/

SPATIAL CHARACTERISTICS OF
A CONTRAST-COMPARISON
PROCESS

S. Sabina Wolfson and Norma Graham
Columbia University

We are interested in the “hidden” intermediate visual processes that are difficult
to study because they are far from the retina (light stimulus) and also far from the
observer’s behavior. There are good reasons to think that there are many interme-
diate processes and that they are important for perception. These processes were
an important part of Naomi Weisstein’s interests (see, for example, Weisstein &
Harris, 1980; Weisstein et al., 1975).

- In the long ages of evolution, eyes occasionally saw (and still occasionally
see) a blank, unchanging part of the visual field, for example, a large region
of blue sky. But most of the time we are looking at regions of the visual field
occupied by spatial texture or forms or patterns. This spatial patterning is almost
always changing in time, if only as the result of eye movements. So one might
well wonder how the spatial pattern that one has just seen affects the visual
processing of the spatial pattern that one sees now. In the course of trying to
study something else, we found an effect of this kind — an effect of the preced-
ing pattern’s contrast on the current pattern’s perceived appearance — that sur-
prised us. This effect of contrast adaptation dramatically increases the visibility
of some contrast-defined patterns and dramatically decreases that of others.
Initially we half~jokingly referred to this as “Buffy adaptation” as a placeholder
because we did not yet understand it. (For the origin of the nickname, see
Graham & Wolfson, 2007.) This chapter continues our study of this effect of
contrast adaptation.

Figure 7.1 shows a typical trial from the experiments reported here. The
observer looks at a fixation screen for a second, then a gray screen for about 500
msec, and then a pattern we will call the adapt pattern. (This could also be called a
mask pattern as Foley, 2011, does. We briefly discuss the overlapping relationship
of the terms “adaptation” and “masking” in the Introduction section of Wolfson
& Graham, 2009.) The duration of the adapt pattern is 1 sec. The adapt pattern is
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followed immediately by a test pattern. The duration of the test pattern is approxi-
mately 100 msec. The test pattern is followed immediately by a post-test pattern
that is exactly the same as the adapt pattern. The screen then returns to gray (for
at least 100 msec) until the observer makes a response.

The adapt pattern is a 2x2 grid of Gabor patches all of the same contrast. (The
contrast of a Gabor patch is expressed as one-half the difference between peak
and trough luminances divided by the mean luminance underneath the Gaussian
window of the Gabor patch.)

Each test pattern is composed of two different contrasts of Gabor patches
(which vary from trial to trial). The observers’ responses indicate whether they
think the contrast-defined stripes in the test patterns are “horizontal” or “verti-
cal”, as illustrated on the right side of Figure 7.1. Feedback is provided as to the
correctness of the response on each trial. After an observer responds, the screen
remains gray until the observer initiates the next trial with a key press.

The spatial frequency of the sinusoidal fluctuation in the Gabor patches is
always 2 cycles/degree in the work we report here. There is approximately one
full cycle in each Gabor patch. The mean luminance of the screen stays constant
throughout the experiment at about 50 cd/m?.

In the baseline condition in our experiments, the test pattern on any trial is
exactly like the adapt pattern (and post-test pattern) except for Gabor-patch con-
trasts. This is the condition illustrated in Figure 7.1.

Many details of the experiments and patterns are given in Table 7.1.The table
lists experimental parameters that were not necessarily the same for each experi-
ment. The following parameters were the same for all experiments in this chapter:
grid size = 2x2 Gabor patches; Gabor patch spatial frequency = 2 cycles/degree;
viewing distance = 90 cm with unrestrained head; adapt contrast = 50 percent;

adapt pattern’s duration = 1 sec; test pattern’s duration = 94 msec; post-test

BASELINE CONDITION
Fixation
1sec ksﬁorgﬁm pﬁ?&% it

1sec  pattern Postiest Observer’s Response

~100ms pattern identify orientation of
1sec Gray contrast-defined stripes
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0% “Nertical” "Horizontal”
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FIGURE 7.1 A typical trial in the baseline condition. See text for description.
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pattern’s duration = 1 sec. Within each experiment, trials from the baseline con-
dition (in which the adapt, test, and post-test patterns are identical except for
contrast) and the other conditions were randomly intermixed. In the horizontal-
position-change experiment we used all of the Aposition values listed but we did
not plot all of them in Figure 7.7. The rightmost column lists the experiment
names we used in the lab in order to allow cross-publication comparison when
the same data gets used in different analyses. ’

In the baseline condition in our experiments, the test pattern on any trial is
exactly like the adapt pattern (and post-test pattern) except for Gabor-patch con-
trasts. This is the condition illustrated in Figure 7.1.

