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Hidden by bias: how standard
psychophysical procedures conceal
crucial aspects of peripheral visual
appearance

Fazilet Zeynep Yildirim®*, Daniel R. Coates®? & Bilge Sayim{®3

The perception of a target depends on other stimuli surrounding it in time and space. This
contextual modulation is ubiquitous in visual perception, and is usually quantified by measuring
performance on sets of highly similar stimuli. Implicit or explicit comparisons among the stimuli
may, however, inadvertently bias responses and conceal strong variability of target appearance.
Here, we investigated the influence of contextual stimuli on the perception of a repeating pattern
(a line triplet), presented in the visual periphery. In the neutral condition, the triplet was presented
a single time to capture its minimally biased perception. In the similar and dissimilar conditions,

it was presented within stimulus sets composed of lines similar to the triplet, and distinct shapes,
respectively. The majority of observers reported perceiving a line pair in the neutral and dissimilar
conditions, revealing ‘redundancy masking’, the reduction of the perceived number of repeating
items. In the similar condition, by contrast, the number of lines was overestimated. Our results
show that the similar context did not reveal redundancy masking which was only observed in the
neutral and dissimilar context. We suggest that the influence of contextual stimuli has inadvertently
concealed this crucial aspect of peripheral appearance.

Visual targets are rarely seen in isolation, as they are usually surrounded by contextual stimuli in space and time.
The spatial and temporal contexts often strongly influence how a target is perceived'~. For example, in crowd-
ing, flanking items deteriorate performance on a target that is easily identified in isolation'*". In the temporal
domain, contextual influences such as set size** and stimulus range?~*?*?! have been shown to modulate target
processing, with processing speed of targets depending on the size and the familiarity of the stimulus set in
which the targets were embedded?*. For example, reaction times for indicating target presence/absence were
faster when the stimulus set contained only two compared to eight different items?2. Similarly, the distribution
and range of contextual stimuli influence perceptual judgments**2*2!. For example, it was shown that stimulus
distributions systematically biased estimates of the length of time intervals toward the mean of the underlying
distribution?!. As stimuli in standard psychophysical experiments are usually presented in blocks with other
stimuli, different stimulus sets may thus inadvertently influence target perception.

Contextual stimuli in the temporal domain may exert their influence on target perception over different
periods of time, with effects lasting from only up to a few trials****” to longer periods of several minutes (e.g.*®).
These influences manifest as systematic biases. In particular, judgments of the current stimulus were shown to
be attracted by stimuli in the immediately preceding trial, and repelled by stimuli in the two to five trials before
(e.g.?). While such contextual influences have beneficial effects, for example, by stabilizing perception, the intro-
duced biases may conceal important aspects of target appearance. Here, we show how contextual influences affect
the perception in stimuli susceptible to ‘redundancy masking, the recently discovered phenomenon that entire
items within repeating patterns are not reported®*.

In redundancy masking, redundant elements in displays containing as few as three repeating elements are
unavailable for conscious report (Fig. 1a***). For example, when asked to indicate the number of three closely-
spaced identical elements presented in the visual periphery, the majority of observers reported only two ele-
ments (Fig. 1a*>*). Redundancy masking has been shown for simple stimuli such as lines®® as well as more
complex stimuli (letters®). It resembles visual crowding to some extent but differs in regard to a number of key
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Figure 1. Illustration of redundancy masking (a), and results of Experiment 1 (b,c). (a) While fixating on the
center (blue dashed arrow), observers attended to the stimulus in the periphery. When presented with three
lines, most observers reported two lines. (b) Percentages of perceived numbers of lines. 61.8% of the observers
reported perceiving a line pair, 36.4% reported a line triplet, and 1.8% reported a line quadruplet. (c) The
average deviation score for the line triplet. Deviation scores were calculated by subtraction of the number of
lines presented from the number of lines reported. Error bar shows + SEM.

characteristics®®*!. Both redundancy masking and crowding are stronger when the items are near each other',

radially arranged'!, grouped together'>~"7, and similar***. Although crowding is usually stronger when a target
is flanked by similar items®>*, the strength of target disruption in conditions where the flankers are the same as
the target is poorly understood. On the one hand, it was suggested that identification performance for the central
target is better when all items are the same®**>. On the other hand, it was argued that a bias to respond with the
identity of the flankers could explain seemingly superior performance with identical items in typical identifica-
tion experiments?>*®?’. A typical letter identification paradigm revealed very good performance when all letters
of a trigram were identical, whereas asking observers to freely report and draw what they saw revealed strong
redundancy masking: most observers reported only two letters”. These findings may partly explain that despite
a plethora of crowding experiments in which small numbers of often highly similar items (e.g., letter trigrams)
were presented, the effect of redundancy masking has not been reported until recently. In typical crowding
tasks, observers are usually not asked to report the number of items because failures to detect the target is not
expected as crowding is assumed to spare detection'>!%. Hence, it remained unclear how many items participants
actually perceived in these tasks. Here, we investigated to what extent the types of contextual stimuli used in
psychophysical experiments have contributed to the elusiveness of redundancy masking, and show how different
sets of contextual stimuli determine the presence or absence of a strong effect that, we propose, is a fundamental
characteristic of peripheral vision.

