance for some, but not all observers. Those that did show facilitation
generally showed larger effects than in the out of phase condition, a result not considered in
the model. When test and mask contrasts were equal, however, performance plummeted, nearly
to chance levels (d’ = 0) in many cases. Depending upon the individual, as contrast continued
to increase, performance either remained at this low level, or it increased to leave a sharp notch
in performance at the equal-contrast point, generally meeting up with out-of-phase
performance at the highest contrast. This highly nonlinear pattern of results was not predicted
by the model, and indeed, cannot be explained by any simple model of contrast gain control.

As a control to ensure that the in-phase plunge in performance depended on contrast equality
and did not just reflect something odd about a mask contrast of 10% (which is about where
performance becomes independent of contrast in spatial frequency and orientation judgments),
observer ECG also performed the contrast discrimination task with a center contrast of 0.05
for the in-phase condition only. Her results are shown in Figure 6.

Whereas she had shown facilitation at a mask contrast of 0.05 in the original experiment (see
Figure 2, panel C), now she showed the characteristic drop at a surround contrast of 0.05, equal
to the center contrast in this control condition. Thus, it appears that the characteristic drop is a
result of equal contrast between center and surround or of the stimulus configuration created
by equality.
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Discussion
It is clear from our results that a simple model of divisive gain control cannot account for the
effects of a patterned surround on the ability to perform fine spatial discriminations. Although
models of this form have previously been shown to account for contrast discrimination in a
test + pedestal paradigm 43, 64, it is apparent in the current experiments that our procedure
revealed an unexpected nonlinearity in processing when test and mask contrasts are equal and
in phase. Furthermore, our results showed marked differences from previous results of apparent
contrast experiments. It appears that the lateral interactions we observe in fine spatial
discriminations have some elements in common with those reported for apparent contrast, but
differ significantly in others.

We did observe evidence of both enhancement when surrounds were of lower contrast than
the center and suppression (in most, but not all cases) when surround contrasts were higher.
This might initially suggest that something like the Xing and Heeger model of apparent
contrast, which includes both enhancing and suppressive elements, might be extended to
account for contextual effects in fine spatial discriminations. A closer examination of the data,
however, suggests otherwise.

We consistently found very different patterns of results when center and surround were in phase
and when they were out of phase. The Xing and Heeger model does not address phase. There
is some controversy in the apparent contrast literature on this point. Eijima and Takahashi 35
reported a phase dependence, but Solomon, Sperling & Chubb 37 reported no such dependence.
The discrepancy in their reports may be due to the fact that Eijima and Takahashi used grating
patterns, whereas Solomon et al. used isotropic spatial textures. Olzak and Laurinen 65, using
an apparent contrast measure, demonstrated phase-specific effects with simple gratings but no
such effects with plaids. Plaids are thought to stimulate higher-level mechanisms than those
revealed by single gratings 36, 53, 54. A number of differences in processing of first- and
second-order patterns has now been reported (e.g., see66). In this paper, we used first-order
simple gratings, and our out-of-phase results are quite similar to those for other out-of-phase,
first order test-surround relationships: masking effects were small and in some instances non-
existent. In both cases, the empirical results with out-of-phase tests and surrounds are
marginally consistent with those predicted by the Xing and Heeger model (and presumable
others of this class), but the in-phase results were not.

When our test and mask were in phase, our results resembled none previously reported nor
predicted. When patterns were in phase, there was an unexpected large reduction in
performance when center and surround contrasts were equal. In some observers, performance
remained at this low level; in others, a gradual recovery (but never to control levels) was seen.

It is difficult to account for the in-phase results in any simple manner. The results do not rule
out the possibility of gain control processes such as those specified in the Xing and Heeger
model. When taken together with the out-of-phase results, they rather suggest that something
else in addition to spatially pooled gain control processes may come into play.

Mareschal, Sceniak and Shapley 50 have suggested that surround influences on center
orientation signals depend not only upon low-level interactions, but also upon cues arising
from image segmentation. This is certainly one possible explanation of our results, as well.
However, their results and conclusions were quite different from our own, and it appears that
they are tapping different processes than we are. They measured coarse orientation thresholds
as a function of the orientation and spatial frequency of the surround stimulus. Their centers
and surrounds were always equal in contrast (or equated for equal apparent contrast) and
separated by a 0.5 degree gap. They found few interactions when surround differed structurally
from test centers, with the greatest interaction when center and surround were similar, but
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different enough not to be perceived as a single surface behind an occluding gap. When seen
as a single object, performance was as good as with a full screen single stimulus.

Our conditions and results were quite different. First, our thresholds were much lower, within
the hyperacuity range. Coarse and fine orientation judgments are coded by different neural
processes 67, and may be one reason our results are different from Mareschal’s. Second, our
pilot work indicated that the interactive processes we were studying did not cross gaps. This
is a clear indication that the processes we are studying differ from those of Mareschal et al.
Third, unlike the Mareschal et al. results, our worst performance occurred when the center and
surround appeared perceptually as a single object. Thus, although our results lead us to the
speculation that processes in addition to low-level gain control are in operation, and possibly
those involved in image segmentation, our results lead to an entirely different conclusion about
the process than Mareschal et al.

In our scenario, the presence of perceptible edges, or mechanisms involved with scene
segregation, may modify pooling in a gain control mechanism. When center and surround are
out of phase, regardless of relative contrast, an illusory edge is visible, and center and surround
are perceptually segregated. This segregation may reduce any effect of the surround upon
discrimination performance in the perceptually distinct center. In the in-phase case, the center
and surround are perceptually segregated by changes in contrast, except in the case of equal
contrast. Although test disks always differ slightly from surrounds in either orientation or
spatial frequency, these differences are so small that no edge is visible in the equal-contrast
case, and the center appears to be assimilated by the background pattern, perhaps by a narrowly
tuned mechanism that sums orientation, spatial frequency, and contrast signals along a collinear
path. Summation along a pathway that includes not only the stimuli to be discriminated, but
also large, vertical, 4.0 cpd surround masks (identical in the two stimuli) would greatly decrease
the strength of the differential response to the two test stimuli, thus reducing performance.
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Fig 1.
Predicted relative d’ for discrimination performance as a function of surround contrast.
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Fig 2.
Examples of stimuli used in the experiments. Note that the centers are slightly different either
in spatial frequency or orientation from the surround. This difference has been greatly
exaggerated for the figure, and therefore apparent contours or phase shifts are visible here, but
not in the actual experiment. Examples are for spatial frequency judgments. Only one of the
pair to be discriminated is shown in each case. Panel A: control pattern with unmodulated
surround. Panel B: Same as A but with an example of a lower-contrast surround. Panel C: Same
as A but with same-contrast surround. Panel D: Same as A but with an example of a higher-
contrast surround.
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Fig 3.
Contrast discrimination performance as a function of surround contrast. Arrow indicates the
fixed 0.1 test contrast level (mean contrast for contrast discriminations). Different panels
represent different observers.
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Fig 4.
Same as 3, but for orientation judgments.
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Fig 5.
Same as 3, but for spatial frequency judgments.
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Fig 6.
Contrast discrimination as a function of surround contrast in control condition. Note that the
test contrast is now at 0.05. In-phase judgments only.
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