Three example test patterns are shown in Figure 7.2. The two test contrasts
(C1, C2) always differ by 10 percent, but the average test contrast varies. The test
pattern in the center has an average test contrast of 50 percent. In this test pattern,
the two test contrasts were 45 percent and 55 percent. These test contrasts Straddle
the adapt contrast of 50 percent. The test pattern on the left has an average test
contrast of 45 percent; the two test contrasts are 40 percent and 50 percent. This
average test contrast is Below the adapt contrast. The test pattern on the right has
an average test contrast of 55 percent; the two test contrasts are 50 percent and 60
percent. This average test contrast is Above the adapt contrast.

THREE EXAMPLE TEST PATTERNS

Below Straddle Above
(C1=40%, C2=50%) (C1=45%, C2=55%) (C1=50%, C2=60%)

Percem
Correct
for
Observer A

MC:

FIGURE 7.2 Three example test patterns, each with a 10 percent test-contrast differ-
ence (difference between test contrast C1 and test contrast C2). Gray-
scale differences have been exaggerated for visual clarity.

The average test contrast of the Below test pattern (45 percent) is “below” the adapt contrast of 50 percent. The
average test contrast of the Above test pattern (55 percent) is “above” the adapt contrast of 50 percent. In the
Straddle test pattern, the two test contrasts (45 percent and 55 percent) “straddle” the adapt contrast of 50 per-
cent. Performance of observer MC on these test patterns is shown below the grayscale images. While all of these
test patterns have the same test-contrast difference, performance on the Straddle test pattern is much wotse than
performance on the Below or Above test patterns. (The performances here are shown as open circle symbols in the
upper left panel of Figure 7.4.)
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Result from one observer (MC) in a baseline condition are shown below the
test patterns in Figure 7.2 as percent correct. Petformance on the Straddle test
pattern was worse than for the Below and Above test patterns. We call this effect
the Straddle Effect and have suggested a contrast-comparison process described
later in this chapter to explain this effect. ‘

Foley (2011), using stimuli quite like ours (coniposed of Gabor patches), also
found the Straddle Effect and 'expanded on our understanding of it. Kachinksy,
Smith, and Pokorny (2003), using quite different stimuli (composed of solid
squares), and with a different goal (investigating magnocellular vs parvocellular
pathways), included contrast conditions similar to ours; if their Figure 6 data is
plotted like ours, it shows the Straddle Effect.

Purpose of this Chapter

The purpose of the present chapter is to explore the spafial characteristics of the
Straddle Effect in order to elaborate on its hypothesized explanation, the coritrast=
comparison process.

In all of the experiments reported here, the adapt contrast is always 50 percent
and only three kinds of test patterns are used: Below, Straddle, and Above (analo=
gous to those in Figure 7.2). Previously, we have studied the baseline condition
with other adapt contrasts and fuller ranges of test contrasts and we have always
found the Straddle Effect (see, for example, Wolfson & Graham, 2009).

We will describe several new experiments here; each of which compares the
baseline condition to conditions in which the adapt and test patterns differ in their
spatial characteristics. The orientation of the test pattern’s Gabor patches can differ
from the orientation of the adapt pattern’s Gabor patches (top panel Figure 7.3);
or the phase of the adapt and test patterns’ Gabor patches can differ (middle
panel Figure 7.3); or the horizontal position of the adapt and test patterns’ Gabor
patches can differ (bottom panel Flgure 7.3).

Results from the Orientation-Change Experiments

Figure 7.4 shows results from two observers (MC and LG) for an orientation
change (Aorient) of 0 degrees (the baseline condition) in the leftmost column
through an orientation change of 90 degrees in the rightmost column. (An orien-
tation change of 90 degrees is illustrated in the top panel of Figure 7.3.) The open
circles (gray squares, black diamonds) show results when the test-contrast differ-
ence was 10 percent (20 percent, 30 percent). In each panel,.the adapt contrast
of 50 percent is marked by an asterisk on the horizontal axis. The points plotted
above the asterisk are results from Straddle test patterns. Points to the left are from
Below test patterns; points to the right are from Above test patterns.