In all experiments, the main target consisted of three peripherally presented, closely spaced lines (line triplet).
The target was presented in blocks containing different contextual stimuli. There were three conditions: neutral,
similar, and dissimilar context. In the neutral condition, the aim was to minimize systematic effects of contextual
stimuli on target perception by preventing comparisons with any other stimuli: In a single trial paradigm, a large
number of observers were presented with the line triplet once, and asked to freely report what they perceived. The
majority of observers (62%) reported perceiving two lines (average number of lines perceived =2.40), showing
strong redundancy masking. In the similar condition, the line triplet was presented among similar contextual
stimuli (like those often used in psychophysical tasks), consisting of 1 to 5 lines. Observers were asked to report
the number of lines. In contrast to the neutral condition, observers mostly reported three or more lines (M=3.37)
when presented with the line triplet. In the dissimilar condition, the line triplet was presented among dissimilar
contextual stimuli consisting again of 1 to 5 items. The items were different in shape and spatial arrangement
from the line triplet. Observers indicated the number of items. As in the neutral condition, we found strong
redundancy masking for the line triplet (M =2.31). These results suggest that the appearance in the similar con-
text strongly deviated from the appearance in the neutral and dissimilar context conditions. We suggest that the
characteristics of contextual stimuli can inadvertently affect perception in standard psychophysical paradigms
and conceal crucial aspects of appearance.

Results
Experiment 1: neutral context. The aim of the first experiment was to capture how the line triplet was
perceived in the absence of a contextual stimulus set. For this aim, in a single trial paradigm, observers were
presented with the line triplet centered at 10 degrees in the periphery a single time.

61.8% of the observers reported perceiving a line pair, 36.4% a line triplet, and 1.8% a line quadruplet (Fig. 1b).
The sign test showed that the number of lines reported was lower than the number of lines presented (Fig. 1c:
average deviation score=— 0.60+SD 0.53, Z=— 5.41, p<0.00001), showing strong redundancy masking. This
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Figure 2. Tllustration of a sequence of trials (a), schematic depiction of the experimental paradigm (b), and
results of Experiment 2 (c). (a) The line triplet is shown with green frames (for illustration). (b) Observers were
randomly presented with 1 to 5 lines with different spacings to the left or right side of fixation. (c) Deviation
scores are plotted as a function of the number of lines presented. Black and green data points show mean
deviation scores (+ SEM). Grey and light green data points show mean deviation scores for each individual
observer. The grey line and shaded regions show the model fit and confidence intervals (+1.96 * SEM).

result shows how the line triplet was perceived when not influenced by contextual stimuli, revealing minimally
biased (or unbiased) perception.

Experiment 2: similar context. In the similar context experiment, we presented the line triplet in blocks
with similar line stimuli of different numbers (1 to 5 lines; Fig. 2a,b). We expected that because of implicit or
explicit comparisons between similar stimuli, including stimuli that were less ambiguous than the line triplet
(single lines and pairs of lines), no redundancy masking would occur.

Figure 2c shows the deviation scores for Experiment 2 as a function of the number of lines presented. The
number of lines reported was slightly greater than the number of lines presented (average deviation scores: sin-
gle line, 0.05+ SD 0.05; line pair, 0.04+ SD 0.08; line triplet, 0.37 + SD 0.14; line quadruplet, 0.40 £ SD 0.34; line
quintuplet, 0.12+ SD 0.49). There was higher overestimation of the number of lines with the smallest spacing
(0.39°) for 4 and 5 lines (2 and 3 lines were not significantly affected by the spacing although there was a similar
trend for 3 lines); however, none of the spacings yielded notable underestimation (for the spacings of 0.39°, 058°,
and 0.78°, respectively: 2 lines: 0.05+ SD 0.08, — 0.05+SD 0.26, 0.11 £ SD 0.09; 3 lines 0.57 £ SD 0.18, 0.36 £ SD
0.19,0.18+SD 0.17; 4 lines: 0.71 £ SD 0.67, 0.28 £ SD 0.23, 0.22 + SD 0.22; 5 lines: 0.45 +SD 0.95, 0.06 + SD 0.38,
—0.14£SD 0.20). A one-sample t-test to assess if responses to the line triplet deviated from presented number
of lines showed that the number of lines reported was greater than the number of lines presented (#(4) =5.87,
p=0.004, d=2.62).

As opposed to the neutral condition where 62% of the subjects perceived a line pair (average deviation score:
—0.60+£ 8D 0.53), the line triplet was perceived as a line pair only in 6% of the trials (average deviation score:
0.37£SD 0.14; see above). We suggest that because of implicit or explicit comparisons with other numbers of
lines, in particular, the relatively more distinct single lines and line pairs, observers did not report a line pair
when presented with the line triplet. These results show that presenting a stimulus in a context consisting of
similar stimuli can strongly influence perception: Instead of redundancy masking as observed in Experiment
1 (neutral context), Experiment 2 showed an overestimation of the number of lines perceived when observers
were presented with the line triplet.

In addition to the overall comparison between the different numbers of lines, we also examined if there was
an effect of preceding trials on subsequent trials. We found an effect of stimuli presented one trial before the
current trial (X* (2) =30.51, p=2.376e—07; Supplementary Fig. S1). The number of lines reported was attracted
towards the number of lines presented in one trial before. Importantly, regardless of the number of lines in the
preceding trial, the average deviation score for the line triplet was always positive.
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Figure 3. Illustration of a sequence of trials (a), schematic depiction of the experimental paradigm (b), and
results of Experiment 3 (c). (a) The line triplet is shown with green frames (for illustration). (b) Observers were
randomly presented with 1 to 5 items with different shapes to the left or right side of fixation. (c) Deviation
scores are plotted as a function of the number of items presented. Black and green data points show mean
deviation scores (+ SEM). Grey and light green data points show mean deviation scores for each individual
observer. The grey line and shaded regions show the model fit and confidence intervals (+1.96 * SEM).

