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Abstract
Individual Differences in Visual Perceptual Biases
by
Zixuan Wang
Doctor of Philosophy in Psychology
University of California, Berkeley

Professor David Whitney, Chair

Human perceptual decisions are critically important. They can be socially significant, life-
changing or even catastrophic if wrong, such as decisions made by radiologists, Olympic
judges, TSA screeners, or vehicle operators. Many of these crucial judgments are made
based on the perceptual expertise of individual observers. However, not everyone possesses
the same level of expertise, even among professionals. There are two aspects that charac-
terize the individual differences in expertise: variations in sensitivity and variations in bias.
Past research has thoroughly investigated differences in sensitivity across many domains.
However, the possibility of variations in perceptual bias has been largely ignored.

Here, we filled this gap by investigating the idiosyncratic variations in human visual per-
ceptual biases. In the first study, we identified and characterized the unique perceptual
biases in position perception and showed that these biases might originate from variations
in visual acuity and they can influence the perceived appearance of objects, suggesting that
idiosyncratic perceptual biases could propagate through different levels of visual processing
and be associated with each other. To understand whether perceptual biases can have a real-
world impact, in the second study, we further tested radiologists with artificial and realistic
medical images and found that even expert radiologists were characterized with unique and
systematic perceptual biases towards medical images. Given the prevalence of perceptual
biases, the third study aimed to discover potential constructive ways to utilize the biases.
We showed that when multiple observers make a collective decision, grouping individuals
who have uncorrelated and thus independent perceptual biases can improve their combined
performance.

Together, these results highlighted the crucial importance of measuring and understanding
individual perceptual biases and they have widespread implications for many real-world
professions and situations such as driving, radiological or TSA screening and Olympic judges.
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Chapter 1

Introduction

Human perceptual decisions are made on a daily basis, and they are crucially important.
For example, drivers operate their vehicles on the road majorly based on visual information
surrounding them, and expert radiologists perform medical diagnosis mainly based on the
perceptual information in the medical images.

Though many of these decisions can be solely dependent on one individual’s perceptual
expertise, not everyone possesses the same level of perceptual expertise. In the past decade,
more and more studies have documented and investigated the variations in the perceptual
performance among observers (e.g., Wilmer et al., 2010; R. Wang et al., [2012; Kanai and
Rees, 2011}, Schiitz, 2014; Wexler et al., 2015; Wilmer, [2017; Grzeczkowski et al., 2017;
Canas-Bajo and Whitney, [2020; Cretenoud et al., [2020; Cretenoud et al., [2021)). These
individual differences have been documented from the very lowest level perceptual functions,
including contrast sensitivity, motion, and color perception (Schiitz, [2014; Kaneko et al.,
2018; Emery et al., [2019; Himmelberg et al., 2022)) to higher-level object and face recognition
skills (Wilmer et al., 2010; Richler et al.,[2019; Cretenoud et al.,2020; Cretenoud et al.,2021),
and researchers believe that studying these individual differences could be helpful not only
for understanding the underlying perceptual mechanism on an individual basis, but also for
the real-world improvement on each individual’s perceptual performance.

The individual differences in human perceptual expertise can be characterized by two as-
pects: variations in sensitivity and variations in bias. Past research has thoroughly explored
the individual variations in their perceptual sensitivity, suggesting that some individuals are
just “better” in one or multiple perceptual functions, ranging from low-level contrast sen-
sitivity to higher-level object or face recognition sensitivity (Peterzell et al., [1995; Wilmer
et al., 2010; R. Wang et al., 2012)). Studies have also suggested that lower-level sensitivity
variations may be originated from the difference in the anatomical structure of primary vi-
sual cortex such as cortex thickness and neural population tuning (Kanai and Rees, 2011}
C. Song et al., [2015; Himmelberg et al., 2022), while face recognition abilities can be tightly
associated with the local white matter properties in the face network such as FFA (Gomez
et al., 2015 S. Song et al., 2015)).

It may not be surprising that observers can have wildly different perceptual sensitiv-
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ity across different tasks, and that is how, usually in real life, experts and amateurs are
differentiated. However, is it really just about good or bad?