For each curve in Figure 7.4, the Straddle Effect is clearin the baseline condi-
tion: performance on the Straddle test pattern is lower than performance on the
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FIGURE 7.3 A typical trial for each of three kinds of experiments: Orientation change
(top panel), phase change (middle panel), and horizontal-position change
(bottom panel).

These are like the baseline condition except that the test pattern’s Gabor patches differ in spatial characteristics
from the adapt pattern’s Gabor patches. The observer’s tesponse — as i the baseline condition — indicates whether
he/she thinks the contrast-defined stripes in the test pattern are “horizontal” or “vertical”. Feedback (as to the
correctness of the response) was provided.
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ORIENTATION-CHANGE EXPERIMENT MEASURING PERFORMANCE

baseline condition perpendicular
Aorlent=0° __Aorient=2° Aorients5° Aorient=19° Aorient=15° A orient=80°
» I * i
§ \ L ue
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e g e
* 0 5 28 59 75 25 ) 5 25 50 75 25 @ B 5 ) 75
Average test pontrast (%} Average test contrast (%)

Percent correct
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FIGURE7.4 Results from the orientation-change experiment measuring performance.

The orientation of the Gabor patches in the adapt pattern and test pattern differ by Aorient (which is shown above
each colunen). Average test contrast is shown on the horizontal axis. The asterisk marks the adapt contrast (50 per-
cent) on the horizontal axis. Petformance, measured as percent correct, is shown on the vertical axis. Two observers
(MC and LG) are shown in the two rows. Error bars show +/— 1 SE across sessions.

The open circle symbols in the upper left panel repeat the results shown in Figure 7.2.

The precise test contrast values we used are as follows: in each panel, the three points with a test-contrast difference
(1C1-C21) of 10 percent (open circle symbols) had average test contrasts of 45 percent, 50 percent, and 55 percent
(reading left to right); the points with | C1-C2| = 20 percent (gray square symbols) had average test contrasts of
40 percent, 50 percent, and 60 percent; and the points with | C1-C2| = 30 percent (black diamonds) had average
test contrasts of 35 percent, 50 percent, and 65 percent. For example, the test pattern with an average test contrast
of 45 percent on the curve for a 10 percent test-contrast difference had C1=40 percent and C2=50 percent.

Below and Above test patterns. (The open circle symbols in the upper left panel
correspond to the performance values listed in Figure 7.2.) For each observer, the
Straddle Effect becomes less dramatic as the orientation change becomes larger.
This is not because performance on the Straddle test pattern becomes better but
because performance on the Below and Above test patterns becomes worse.
Inasecond orientation-change experiment, we measured thresholds (Figure 7.5).
For each threshold, we held constant the average test contrast and varied the two
test contrasts (C1 and C2) symmetrically until performance reached 80 percent
correct. The average test contrast was held constant at 40 percent, 50 percent, or
60 percent for the Below, Straddle, or Above test patterns, respectively. Figure
7.5 shows thresholds for the baseline condition (0 degree orientation change,
left column) and for the perpendicular condition (90 degree orientation change,
right column). Again, the Straddle Effect is present in the baseline condition:
the threshold for the Straddle test pattern is higher than those for the Below
and Above test patterns. In the perpendicular condition, the Straddle Effect has
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ORIENTATION-CHANGE EXPERIMENT
MEASURING THRESHOLDS
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FIGURE 7.5 Results from the orientation-change experiment measuring threshold
(rather than performance which is shown in Figure 7.4).
The left column shows results from the baseline condition (orientation change of O degrees) and the right column
shows results from an orientation change of 90 degrees. Tivo observers (LG and BSG) ate shown in the two rows.
The vertical axis shows threshold as the test-contrast difference (| C1-C2|) that leads to 80 percent correct. The
horizontal axis shows average test contrast; the three average tests contrasts used were 40 percent, 50 percent, and
60 percent. The asterisk marks the adapt contrast (50 percent) on the horizontal axis. The data points and error
bars show the mean +/— 2 SE across sessions. The dashed line shows the maximum possible test-contrast difference.

disappeared because the thresholds on the Below and Above test patterns have
become higher.

A Note to Prevent Confusion

Foley (2011) reported an orientation experiment (his Figure 10) which looks
superficially like ours, but is in fact a very different experiment. Importantly, he
did not keep average test contrast constant while using Below, Straddle, and Above
test patterns. Also, his adapt contrast (16 percent) was much lower than ours (50
percent).