Experiment 3: dissimilar context. Experiment 2 showed that the similar stimulus context completely
abolished the effect of redundancy masking: instead, the line triplet was perceived to contain more than three
lines (overestimation). We suggest that this finding is likely a result of implicit or explicit comparisons between
stimuli with similar characteristics. For example, comparing the line triplet with a perceptually relatively clearer
pair of lines could help alleviate redundancy masking. If so, preventing such comparisons should result in a
less biased or unbiased perception of the triplet (as in Experiment 1). To test this, the line triplet was presented
in blocks consisting of a stimulus set with different shapes, hindering useful comparisons of the line triplet
(Fig. 3a,b). The numbers of presented items were the same as in Experiment 2, varying between 1 and 5. We
expected that impeding the possibility of direct comparisons with similar stimuli would yield redundancy mask-
ing for the line triplet.

Results for Experiment 3 are shown in Fig. 3c. The number of items reported was slightly greater than the
number of items presented (average deviation scores: one item, 0.01 = SD 0.03; two items, 0.04 = SD 0.04; three
items, 0.22 £ SD 0.24; four items, 0.40 + SD 0.25; five items, 0.30 £ SD 0.42). The deviation score for the line triplet
was — 0.69 £ SD 0.34, showing clear redundancy masking. A one-sample t-test for the line triplet showed that
the number of lines reported was lower than the number of lines presented (¢#(5) =— 4.97, p=0.004, d= - 2.03).

In contrast to the similar context condition, the line triplet presented in a set of dissimilar stimuli was pre-
dominantly perceived as a line pair. This finding indicates that as in the neutral context condition, the perception
of the line triplet was minimally biased when it was presented in blocks with dissimilar contextual stimuli. This
result strengthens the suggestion that comparisons between similar stimuli prevented redundancy masking.

As in Experiment 2, there was a positive effect of previous trials (i.e., one trial back) on subsequent trials,
however, it only occurred for the line triplet (the line triplet: X* (1) =7.00, p=0.0081; other items: X (1)=1.63,
p=0.20; Supplementary Fig. S2). In contrast to the positive deviations scores in Experiment 2, the average devia-
tion scores for the line triplet were negative for all numbers of lines in preceding trials.

Discussion

Psychophysical experiments commonly measure performance by varying a single stimulus attribute on a given
dimension. Here, we showed how the type of contextual stimuli that were presented in temporal proximity to
a target stimulus either revealed or concealed the redundancy masking effect, the loss of stimulus elements in
repeating patterns®-°. The target stimulus (the line triplet) was presented within a neutral, dissimilar, and similar
stimulus context. In the neutral condition, the line triplet was presented in a single trial paradigm, and observ-
ers were asked to verbally report what they perceived. The majority of observers reported a line pair, revealing
the recently discovered phenomenon of redundancy masking. When the line triplet was presented in a similar
context where all contextual stimuli consisted of line arrays resembling the line triplet, no redundancy masking
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occurred. The dissimilar context condition was the same as the similar context condition except for the type of
contextual stimuli which consisted of clusters of different shapes matching the numbers of presented lines in
the similar context condition. Similar to the neutral condition, we found strong redundancy masking in the
dissimilar context condition.

Our results show how the standard psychophysical procedure of presenting a range of highly similar stimuli
completely concealed redundancy masking. Unlike previous studies showing effects of contextual stimuli>***?!,
we show that similar contextual stimuli resulted in a qualitatively different effect than the neutral and dissimilar
context conditions. Hence, if the results of the similar condition were taken as an accurate approximation of how
the line triplet was perceived, any conclusions would markedly differ from those drawn from the results of the
neutral and dissimilar conditions. In particular, as the results of the similar condition did not reveal any redun-
dancy masking but an overestimation of the number of lines, assumptions about characteristics of the peripheral
visual system would need to incorporate a tendency for overestimation of small numbers of identical items. By
contrast, the experiments with neutral and dissimilar contexts showed that the line triplet was mostly perceived
as a line pair, showing the opposite effect—underestimation instead of overestimation. The conclusion that such
target ‘diminishment’ is a characteristics of peripheral vision is in line with previous studies that investigated
crowding®** (for differences between crowding and redundancy masking, see?-*!).

We observed strong redundancy masking with the line triplet. Reporting only two items when three items
were presented is uncommon and in contrast to the usual finding that the enumeration of small numbers of
items is highly accurate. A key difference between larger (> 3) and smaller (<3) numbers of items is that the
number of the former needs to be estimated while the latter is usually ‘subitized’ (or ‘seen’) without error-prone
estimation****. The difference between subitizing and estimation is usually also reflected in the variability of
responses (smaller in subitizing and larger in estimation) which also seems to be the case for our findings
(see Figs. 2c and 3c). This variability was revealed as overestimation in larger numbers in both experiments.
More specifically, In Experiment 2, the number of lines reported varied with the number of lines presented
in a non-monotonic manner, overall showing overestimation of the number. An initial negative slope of the
deviation scores was followed by a positive slope, indicating increasing overestimation at mid-range (3 and 4),
and then again by a negative slope, approaching accurate estimations at the largest number (5). In Experiment
3, the relationship between the deviation scores and the number of items presented (excluding the line triplet)
was adequately captured by a linear model: overestimation increased with the number of items presented. The
observed overestimation (for 3, 4, and 5 lines) cannot be explained by using the horizontal extent of the line array
as a cue for the enumeration of the number of lines. For example, the 4-lines with the spacings 0.39° and 0.78°
have the same extent as the 3-lines with spacing 0.58° and the 5-lines with spacing 0.58°, respectively. If responses
were based on the extent of the arrays, observers should have overestimated larger spacings (0.78°) more than
smaller spacings (0.39°). However, the results showed the opposite: observers overestimated the number of lines
for small spacings and approached the correct estimation with larger spacings. Thus, we can exclude that the
observed overestimation was due to observers’ using the overall extent of the line array as a cue.