Recent studies started to demonstrate that human observers are also characterized with
idiosyncratic perceptual biases in higher-level object and face recognition tasks (e.g., Afraz
et al., 2010; Wexler et al., 2015 Grzeczkowski et al., 2017; Canas-Bajo and Whitney, 2020)).
They showed that observers can have systematic biases towards objects, faces or visual
illusions, and these idiosyncratic variations can swamp the shared biases between individuals.
Despite the tendency in showing variations among higher-level object or pattern recognition
tasks, our lab’s recent work revealed striking idiosyncrasies in a more basic visual function,
object localization. We localize objects nearly every moment of every day, making saccades
and other eye movements to the text on this page, reaching for a pen or a coffee cup,
or appreciating the position of a pedestrian stepping off a curb into the road. Despite
the extensive training in localizing objects, individual observers have strong, stable, and
consistent idiosyncratic biases in the locations they report objects to be (Kosovicheva and
Whitney, [2017)).

Despite the prevalence of the idiosyncratic perceptual biases, the relationship between
different biases remained unknown. Could these idiosyncratic biases emerge from different
levels of visual processing and thus they appear to be irrelevant with each other? Or is it
possible that some particular biases could propagate across different levels and thus we could
observe an association between different biases? In Chapter 2, we explored this question in
the field of spatial biases by investigating the relationship between the individual variations
in visual acuity, position perception and the perceived size of objects.

To understand whether these widely-existing idiosyncratic perceptual biases can have
any real-world impact, in Chapter 3, we tested expert radiologists’ perceptual biases to-
wards medical images and indicated that variations in their perceptual biases could poten-
tially be one of the reasons for explaining the diagnostic performance inhomogeneity across
radiologists.

Chapter 4 took a step further by demonstrating that the idiosyncrasies in perceptual
biases can be useful to guide our decisions. In this Chapter, we employed three different
tasks ranging from low-level visual localization task to higher-level object recognition and
emotion tracking tasks, and investigated the possibility that combining the responses from
observers who have independent biases could improve their collective decision, which could
be of vital importance for many real-world situations such as employing pairs of readers
in radiological or TSA screening, as well as more subjective decisions such as performance
ratings in Olympic games.

Together, our studies demonstrated the wide existence of idiosyncratic human percep-
tual biases across a variety of tasks and even among experts, highlighting that measuring
and understanding each individual perceptual biases can be a crucial way to improve the
accuracies of human perceptual performance.



Chapter 2

Idiosyncratic Perception: A Link
Between Acuity, Perceived Position
and Apparent Size

Accurately registering the locations of objects is a critical visual function. Most other percep-
tual functions including pattern and object recognition, as well as visually guided behavior,
hinge on first localizing object positions. Position perception is generally assumed to be
dictated by retinotopic location, and that may explain a lot of the variance in perceived
position. However, perceived position can be biased due to various external factors, such as
overt attention, motion and saccadic eye movements (Suzuki and Cavanagh, 1997; Whitney
and Cavanagh, 2000; Burr et al., 2001). The impact of these factors can be significant, es-
pecially considering the spatial scale at which object recognition and visually guided action
happen. A 0.5-degree shift in the location of a pedestrian or car crossing a freeway could
result in a catastrophic collision. The scale at which perception and action needs to operate
is often very fine, and many factors bias perceived position at a scale that is behaviorally
relevant.

In the absence of these external factors, perceived position is often assumed to be uni-
formly dictated by retinotopic position. However, a recent study challenges this belief and
demonstrates that people mislocalize objects idiosyncratically and consistently even without
apparent change in the environment (Kosovicheva and Whitney, |2017)). The unique biases
in object locations were shown to be stable across time when tested after weeks or months,
indicating a stable perceptual fingerprint of object location.

Why do people perceive idiosyncratically biased object locations in different parts of the
visual field and what are the perceptual consequences of it? Here, we test the possibility that
variations in spatial resolution across the visual field might cause the spatial distortions in
perceived position. Many researchers have shown that visual acuity varies across the visual
field (Low, 1943; Pointer and Hess, [1989; Abrams et al., 2012)). Because many models of
localization depend implicitly or explicitly on the underlying resolution and homogeneity of
spatial coding (Morgan and Regan, [1987; Whitaker and MacVEIGH, (1992; H. Wang and
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Levi, 1994;Suzuki and Cavanagh, |1997)), it is conceivable that the inhomogeneity in visual
acuity could result in an inhomogeneous visual space representation, consisting of areas of
contraction (sinks) and expansion (sources). Mislocalization would be one of the natural
perceptual consequences of these inhomogeneities.

A further prediction is that if individual observers have inhomogeneous visual acuity and
consequential distorted representations of visual space, the biases might be carried along
with the visual system so that object representations and appearance may also vary in a
predictable and related way. To test this, we also measured whether the perceived size of
objects varies at individualized perceptually contracted or expanded regions of visual space.