Results from the phase-change experiment

In the phase-change experiment, we compared the baseline condition with one
phase-changed condition. This phase change — which we call “flipped phase” - is
illustrated in Figure 7.3, middle panel; the black and white bars of the Gabor patch
switch position between the adapt pattern and test pattern. Figure 7.6, formatted
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PHASE-CHANGE EXPERIMENT
MEASURING THRESHOLDS
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FIGURE 7.6 Results from the phase-change experiment measuring threshold.

The left column is the baseline condition and the right column is the flipped phase condition (in which the phase
has been changed by 180 degrees). This figure is in the same format as Figure 7.5.

like Figure 7.5, shows results for the baseline condition (i.e., a phase change of 0
degrees, left column) and for the flipped-phase condition (a phase change of 180
degrees, right column). Again we see the Straddle effect in the baseline condition,
but we do not see the Straddle effect in the flipped-phase condition. Again this
is because thresholds for the Below and Above test patterns increase to approxi-
mately equal that for the Straddle pattern.

Results from the Horizontal-Position-Change Experiment

A horizontal-position change is shown in Figure 7.3, bottom panel; the Gabor
patches in the illustrated test pattern are moved left relative to those in the
adapt pattern. Figure 7.7, formatted like Figure 7.4, shows results in the base-
line condition (leftmost column) and for many different horizontal-position
changes (Aposition) up to a maximum of 1 cycle (rightmost column). For each
observer, the Straddle Effect becomes less dramatic as the horizontal-position
change becomes larger. Again, this is not because performance on the Straddle
test pattern becomes better but because performance on the Below and Above
test patterns becomes worse.
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FIGURE 7.7 Results from the horizontal-position-change experiment measuring
performance. ¥
The horizontal position of the Gabor patches in the adapt pattern and test pattern differed by Aposition (which is

shown above each column). Aposition is measured as fractions of a cycle in the Gabor patches’ sinusoidal fluctua-
tion. This figure is in the same format as Figure 7.4.

Note About One Complexity in the Horizontal-Position-
Change Experiment

In the baseline condition, the Gabor patches were vertical on half of the trials
and horizontal on the other half of the trials. (This was also true in the orienta-
tion-change experiments and the phase-change experiment but was not a con-
founding factor in those experiments.) It might be a confounding factor in the
horizontal-position-change experiment because the position change was always
horizontal, never vertical. However, as it turns out, results for the vertical Gabor
patch trials considered alone look very similar to results for the horizontal Gabor
patch trials considered alone. Thus, we have not separated the trials in Figure 7.

Explanation for the Straddle Effect that Does Not Work

Consider again the test patterns show in Figure 7.2.The test-contrast difference
is 10 percent for each test pattern. However, the change in a single Gabor patch’s
contrast at the transition between the adapt pattern and test pattern is +5 percent
or =5 percent for the Straddle test pattern, while the change is 0 percent or -10
percent for the Below test pattern (O percent or +10 percent for the Above test
pattern). Thus one might think that the poorer performance on the Straddle test
pattern is because the individual changes are of smaller magnitude (5 percent)
than the maximum change on the Below and Above test patterns (10 percent).
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To test this idea, we need to consider performance on a Straddle test pattern
in which the individual changes are of magnitude 10 percent. The data shown
in Figure 7.2 are the open circles from the upper left panel in Figure 7.4, so we
have such a test pattern: a Straddle test pattern composed of 40 percent and 60
percent contrast Gabor patches (middle gray square plotted above the asterisk).
On this Straddle test pattern, observer MC performs at 73 percent correct. This
performance (73 percent) is worse than his performance on the Below and Above
test patterns (97 percent and 89 percent) with the same maximum magnitude of
change (open circle symbols to the left and right of the asterisk). Unfortunately,
because LG’s performance level shown by the open circle symbols is so low, we
cannot see an example of this in her results in this experiment, but we have shown
this for many observers before (Wolfson & Graham, 2009, Figure 7).,

Another Explanation for the Straddle Effect that *
Does Not Work

One of the reviewers suggested an alternate explanation that is totally reasonable
given the results shown in this paper. Here, only three test patterns (Below, Strad-
dle, and Above) are used. Further, in all these Below and Above test patterns only
2 of the 4 Gabor patches have a different contrast than the adapt contrast; the
other 2 Gabor patches have the same contrast as the adapt contrast. The reviewer
therefore suggests that perhaps it is the number of changing contrast levels, rather
than their signs, that causes the Straddle Effect. The reviewer suggests that a suit-
able control would be having the contrast of all 4 Gabor patches in the Above test
pattern be above the adapt contrast (similarly, all 4 in the Below test pattern be
below the adapt contrast). We have frequently collected such data (e.g. Figure 12
and Figure A4 of Wolfson & Graham, 2009) and these data still show the Straddle
Effect (as long as the test contrasts are not all very far below or all very far above
the adapt contrast).