We suggest that the overestimation in the similar condition is due to comparisons between similar stimuli,
yielding the opposite of redundancy masked percept observed in the neutral and dissimilar conditions. An effi-
cient way to overcome such contextual effects is to use a single trial paradigm®-*" (see also*®). Although single
trials cannot exclude all contextual factors that might influence observers’ judgments, they often provide accu-
rate estimates of the probed feature, and may yield less biased responses than typical psychophysical paradigms
that present several exemplars of similar stimuli***® (see also’, for a detailed discussion on single trials). Here,
we used a single trial paradigm as one way to assess minimally biased appearance of the line triplet, and found
strong redundancy masking. Attentional demands in the single trial paradigm could have played a role in the
observed underestimation as participants did not know the exact location of the upcoming stimulus. However,
we can exclude that insufficient attention explains the observed underestimation of the number of lines in the
line triplet because the dissimilar context condition yielded the very same underestimation despite attentional
demands resembling those in the similar condition. Moreover, strong redundancy masking was previously shown
when viewing time was unconstrained and, hence, attentional constraints regarding the stimulus location did
not play any role®.

The similarity between the target and contextual stimuli has been shown to be a decisive factor to invoke com-
parative judgments>*->*. For example, objects that belong to the same category (e.g., two circles) are more readily
compared than objects that belong to dissimilar categories (e.g., circles and squares®*?). In Experiment 2, the
target line triplet and the contextual stimuli (1-5 lines) shared the same category (lines). No redundancy mask-
ing, but an overestimation of the number of lines in the line triplet was observed. We suggest that this result was
due to implicit or explicit comparisons between the different numbers of lines in the stimulus set. In particular,
the perceptually clearer pairs of lines (and single lines) may have served as ‘anchors™>¢-*® that biased observers
and made them rarely report two lines (6% of the trials) when the line triplet was presented, but rather report
three (58%) or four (30%) lines. That the absence of redundancy masking is due to the presentation of single
lines and line pairs—and not lines per se—is supported by our previous findings of strong redundancy masking
when observers were presented with 3-7 lines®. If the results of Experiment 2 were indeed due to observers
making comparisons between stimuli of the same category, contextual stimuli belonging to different categories
should prevent such comparisons and preserve redundancy masking. This was indeed the case: in Experiment
3, in which the line triplet was presented with dissimilar contextual stimuli, observers reported perceiving a line
pair in the majority of trials (68%). Since the stimulus range was the same (1-5) in both experiments, we can
rule out the stimulus range itself as an explanation. Similarly, we did not detect any encoding of the ensemble
statistics of stimulus range (e.g., regression towards the mean?!). Rather, the same stimulus range elicited differ-
ent numerosity perceptions depending on the spatial features of the stimulus set.
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Other perceptual effects that could have affected our results are adaptation®”® and priming®-%%. While jitter-

ing of stimulus positions and random presentation to the left or right of fixation should have prevented major
influences of adaptation on the perceived number of items, differences of adaptation in the similar and dissimilar
condition cannot be completely excluded. However, any effects of adaptation on the perceived number of lines
in the line triplet would have been stronger in the similar than in the dissimilar condition, with a corresponding
expected reduction of the number of perceived items in the similar condition. Instead, the number of perceived
lines was clearly larger in the similar than in the dissimilar condition. Similarly, the improvement of target per-
ception through priming by a preceding stimulus®! could have had different effects in the similar and dissimilar
conditions. Specifically, as the two conditions did not differ in regard to the number of presented items, not
priming by the number of items per se, but stronger priming by similar than dissimilar items would be required
(e.g.%). The relatively small number of trials in which primes could have actually improved performance, and
the overestimation of the number of lines in the triplet in Experiment 2 and underestimation in Experiment 3,
however, suggest a rather small effect of priming on the results. However, there was an effect of the previous trial
on estimates in the subsequent trial: the larger the number of items in the preceding trial (i.e., one trial back)
the larger was the enumeration response to the line triplet. Similar dependence on previous trials were shown
for larger numbers of items (in the numerosity estimation range), but not in the subitizing range. However, as
this effect occurred in both the similar and dissimilar condition, modulating only the extent but not the direction
of deviation scores of the line triplet (positive in the similar, negative in the dissimilar condition), it falls short
to explain the difference between the two conditions. Overall, to measure minimally biased appearance and
diminish the potential influence of confounding factors, we suggest that neutral or dissimilar contextual stimuli
have advantages compared to similar contextual stimuli, and may shed light on aspects of peripheral stimulus
appearance that otherwise go unnoticed.

We investigated the influence of a standard set of contextual stimuli presented in temporal proximity with
the target and compared it with minimally biasing contexts. Revealing a substantial difference of overestima-
tion versus underestimation, our results showed that redundancy masking was concealed in a typical set of
contextual stimuli. Because experiments on visual perception usually use stimulus sets containing highly similar
items, strong perceptual effects such as redundancy masking could remain overlooked. Our results highlight the
potentially profound impact of contextual stimuli on empirical results and urge caution in designing experiments
to be aware of biases that might conceal key aspects of target perception.

Materials and methods

Experiment 1: neutral context. Participants. 55 voluntary participants (age range: 19-56, 22 male)
who were naive to the aim of the study completed a single trial. All observers reported normal or corrected-
to-normal visual acuity. The experiment was performed in public premises at the University of Bern. All the
experimental protocols were approved by the local ethics committee at the University of Bern. All procedures
were in accordance with the Declaration of Helsinki.