Experiment 1: Idiosyncratic Visual Space Distortion

Kosovicheva and Whitney (2017)) demonstrated that observers have stable and idiosyncratic
patterns of mislocalization at different polar angles in the visual field. We hypothesized that
this mislocalization pattern reflects distinct distortions of visual space and that it should
be observed from the fovea to the periphery (not just at one eccentricity). The purpose of
Experiment 1 was to identify whether there are idiosyncratic spatial distortions across the
visual field.

Method

Participants

Nine observers (3 females, 2 authors, age range: 19 - 33) participated in this experiment. All
subjects were experienced psychophysical participants, and all but the two authors were naive
to the purpose of the study. All subjects reported to have normal or corrected-to-normal
vision. Procedures were approved by the Institutional Review Board at the University of
California, Berkeley.

Stimuli

Stimuli were presented on a 19-inch gamma-corrected Dell P991 CRT monitor (Dell, Round
Rock, TX; 1024 x 768 pixels resolution, 100 Hz refresh rate). To minimize any off-screen
reference (i.e., any visible references outside of the computer monitor including the differ-
ence between the monitor frame and the experiment room), the monitor frame was covered
by black tape. Visual stimuli were generated using MATLAB (The MathWorks, Natick,
MA) and Psychophysics Toolbox (Version 3) (Brainard & Vision, |1997)) and the experiment
program was run on an Apple Macintosh computer (Apple Inc., Cupertino, CA). Observers
viewed the stimuli binocularly at a distance of 40 cm using a chin rest.

We used noise patches as targets for the localization task (See Figure ) Each noise
patch contained random black (< .001 cd/m?, measured by Minolta IJS1[10 Luminance Meter)
and white (92.6 cd/m?) squares (each square was 0.1x0.1 degrees of visual angle [d.v.a.]).
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Noise patches were enveloped with a two-dimensional Gaussian contrast aperture (standard
deviation: 0.75) and only visible within a circular aperture with a radius of 1.22 d.v.a., Noise
patches were shown on one of 5 invisible isoeccentric rings (eccentricity: 2, 4, 6, 8, 10 d.v.a.)
and one of 48 angular positions equally distributed with a separation of 7.5 degrees (°) on
each ring, which resulted in a total number of 240 possible locations. Angular locations from
0° to 360° correspond to positions starting from the right of the fixation, moving clockwise.
The four exactly vertical and horizontal positions at each eccentricity were included.

Procedure

Observers were instructed to maintain fixation throughout the experiment. On each trial,
a black (< .001 cd/m?) 0.3-d.v.a. diameter fixation dot was presented at the center of a
gray (48.3 cd/m?) background on the screen. After 1000 milliseconds (ms), a noise patch
appeared at a pseudo-randomly chosen location among all 240 locations for 50 ms. Upon
the offset of the noise patch, the fixation dot changed to dark gray (30.4 cd/m?) and 500
ms later, a white (92.6 cd/m?) 0.45-d.v.a. diameter response dot representing the location
of the cursor was superimposed on the fixation and participants freely moved the dot using
the mouse to match the location of the noise patch center. The position of the cursor when
participants clicked the mouse was recorded as the reported location.

In the experiment, each target location was tested 12 times, so there were 2880 trials
in total (12 repetitions x 48 angular locations x 5 eccentricities). The whole experiment
was separated into 6 sessions (2 repetitions for every location per session, random sequence
within session). The time interval between every 2 sessions was on average 1.3 days (standard
deviation: 1.6 days).

Data Analysis

For each observer and each session, we first calculated the polar angles of the cursor locations
reported by the observer. Then for each target location, the two reported locations from the
two trials were averaged within each session. Thus, there were 6 sessions of averaged reported
locations. Within each session, the average locations were grouped by 5 eccentricities with
each consisting of 48 isoeccentric reported angular locations.