Explanation for the Straddle Effect that Does Work

The Straddle Effect can be explained by a process (which we call contrast com-
parison) in which the sign of a contrast change is lost (or very degraded), but the
magnitude of that contrast change is preserved. It is as if

*  Adaptation to contrast resets some comparison level to equal the recent tlme—
averaged contrast seen at that location in the visual field.
e The current contrast at each spatial position is evaluated relatiVe to its com-
* parison level, with increases and decreases being equally effective but increases
being quite confusable with decreases (within whatever visual subsystem is
responsible for the observer’s performance in our experiments),
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CONTRAST
A SINGLE COMPARISON
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FIGURE 7.8 Our overall model framework showing the shifting, rectifying contrast-

comparison process and the normalization process.
The normalization process will not be discussed here; it is a known, important, “hidden” intermediate process (see,
e.g., Reynolds & Heeger, 2009, and Solomon & Kohn, 2014). The Pooling and Decision Stages need to include
a process or processes that allow the observer to tell the difference between horizontal and vertical arrangements
of contrast. This figure adds a typical V1 receptive field as input to the contrast-comparison process within the
framework we have shown before (e.g. Figure 17 in Graham, 2011). The addition of a typical V1 receptive field
is consistent with the results of this chapter.

Such a contrast-comparison process is diagramed in the gray box in Figure 7.8.

In other words, there exists something in the visual system that acts like a
rectification function on the contrast dimension making it difficult to perceive a
Straddle test pattern correctly. Consider the extreme case of a full-wave rectifica-
tion as shown in Figure 7.8. In that case, when a Straddle test pattern appears,
the Gabor patches which increase in contrast produce the same output as the
Gabor patches which decrease in contrast. The observer can see that each Gabor
patch has changed, but the observer cannot identify the sign of the change in each
Gabor patch. Thus, it looks like all four Gabor patches change but all the changes
look the same. So the observer cannot see whether the second-order stripes are
horizontal or vertical. A full-wave rectification is more extreme than we have
found when modeling the results of any observer’s performance, but less extreme
rectifications have always worked (see Graham & Wolfson, 2013).

For a systematic and careful study of the subjective phenomena in experiments
like ours, see Foley (2011). :
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Helpful or Hurtful?

While it is easy to think of the Straddle Effect as oddly poor performance on
Straddle test patterns, we suspect it is more accurately described as a side effect of
a generally advantageous process. And we suspect that this generally advantageous
process is one that enables humans to detect changes well. ‘

We've explained the Straddle Effect by assuming that the magnitudé of the
change is encoded well'but that the sign of the change is not. Why might the sign
be encoded poorly? A change that produces a ringing output is easy to detect in
any number of ways, but it is hard to know the direction (i.e., the sign) of change
because that requii:es knowing whether the first excursion was up or down. For
other reasons why the sign might be encoded pootly, see Graham and Wolfson
(2013). :

In Closing

‘We found that when the spatial characteristics of the adapt and test patterns were
identical, there was always a Straddle Effect. But when the adapt and test patterns
differed in orientation, phase, or position, the Straddle Effect was much dimin-
ished. This diminishing was not because performance on the Straddle test patterns
improved, but because performance on the Below and Above test patterns got
worse.

We currently think that the Straddle Effect is likely to be a side effect of the
evolutionary importance of detecting changes/transients.

We initially ran across the Straddle Effect by accident while exploring the
dynamics of contrast adaptation using the method that we had previously used
to explore the dynamics of light adaptation (Graham & Wolfson, 2007). In those
initial experiments we used a large, 15x15 grid of Gabor patch elements, thinking
that the Straddle Effect was a global second-order process. As we explored the
effect more, we began to wonder if such a large grid was necessary. We tried a 2x2
grid and still found the Straddle Effect, and thus we knew it was more local than
we had initially thought. The results reported here suggest-that the process pro-
ducing the Straddle Effect could be as local as a typical V1 receptive field shown
in Figure 7.8.
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