Stimuli and procedure.  Stimuli were generated with Psychopy v2.7.11° and displayed on a 12.5" laptop with a
resolution of 1366 x 768 and a refresh rate of 60 Hz. Observers binocularly viewed the monitor from a distance
of approximately 35 cm. A black disc (diameter=0.2% 2 cd/m?) at the center of the screen served as the fixation
point. Stimuli consisted of three black (2 cd/m?) lines that were 1.1° in length and 0.04° in width, presented on a
uniform grey background (80 cd/m?). The lines were arranged radially with respect to fovea (Fig. 1a). The center-
to-center spacing between adjacent lines was 0.78° (shown previously to be well above the resolution limit of
typical observers®). The line triplet was centered at 10° eccentricity in the right visual field (observers were told
that the stimulus could appear either to the right or left of the fixation disc).

Observers performed only a single trial. They had no prior knowledge about any characteristics of the stimu-
lus. Before stimulus presentation, participants were asked to fixate the fixation disc. Next, the experimenter
initiated the trial with a key press. The stimulus was presented for 150 ms. After the stimulus presentation, the
experimenter asked observers to freely report what they perceived. If their response did not contain any details
regarding the number of items (e.g., T saw black lines’), participants were asked how many items they perceived.
Responses were recorded by the experimenter.

Analysis.  In all experiments, performance was defined as the number of items presented subtracted from the
number of items reported (“deviation”). Hence, if the number of items reported was the same as the number
of items presented, the deviation was zero; reporting more items than presented yielded deviation scores above
zero, and reporting fewer items than presented yielded deviation scores below zero. Due to a violation of the
normality assumption, a one-sample sign test was used to assess if the number of lines reported differed from
the number of lines presented.

Experiment 2: similar context. Participants. Five undergraduate students (age range: 19-27, one male)
from the University of Bern participated in the experiment in exchange for course credit. All observers reported
normal or corrected-to-normal visual acuity. Observers were naive regarding the aim of the study. All study
participants signed a consent form and were informed about the general procedure. The number of participants
recruited in Experiment 2 and 3 was determined based on our earlier study™.

Stimuli and procedure.  Stimuli were generated with Psychopy v2.7.11% and displayed on a 21" CRT monitor
with a resolution of 1024 x 768 and a refresh rate of 75 Hz. The experiment was conducted in a dimly illuminated
room. Observers binocularly viewed the monitor from a distance of 57 cm, and were supported by a chin and
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head rest. A black disc (diameter =0.2°% 2 cd/m?) at the center of the screen served as a fixation point throughout
the experiment. Stimuli consisted of black (2 cd/m?) lines that were 1.1° in length and 0.04° in width, presented
on a uniform grey background (80 cd/m?). As in Experiment 1, the lines were arranged radially. The number of
presented lines ranged from 1 to 5. The center-to-center spacing between adjacent lines within a line array was
identical, but varied randomly across trials to preclude the use of spacing and overall extent as cues (see example
stimuli in Fig. 2a). We used spacings of 0.39°, 0.58°, and 0.78°, yielding maximum extents of the line arrays of
0.39°,0.58°, and 0.78° when 2 lines are presented; 0.78°, 1.16°, and 1.55° when 3 lines are presented; 1.16°, 1.74°,
and 2.33° when 4 lines are presented; 1.55° 2.33°, and 3.1° when 5 lines were presented, respectively. The line
array was centered at 10° eccentricity to either the right or the left of the fixation disc. The position of the line
array was slightly varied at random across trials (centered at 10° or jittered 0.08° either up, down, left or right).

At the beginning of the experiment, the fixation disc was presented for 1 s. Next, a stimulus was presented for
150 ms to the left or the right of fixation. Observers were required to indicate the number of lines they perceived
with a key press on the number pad (0-9). Response time was unconstrained. The next stimulus was presented
440 ms after each response. The stimulus location (left or right of fixation), the number of lines (1 to 5), and the
spacings (0.39°, 0.58°, and 0.78°) were randomized within each block. Observers completed 2 blocks with 180
trials (72 for each number of lines). Figure 2 illustrates a trial sequence (2a) and a schematic depiction of the
procedure (2b).

Before the experiment, for each participant we verified that the spacing between adjacent lines was above their
resolution limit. A two-line discrimination task was performed at the farthest eccentricities of lines in the main
experiment: two lines with varying spacings were presented at 10.8°, 11.2°, and 11.6° degrees (corresponding to
the farthest eccentricities for spacings of 0.39°, 0.58°, and 0.78°, respectively). At each eccentricity, five differ-
ent spacings were presented (3 eccentricities x 5 spacings x 10 trials; 150 trials in total). Participants were asked
whether they perceived one or two lines. All observers reported two lines in 100% of the trials with the spacings
(0.39°,0.58°, and 0.78°) presented in the main experiment.

Analysis.  As evidenced by our previous investigations of redundancy masking®**!, we did not expect a mono-

tonic relationship between deviation scores and the number of items presented in all conditions. Thus, we ana-
lyzed the deviation scores with linear mixed-effects models specifying subjects as a random factor, and the
number of lines presented as the fixed effect. For model selection, null models (without the fixed effect) and full
models (with the fixed effect) were fitted and hierarchically compared. Similar incremental model building was
used to select the minimum degree polynomial that fitted the data. Likelihood-ratio tests with Satterthwaite’s
approximation for the degrees of freedom were performed for model comparisons, and the Akaike information
criterion was used to select the best fitting model®”. Confidence intervals were calculated with the ggpredict
function of the ggeffects package®. The model R squared statistic (R?) was computed to quantify goodness-of-fit
with the r2glmm package using the Nakagawa and Schielzeth approach®. Assumptions underlying the models
were checked with diagnostic plots of residuals”. Shapiro-Wilk tests were used to test for deviations from nor-
mality in the residuals. A third-degree polynomial regression was used to fit the deviation scores on the number
of lines presented (R?=0.28). The random effect structure included random slopes and random intercepts for
each subject. As our main stimulus of interest is the line triplet (Experiment 1) for which redundancy masking
was expected to be most pronounced, the analyses in Experiment 2 and 3 focus on the line triplet as well, allow-
ing direct comparisons between the similar and dissimilar contextual conditions. Thus, a one-sample t-test was
used to assess if the number of lines reported differed from the number of lines in the line triplet. Cohen’s d is
reported for the measure of effect size (the same test and measure of effect size were applied for the line triplet
in Experiment 3).