For each session and at each eccentricity, the 48 reported locations were transformed into
48 visual space distortion indices. Since any two physically adjacent target locations at the
same eccentricity were separated by 7.5° polar angle, if the angular distance between the two
adjacent reported locations in the same session was larger than 7.5°, then the area between
them was effectively a region of expanded visual space. On the other hand, if the distance
was smaller than 7.5°) the visual space between them was effectively compressed. Thus,
when the physical target distance (i.e., 7.5° polar angle) was subtracted from the reported
distance (i.e., difference in perceived locations), it yields a visual space distortion index in
degrees of polar angle for each location. A more positive index refers to increasing visual
space expansion and a more negative index refers to larger visual space compression. Zero
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Figure 2.1: Experimental paradigm and results for Experiment 1. (a) Left: Observers
fixated at the center and a target was displayed briefly at one of five possible eccentricities
(depicted by dashed lines, which were not visible in the experiment). Right: After the
target disappeared, observers moved the cursor to match the target’s location. (b) All nine
individual observers’ spatial distortion indices plotted as distortion maps. The color gradient
represents the degree of distortion, with blue indicating contracted visual space and red for
expanded. See Supplemental Figure for gray-scale luminance-defined distortion maps.
(c) Averaged within vs. between-subject correlation calculated by bootstrap procedures
(see Experiment 1, Method). There was significantly higher within-observer agreement than
between-observer agreement, indicating that each observer had a unique pattern of spatial
distortions. The error bars represent the bootstrapped 95% CI.
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means no distortion. These resulting 48 distortion indices at each eccentricity within each
session were smoothed using a simple moving average method with a window of 45° polar
angle. The smoothing is to better characterize a continuous change of distortion across space
and to compensate for the discrete spatial sampling given that only 48 locations were tested
at each eccentricity. The smoothed distortion indices were averaged across the six sessions
at each location (shown as individual distortion map in Fig. 2.1p).

To quantify the idiosyncrasies of the distortion indices, we compare the within-observer to
between-observer consistency using a nonparametric bootstrap method (Efron & Tibshirani,
1994). The within-observer consistency is defined as the similarity of the distortion indices
across sessions. On each iteration, for every observer, 3 random sessions were sampled
without replacement from all of the 6 sessions and the spatial distortion indices for each
location were averaged across the 3 sessions as one bootstrapped half. The 3 remaining
unsampled sessions were averaged and formed the second half. We z-scored the distortion
indices at each eccentricity within each half in order to remove the effect of eccentricity and
then correlated the two halves. The Pearson’s r value for each observer was transformed into
Fisher z value before averaging across observers and the averaged Fisher z was transformed
back into Pearson’s r value (Fisher transformation, used for all procedures that required
averaging correlation values). This procedure was repeated 1,000 times to estimate a 95%
bootstrapped confidence interval (CI) for within-observer consistency. Between-observer
consistency was estimated similarly. On each iteration, one of the two halves from one
observer was correlated with one half from another observer. All possible pairwise between-
observer correlations were averaged together. This procedure was also repeated 1,000 times
to estimate a 95% bootstrapped CI for between-observer consistency.

To evaluate the significance of the within-observer and between-observer correlations,
we also generated permuted null distributions that showed the expected chance correlations
from two uncorrelated and permutated halves of the distortion indices. On each iteration,
for every observer, all distortion indices were randomly split into two halves (as described
previously). One of the two halves was rotated by a random number of positions at each
eccentricity to shift the distortion indices away from its original physical positions while
simultaneously preserving the spatial relationships between adjacent isoeccentric target lo-
cations. The rotated half was then correlated with the other unchanged half from the same
observer to estimate a within-observer null correlation. Then, the null correlations were
averaged together. This procedure was repeated 10,000 times to estimate a within-observer
permuted null distribution. For the between-observer null distribution, on each iteration, the
rotated half was correlated with an unchanged half from another observer and all pairwise
null correlations between observers were averaged together. This procedure was also re-
peated 10,000 times. The mean within-observer and between-observer empirical correlations
obtained in the bootstrap analyses described above were compared to these null distributions.

To quantify the unique contributions of the distortion indices within each individual
rather than a common distortion pattern between observers, we fitted linear regression mod-
els and compared the variance explained by different models using a bootstrap test in R
(Team, 2013). On each iteration, we first fitted a full model which was formalized as:
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DI ~ By + (1 % sel f + Py * others

The dependent variable DI (distortion indices) for every target location was calculated
by randomly sampling half of the 6 sessions without replacement and averaging the distor-
tion indices across the 3 sampled sessions. Then the 3 remaining unsampled sessions were
also averaged to represent the observer-specific spatial distortion pattern (self). The other
predictor (others) was the distortion indices averaged across the remaining observers, us-
ing only half of the sessions from every observer to minimize the signal-to-noise differences
between the two predictors. To estimate how much variance of each observer’s distortion
indices can be explained by their own distortion pattern (self) versus the other observers’
averaged distortion pattern (others), we also fitted two other models, the within-observer
and the other-observer models. The within-observer model was formalized as:

DI ~ By + By * self,

and the other-observer model was expressed as:
DI ~ By + B1 * others

Unique variance explained by self (i.e., the distortion indices within each observer) was
estimated by subtracting variance explained by the other-observer model from that explained
by the full model. Variance explained by others (i.e., the averaged distortion indices across
other observers) was estimated by subtracting variance explained by the within-observer
model from the full model. We also estimated shared variance between self and others by
subtracting the unique variances of each of them from the explained variance of the full
model. Note that since the shared variance is the common contribution between observers
themselves and others, it essentially represents a between-observer similarity in the spatial
distortion indices. We repeated this procedure 1,000 times to compare the unique variance
explained by within-observer or other-observer distortion indices, or the shared variance
between observers.

Results

The bootstrapped within and between-observer similarity is shown in Figure 2.Tk. The
average bootstrapped within-observer correlation (r = .71) was significantly higher than the
null correlation expected by chance (p < .001, permutation test). This reveals consistent
spatial distortion patterns within individual observers. The mean bootstrapped between-
observer correlation (r = .22) was significantly higher than chance (p < .001, permutation
test). We further found that within-observer similarity is significantly higher than between-
observer similarity (p < .001, bootstrap test), suggesting that each individual observer has
their own unique spatial distortions that are consistent within themselves and distinguished
from other observers (Fig. ), consistent with a previous study (Kosovicheva & Whitney,
2017). To quantify the unique contributions of within-observer versus between-observer
effects, we also fitted linear regression models and compared the unique variance explained
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by distortion indices within each observer versus averaged distortion indices across other
observers, as well as the shared variance, using a bootstrap procedure (see Data Analysis).
Results showed that distortion indices within observers (“self”) on average uniquely explained
76.76% of the variance in the full model. Put simply, this means that a particular observer
predicts their own pattern of distortions very well. The unique variance that cannot be
explained by the observer themselves, and can only be explained by the distortion indices
from other observers (“others”) was less than 0.1%. This is not surprising: it simply means
that other observers’ judgments do not have any explanatory power beyond what is already
explained by one’s own pattern of distortion (i.e., it should be zero). The shared variance
between self and others on average explained 23.16% of the variance in the full model. This
shared variance is akin to the between-subject similarity in Fig. 2.1¢. The unique variance
explained by distortion indices within each observer was significantly larger than both the
averaged distortion indices across other observers (p < .001, bootstrap test, Bonferroni
corrected ap = .025) and the shared variance between these two predictors (p < .001,
bootstrap test, ap = .025). Since the shared variance between self and others captures
the shared contributions from every observer versus all other observers, this is essentially
a between-observer effect. The regression models show that idiosyncratic observer-specific
biases are the major contributor to the spatial distortions, rather than a common spatial
bias among observers.

Experiment 2: Associate Individual Distortion
Fingerprints with Visual Acuity

In Experiment 1, we demonstrated that individual observers have unique visual space distor-
tions. Where do these idiosyncratic spatial biases emerge? Given that previous studies have
revealed substantial heterogeneity in visual acuity across the visual field (Low, |1943; Pointer
and Hess, |1989; Abrams et al., 2012)), it is plausible that the spatial distortions emerge as
a consequence of this. Therefore, in Experiment 2, we measured Vernier acuity (Levi &
Klein, |1985)) at different spatial locations to assess the potential association between spatial
distortions and variations in visual resolution. We used Vernier acuity task because unlike
other acuity measurements such as grating acuity, Vernier acuity, also called hyperacuity
(Westheimer, [1975)), exceeds the limits imposed by the maximal cone density on the retina,
and has been shown to measure acuity at a cortical level (Duncan & Boynton, 2003)).

Method

Participants

Seven observers (2 females, 2 authors, age range: 19 - 33) who had participated in Experi-
ment 1 participated in the second experiment. All subjects were experienced psychophysical
observers, and all but the two authors were naive to the purpose of the study. All subjects
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reported to have normal or corrected-to-normal vision. Procedures were approved by the
Institutional Review Board at University of California, Berkeley.