Experiment 3: dissimilar context. Participants. Six students (age range 20-23, one male) participated
in the experiment in exchange for course credit. None of the observers had participated in Experiment 2.

Stimuli and procedure. The apparatus was the same as in Experiment 2. The line triplet (using only the 0.39°
spacing) was also the same as in Experiment 2. The contextual stimuli consisted of various items: the line triplet,
arrays of symbols and letters (“&”, “<”, “>7, ‘A, “B’, “G”), geometrical shapes (circles, hexagons, triangles), and
stacked horizontal lines. The letters and symbols were from Arial Narrow font, and 0.85° in height (varying
slightly depending on the item). The shapes were 0.78° in height and width. The size of the horizontal lines was
the same as of the line triplet (1.1° in length and 0.04° in width). All items were black (2 cd/m?). The stimuli
other than the line triplet were arranged either tangentially (with respect to fovea) or in different canonical
configurations (triangle, square, and quincunx). The center-to-center spacing between adjacent items arranged
tangentially was 1.55° (except for the horizontal lines: 0.78°, to prevent visual comparisons with the line triplet).
The center-to-center spacings between adjacent items varied depending on the arrangement (from 1.1° to 1.55°
in triangular arrangements, 1.6° to 3.3° in square and quincunx arrangements). All trials with two items were
presented in tangential arrangements. Half of the trials with three items consisted of the (radially arranged) line
triplet, and the other half consisted of random shapes in either tangential or triangular arrangements. The trials
with four items were randomly presented in either tangential, square, or rotated square (‘diamond’) arrange-
ments. Half of the trials with five items was presented in tangential and half in quincunx arrangements. Example
stimuli featuring different items are illustrated in Fig. 3a.

The task and procedure were the same as in Experiment 2 with a few differences. The stimulus location (left
or right of fixation), the number of items (1 to 5), and item type were randomized within each block. Observers
completed 2 blocks consisting of 100 trials. The line triplet was presented in 10 trials per block (20 trials in total;
previously, redundancy masking was shown to be robust with a single trial of unlimited presentation time?®,
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and with 24 trials/condition in a paradigm similar to the one used here®). The other items were presented in
the remaining 90 trials (20 trials for 1, 2, 4, 5 items; and 10 trials for the other triplets). Hence, each number of
items was presented the same number of times (in total 40 times each). Figure 3 illustrates a trial sequence (3a)
and a schematic depiction of the procedure (3b).

As in Experiment 2, a two-line discrimination task (with 100 trials) was performed before the main experi-
ment: two lines with varying spacings were presented at the farthest eccentricity of the main experiment (10.8°).
All observers reported two lines in 100% of the trials with the spacing (0.39°) presented in the main experiment.

Analysis.  The analyses were the same as in Experiment 2 except for the following differences. The deviation
scores for the 10 types of items (excluding the line triplet) were averaged for each number of items presented.
The deviation scores for these items were analyzed by linear mixed-effects models specifying subject as a random
factor, and the number of items presented as the fixed effect. A linear regression was used to fit the deviation
scores on the number of items presented (R?>=0.25). The random effect structure contained random slopes for
each subject.

Data availability
The datasets generated during the current study are available in the BORIS (Bern Open Repository and Informa-
tion System) repository: https://boris.unibe.ch/id/eprint/145214.

Received: 4 August 2020; Accepted: 27 January 2021
Published online: 18 February 2021

References
1. Schwartz, O., Hsu, A. & Dayan, P. Space and time in visual context. Nat. Rev. Neurosci. 8, 522-535 (2007).
. Brown, S. D., Marley, A. A. ], Donkin, C. & Heathcote, A. An integrated model of choices and response times in absolute identi-
fication. Psychol. Rev. 115, 396-425 (2008).
. Stewart, N., Brown, G. D. A. & Chater, N. Absolute identification by relative judgment. Psychol. Rev. 112, 881-911 (2005).
. Parducci, A. Category judgment: A range-frequency model. Psychol. Rev. 72, 407-418 (1965).
. Bevan, W. & Turner, E. D. Assimilation and contrast in the estimation of number. J. Exp. Psychol. 67, 458-462 (1964).
. Sayim, B., Westheimer, G. & Herzog, M. Gestalt factors modulate basic spatial vision. Psychol. Sci. 21, 641-644 (2010).
. Sayim, B., Manassi, M. & Herzog, M. How color, regularity, and good Gestalt determine backward masking. J. Vis. 14, 8-8 (2014).
. Bausenhart, K. M., Bratzke, D. & Ulrich, R. Formation and representation of temporal reference information. Curr. Opin. Behav.
Sci. 8,46-52 (2016).
9. Poulton, E. C. & Poulton, S. Bias in Quantifying Judgments (Taylor & Francis, London, 1989).
10. Bouma, H. Interaction effects in parafoveal letter recognition. Nature 226, 177-178 (1970).
11. He, S., Cavanagh, P. & Intriligator, J. Attentional resolution and the locus of visual awareness. Nature 383, 334-337 (1996).
12. Levi, D. M. Crowding—An essential bottleneck for object recognition: A mini-review. Vision Res. 48, 635-654 (2008).
13. Strasburger, H., Harvey, L. O. & Rentschler, I. Contrast thresholds for identification of numeric characters in direct and eccentric
view. Percept. Psychophys. 49, 495-508 (1991).
14. Whitney, D. & Levi, D. M. Visual crowding: A fundamental limit on conscious perception and object recognition. Trends Cogn.
Sci. 15, 160-168 (2011).
15. Herzog, M. H., Sayim, B., Chicherov, V. & Manassi, M. Crowding, grouping, and object recognition: A matter of appearance. J.
Vis. 15, 5 (2015).
16. Manassi, M., Sayim, B. & Herzog, M. H. Grouping, pooling, and when bigger is better in visual crowding. J. Vis. 12, 13-13 (2012).
17. Sayim, B. & Cavanagh, P. Grouping and crowding affect target appearance over different spatial scales. PLoS ONE 8, 71188 (2013).
18. Sayim, B., Greenwood, J. A. & Cavanagh, P. Foveal target repetitions reduce crowding. J. Vis. 14, 4-4 (2014).
19. Melnik, N., Coates, D. R. & Sayim, B. Emergent features break the rules of crowding. Sci. Rep. 10, 406 (2020).
20. Mellers, B. A. & Birnbaum, M. H. Loci of contextual effects in judgment. J. Exp. Psychol. Hum. Percept. Perform. 8, 582-601 (1982).
21. Jazayeri, M. & Shadlen, M. N. Temporal context calibrates interval timing. Nat. Neurosci. 13, 1020-1026 (2010).
22. Fitts, P. M. & Switzer, G. Cognitive aspects of information processing: I. The familiarity of S-R sets and subsets. J. Exp. Psychol. 63,
321-329 (1962).
23. Egeth, H., Marcus, N. & Bevan, W. Target-set and response-set interaction: Implications for models of human information process-
ing. Science 176, 1447-1448 (1972).
24. Fischer, J. & Whitney, D. Serial dependence in visual perception. Nat. Neurosci. 17, 738-743 (2014).
25. Liberman, A, Fischer, J. & Whitney, D. Serial dependence in the perception of faces. Curr. Biol. 24, 2569-2574 (2014).
26. Cicchini, G. M., Anobile, G. & Burr, D. C. Compressive mapping of number to space reflects dynamic encoding mechanisms, not
static logarithmic transform. Proc. Natl. Acad. Sci. USA. 111, 7867-7872 (2014).
27. Manassi, M., Liberman, A., Chaney, W. & Whitney, D. The perceived stability of scenes: Serial dependence in ensemble representa-
tions. Sci. Rep. 7, 1971 (2017).
28. Chopin, A. & Mamassian, P. Predictive properties of visual adaptation. Curr. Biol. 22, 622-626 (2012).
29. Sayim, B. & Taylor, H. Letters lost: Capturing appearance in crowded peripheral vision reveals a new kind of masking. Psychol.
Sci. 30, 1082-1086 (2019).
30. Yildirim, E Z., Coates, D. R. & Sayim, B. Redundancy masking: The loss of repeated items in crowded peripheral vision. J. Vis. 20,
14 (2020).
31. Yildirim, E Z., Coates, D. R. & Sayim, B. No help for lost lines: Redundancy masking is strong under focused and diffuse attention.
Perception 48, 84-84 (2019).
32. Chung, S. T. L., Levi, D. M. & Legge, G. E. Spatial-frequency and contrast properties of crowding. Vis. Res. 41, 1833-1850 (2001).
33. Kooi, E. L., Toet, A., Tripathy, S. P. & Levi, D. M. The effect of similarity and duration on spatial interaction in peripheral vision.
Spat. Vis. 8,255-279 (1994).
34. Block, N. The grain of vision and the grain of attention. Thought 1, 170-184 (2012).
35. Block, N. Seeing and windows of integration. Thought 2, 29-39 (2013).
36. Taylor, H. & Sayim, B. Crowding, attention and consciousness: In support of the inference hypothesis. Mind Lang. 33, 17-33 (2018).
37. Taylor, H. & Sayim, B. Redundancy masking and the identity crowding debate. Thought 9, 257-265 (2020).

[S8]

0NN U W

Scientific Reports |

(2021) 11:4095 | https://doi.org/10.1038/s41598-021-83325-7 nature portfolio


https://boris.unibe.ch/id/eprint/145214

www.nature.com/scientificreports/

38. Coates, D. R., Wagemans, J. & Sayim, B. Diagnosing the periphery: Using the Rey-Osterrieth Complex Figure drawing test to
characterize peripheral visual function. Iperception 8,204166951770544 (2017).

39. Coates, D. R,, Bernard, J. B. & Chung, S. T. L. Feature contingencies when reading letter strings. Vis. Res. 156, 84-95 (2019).

40. Korte, W. Uber die Gestaltauffassung im indirekten Sehen [On the apprehension of Gestalt in indirect vision]. Z. Psychol. 93, 17-82
(1923).

41. Sayim, B., Myin, E. & Van Uytven, T. Prior knowledge modulates peripheral color appearance. Proceedings of the International
Colour Association (AIC), Tokyo Midterm Meeting, 1147-1152 (2015).

42. Sayim, B. & Wagemans, J. Appearance changes and error characteristics in crowding revealed by drawings. J. Vis. 17, 8 (2017).

43. Mandler, G. & Shebo, B. J. Subitizing: An analysis of its component processes. J. Exp. Psychol. Gen. 111, 1 (1982).

44. Kaufman, E. L., Lord, M. W,, Reese, T. W. & Volkmann, J. The discrimination of visual number. Am. J. Psychol. 62, 498-525 (1949).