Stimuli

Stimuli were generated by the same software and displayed on the same monitor as Experi-
ment 1. Observers were tested binocularly with a viewing distance of 40 cm fixed by a chin
rest. Two long (1.5 d.v.a.) and thin (50 arcsec) white lines (92.6 cd/m?) oriented towards
the center of the screen were shown on a gray background (48.3 ¢cd/m?). On half of the
trials, the outer line was positioned clockwise from the inner line and counter-clockwise for
the other half of the trials (Figure shows the counter-clockwise condition). Five possi-
ble spatial misalignments between the two lines were deployed; the range of misalignments
was customized for each observer after a practice block at the beginning of the experiment.
Among all observers, the spatial misalignments were between 0.3 to 10 arcmin of visual an-
gle. As a result, there were 10 possible Vernier stimuli (2 possible positional relationships
x 5 possible spatial misalignments). The center of the range of Vernier stimuli was located
at one of 8 angular positions (45° spacing, starting with 20° polar angle), on an invisible
isoeccentric ring with a radius of 6 d.v.a..

Procedure

On each trial, a black (< .001 cd/m?) 0.3-d.v.a. diameter fixation dot was presented contin-
uously at the center of a gray screen to help observers maintain fixation during every trial.
After 1,000 ms, two Vernier lines were shown for 500 ms on a pseudo-random location se-
lected from the 8 possible positions as described above. The 10 different Vernier stimuli were
presented in a pseudo-random sequence, such that every appearance was guaranteed to be
displayed the same number of trials on every location. After the Vernier stimuli disappeared,
observers responded by either pressing left key or right key to indicate the spatial relation-
ship of the two lines (yes/no design). If the more eccentric line appeared to be relatively
more counter-clockwise (clockwise), observers were instructed to press the left (right) arrow
key. Observers were instructed to respond as accurately as possible and they had unlimited
time. They were also told to fixate on the fixation dot at all times. In the experiment,
each of the 10 Vernier misalignments was repeated 20 times, resulting in 200 trials at every
tested location. Since we presented stimuli at 8 possible positions, there were 1,600 trials
in total. The whole experiment was separated into 16 blocks and each block contained 100
trials. Observers were encouraged to take a break after each block.

Data Analysis

For every Vernier misalignment at a given location, we calculated the proportions in which
observers reported that the outer line was shifted more clockwise than the inner line. Then
we fitted the proportion of clockwise responses with a logistic function using a least-squares
procedure. The just-noticeable difference (JND) was estimated by taking half of the distance
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between the Vernier misalignments that gave 25% and 75% clockwise responses on the best-
fit logistic function. This fitting procedure and JND estimation were conducted separately
for each location; thus, we obtained 8 JND values from each observer (See Figure for a
representative subject).

To estimate the spatial distortion indices at these 8 locations, for each observer, each of
the eight locations tested in this experiment was rounded to the two nearest locations that
had their own corresponding distortion indices in Experiment 1 at the eccentricity of 6 d.v.a.
and the two distortion indices were averaged as a proxy of the spatial distortion at each of
the eight locations tested in Experiment 2. We then calculated the Pearson’s correlation
between spatial distortions indices (Experiment 1) and Vernier acuity JNDs (Experiment 2)
for every observer separately. For each of the 7 observers, 8 Vernier acuity JND values were
correlated with the corresponding 8 spatial distortion indices estimated from Experiment
1. This yielded in total 7 Pearson’s r values, which were Fisher transformed and averaged
to estimate the mean correlation. We also performed a bootstrap procedure on these 7
correlation values to test whether mean correlation value was biased by extreme observer(s).
On each iteration, we randomly sampled 7 correlation values with replacement from the 7
empirical Pearson’s rs and averaged the 7 Fisher-transformed correlations. We repeated this
procedure for 1,000 times and estimated the 95% bootstrapped CI for the mean correlation
among observers.

To examine whether individual differences play a role in the relationship between Vernier
acuity JNDs and spatial distortions, we fitted a linear mixed-effect regression on the data.
The model could be expressed as:

JND; ;= Bo+ B1* DI j +

JND; ; was the Vernier acuity JND calculated for the j* location of the i'h observer.
DI, j was the distortion index calculated for the j'h location of the i" observer. +; represented
the random effect for the i** observer. We also constructed a simple linear model without
accounting for the random effect of observers, which could be formalized as below.

JND;j = Bo+ 1% DI

A likelihood ratio test was performed between the two models to compare the goodness-
of-fit of the models with or without the random effect of observers.

Results

The change of Vernier acuity as a function of different angular locations for each individual
observer is shown in Supplemental Figure[S2] Figure visualizes the relationship between
Vernier acuity and spatial distortion with individual differences removed (i.e., Vernier acuity
JNDs and spatial distortion indices were z-scored within each observer and then plotted
into the same figure as a “super subject”). We are aware that any analysis based on the
“super subject” data may be subject to the problem of pseudo-replication (Lazic, 2010)),
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Figure 2.2: Paradigm and results for Experiment 2. (a) Example Vernier stimuli. Stimuli
were shown on an invisible circle with a radius of 6 d.v.a. (dotted line). (b) Psychometric
curves fitted for one representative subject. The colors of the lines correspond to loca-
tions in the visual field that had different types of distortion (blue for compression and red
for expansion, as measured in Experiment 1); the weights of the lines correspond to the
intensity of the distortion. (c) A visualization of the correlation between Vernier acuity
JNDs (Experiment 2) and corresponding spatial distortion indices (Experiment 1) for all 7
observers (represented by different shapes and sizes) collapsed into a single super-subject.
Blue shading indicates more contracted locations and red shading indicates more expanded
locations from Experiment 1. The black line is the best-fitted linear regression line based
on this super-subject data and the gray shaded area represents the 95% CI of the linear
fit. There was a significant positive correlation between the degree of visual space distortion
and Vernier JNDs, indicating that better acuity was found at perceptually contracted visual
space compared to expanded visual space.
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which is why we constructed a linear mixed effect regression (see Data Analysis section) and
calculated individual correlations for each subject (Fig. .

Across the individual subjects, there was a significant correlation between the JNDs
calculated in Experiment 2 and the corresponding spatial distortion indices at the same
locations taken from Experiment 1 (mean Pearson’s r = 0.34, 95% bootstrapped CI: [0.06,
0.56]; Fig. . This indicates that the spatial distortion index increased with increasing
JND: the locations in the visual field where acuity was better tended to be perceived as
more compressed, compared to the regions of spatial expansion where acuity was coarser.
Individual observer correlations are shown in the supplementary materials (Fig. .

The results of the linear mixed-effect model also confirmed that there was a significant
and positive relationship between Vernier acuity and spatial distortions, with a fixed effect
coefficient of 0.63 (standard error: 0.23, F'(1,48) = 7.59, p < .01). This confirms the analysis
above, indicating that higher acuity is associated with compression of perceived space. Im-
portantly, compared to the model without the random effect of observers, the mixed-effect
model was significantly better (likelihood ratio test, x?(1) = 39.99,p < .001). In other
words, accounting for individual differences significantly increased the performance of the
mixed-effect model, which suggests that the association between Vernier acuity and spatial
distortion is characterized by observer specific idiosyncrasies.

Experiment 3: Distorted Visual Space Modifies Object
Appearance

In the previous experiments, we found unique spatial distortions for individual observers
(Experiment 1) and also discovered a potential source of the biases based on variations
in visual acuity (Experiment 2). While acuity might be determined by early visual cortical
processes (Duncan & Boynton, 2003)), position perception, arguably, emerges in extrastriate
visual areas (McGraw et al., 2004; Fischer et al., 2011; Maus et al.,|2013). This hints at the
possibility that idiosyncratic biases in perceived position (Experiment 1) might be inherited
along the visual hierarchy to other later visual processing stages, such that they actually
change the appearance of objects. We tested this question in Experiment 3 by measuring
the perceived size of objects presented at different spatial positions.

Method

Participants

3 observers (1 female, 2 authors, age range: 23 - 33) who have participated in Experiment 1
and 2 participated in the current experiment. Experiment 1 and 2 have demonstrated that
the association between acuity and spatial distortions is observer-specific, so a dense spatial
sampling within a single subject will be necessary and sufficient to establish the relationship
between variations in perceived size and spatial distortions. Therefore, in Experiment 3,
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we recruited fewer participants but with more locations tested for each participant. One
observer was naive to the purpose of the study. All subjects reported to have normal or
corrected-to-normal vision. Procedures were approved by the Institutional Review Board at
University of California, Berkeley.

Stimuli

Stimuli were generated with the same software and displayed on the same monitor as Ex-
periment 1 and 2. Observers were tested binocularly with a viewing distance of 40 cm fixed
by a chin rest. Stimuli consisted of “arcs” drawn from an invisible circle with a radius of
6 d.v.a. (Fig. ) The arc stimuli were shown at one of 20 angular positions equally
distributed on the circle. Angular positions were separated by 18°, starting from 9°. There
were 6 possible arc measures: 16.82°) 16°, 15.55°, 14.45°, 14°, 13.18% the mean arc measure
was 15°. Arc width was 4 arcmin of visual angle.