45. Poulton, E. C. Unwanted range effects from using within-subject experimental designs. Psychol. Bull. 80, 113-121 (1973).

46. Poulton, E. C. Models for biases in judging sensory magnitude. Psychol. Bull. 86, 777-803 (1979).

47. Krueger, L. E. Single judgments of numerosity. Percept. Psychophys. 31, 175-182 (1982).

48. Kim, D. & Opfer, J. E. Dynamics and development in number-to-space mapping. Cogn. Psychol. 107, 44-66 (2018).

49. Brown, D. R. Stimulus-similarity and the anchoring of subjective scales. Am. J. Psychol. 66, 199-214 (1953).

50. Coren, S. & Enns, J. T. Size contrast as a function of conceptual similarity between test and inducers. Percept. Psychophys. 54,
579-588 (1993).

51. Coren, S. & Miller, J. Size contrast as a function of figural similarity. Percept. Psychophys. 16, 355-357 (1974).

52. Parducci, A., Knobel, S. & Thomas, C. Independent contexts for category ratings: A range-frequency analysis. Percept. Psychophys.
20, 360-366 (1976).

53. Stapel, D. A. & Winkielman, P. Assimilation and contrast as a function of context-target similarity, distinctness, and dimensional
relevance. Pers. Soc. Psychol. Bull. 24, 634-646 (1998).

54. Hampton, J. A., Estes, Z. & Simmons, C. L. Comparison and contrast in perceptual categorization. J. Exp. Psychol. Learn. Mem.
Cogn. 31, 1459-1476 (2005).

55. Petzold, P. & Haubensak, G. The influence of category membership of stimuli on sequential effects in magnitude judgment. Percept.
Psychophys. 66, 665-678 (2004).

56. Sherif, M., Taub, D. & Hovland, C. I. Assimilation and contrast effects of anchoring stimuli on judgments. J. Exp. Psychol. 55,
150-155 (1958).

57. Tversky, A. & Kahneman, D. Judgment under uncertainty: Heuristics and biases. Science 185, 1124-1131 (1974).

58. Crollen, V. & Seron, X. Over-estimation in numerosity estimation tasks: More than an attentional bias?. Acta. Psychol. 140, 246-251
(2012).

59. Clifford, C. W. et al. Visual adaptation: Neural, psychological and computational aspects. Vis. Res. 47, 3125-3131 (2007).

60. Webster, M. A. Visual adaptation. Annu. Rev. Vis. Sci. 1, 547-567 (2015).

61. Roggeman, C., Verguts, T. & Fias, W. Priming reveals differential coding of symbolic and non-symbolic quantities. Cognition 105,
380-394 (2007).

62. Klotz, W. & Wolff, P. The effect of a masked stimulus on the response to the masking stimulus. Psychol. Res. 58, 92-101 (1995).

63. Breitmeyer, B. G., Ro, T. & Singhal, N. S. Unconscious color priming occurs at stimulus- not percept-dependent levels of process-
ing. Psychol. Sci. 15, 198-202 (2004).

64. Asgeirsson, A. G., Kristjansson, A. & Bundesen, C. Repetition priming in selective attention: A TVA analysis. Acta. Psychol. 160,
35-42 (2015).

65. Perea, M., Dufiabeitia, J. A. & Carreiras, M. R34D1Ng WORd5 W1Th Numb3R5. J. Exp. Psychol. Hum. Percept. Perform. 34, 237-241
(2008).

66. Peirce, ]. W. PsychoPy—Psychophysics software in Python. J. Neurosci. Methods 162, 8-13 (2007).

67. Matuschek, H., Kliegl, R., Vasishth, S., Baayen, H. & Bates, D. Balancing type I error and power in linear mixed models. J. Mem.
Lang. 94, 305-315 (2017).

68. Lidecke, D. ggeffects: Tidy data frames of marginal effects from regression models. . Open. Source. Softw. 3, 772 (2018).

69. Jaeger, B. C., Edwards, L. J., Das, K. & Sen, P. K. An R2 statistic for fixed effects in the generalized linear mixed model. J. Appl. Stat.
44, 1086-1105 (2017).

70. Pinheiro J. C. & Bates, D. M. Mixed-Effects Models in S and S-PLUS 174-196 (Springer, 2000).

Acknowledgements
Parts of this work were presented at the European Conference on Visual Perception 2018 in Trieste, Italy. This
work was supported by the Swiss National Science Foundation (PPO0OP1_163723 to Bilge Sayim).

Author contributions
B.S., D.R.C., and EZ.Y. designed the study and prepared the manuscript. EZ.Y. collected and analyzed the data
and prepared the figures. All authors interpreted the data and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-83325-7.

Correspondence and requests for materials should be addressed to EZ.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:4095 | https://doi.org/10.1038/s41598-021-83325-7 nature portfolio


https://doi.org/10.1038/s41598-021-83325-7
https://doi.org/10.1038/s41598-021-83325-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:4095 | https://doi.org/10.1038/s41598-021-83325-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Hidden by bias: how standard psychophysical procedures conceal crucial aspects of peripheral visual appearance
	Results
	Experiment 1: neutral context. 
	Experiment 2: similar context. 
	Experiment 3: dissimilar context. 

	Discussion
	Materials and methods
	Experiment 1: neutral context. 
	Participants. 
	Stimuli and procedure. 
	Analysis. 

	Experiment 2: similar context. 
	Participants. 
	Stimuli and procedure. 
	Analysis. 

	Experiment 3: dissimilar context. 
	Participants. 
	Stimuli and procedure. 
	Analysis. 


	References
	Acknowledgements