Procedure

We used the method of single stimuli (McKee et al., |1986;Morgan et al., 2000) to estimate
the perceived size of objects across the visual field. Observers were instructed to maintain
fixation throughout each trial on a black (< .001 cd/m?) 0.3-d.v.a. diameter fixation dot
at the center of a gray (48.3 cd/m?) screen. After 1,000 ms, a white (92.6 cd/m?) arc (see
descriptions above), with a pseudo-random length selected from the 6 possible lengths, was
presented at one of the 20 predetermined positions. The arc was displayed for 500 ms and
then it disappeared from the screen. Upon its offset, observers pressed either the left or
right arrow key to indicate whether the presented arc was shorter or longer than the average
of all seen arcs, regardless of stimulus location. Observers had unlimited time to make the
key-press response and they were told to try to be as accurate as possible.

Observers were exposed to all possible arc lengths during a practice block, which was
completed before the start of the experiment. The procedure in the practice was almost
identical to the actual experiment, except that there were only 120 trials with each of the
6 arc lengths repeated 20 times. Also, observers received feedback in the practice block to
speed their learning of the set mean; their accuracy was around 80% correct at the end of
the practice session. In the actual experiment, no feedback was provided.

The whole experiment was divided into 2 sessions. In each session, observers finished a
practice block and then an experiment block. In each experiment block, there were 1,200
trials in total, with the condition that each possible length (6 in total) was presented 10
times at each possible location (20 in total). Observers were encouraged to take a rest after
each set of 150 trials. The two sessions of 1200 trials each were collected on separate days,
for a total of 2400 trials.



CHAPTER 2. IDIOSYNCRATIC PERCEPTION: A LINK BETWEEN ACUITY,
PERCEIVED POSITION AND APPARENT SIZE 15

=y

o o o o
A O @

o M

r=.32

Proportion of
Responding “Longer”

1 2 -1 -0.5

0 05 1
BBa&iaI Distortion IndicesiEJl

A4 0
Physical Size
Compared to Set Mean (°)

Figure 2.3: Experiment 3 paradigm and results. a) Example arc stimulus used in the exper-
iment. On each trial, an arc was presented at one of the 20 locations separated by 18° at
an eccentricity of 6 d.v.a.. Upon the offset of the arc, observers responded whether it was
shorter or longer than the average. b) Top: Psychometric curves fitted for all three observers
(Subjects 2 and 3 are authors). The abscissa represents the angular size difference between
the presented and the mean arc. Colors of the lines correspond to different distortions ob-
tained from individual subjects in Experiment 1 (blue for compression and red for expansion)
and the weights of the curves correspond to the intensity of the distortion. Bottom: The
association between the idiosyncratic visual space distortions (abscissa, from Experiment 1)
and perceived size (ordinate) for each subject. The color scale corresponds to the extent of
compression or expansion quantified by the spatial distortion indices in Experiment 1. The
positive correlations indicate that in regions of contracted (expanded) visual space, objects
were perceived to be larger (smaller) than their actual size. The gray shaded area around
the regression line demonstrates the 95% CI of the linear regression fit.
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Data Analysis

To estimate the perceived size of the arc at each location, we calculated the proportion of
trials in which the observer responded “longer than average” for each length of the arc. Then
these proportions were fitted to a logistic function using a least-squares procedure. The point
of subjective equality (PSE), which represents the perceived set mean, was defined as the arc
length at which the proportion of “longer” responses was 50% on the best-fit logistic function.
A larger PSE represents a smaller perceived object size. We repeated this procedure for 20
tested locations; thus, we obtained 20 PSE values for each participant (Figure . The
change of PSE values as a function of different angular locations for each individual observer
is shown in the Supplemental Figure [S4, To confirm the test-retest reliability, we estimated
these 20 PSE values separately for each of the two sessions. The PSEs across sessions were
averaged to test the relationship between the spatial distortions (Experiment 1) and the
perceived object size (Experiment 3).

For each observer, each of the 20 locations in the current experiment was rounded to the
two nearest corresponding locations tested in Experiment 1. The corresponding averaged
distortion indices from Experiment 1 were correlated with the PSEs obtained in this exper-
iment. To test whether the correlation yielded for each observer was significantly higher
than chance, we performed a permutation test. For each observer, we randomly shuffled the
location labels of the PSEs and then correlated the shuffled PSEs with the distortion indices.
This procedure was repeated 10,000 times to generate a null distribution and estimate the
significance of the empirical correlation for each observer relative to this null distribution.

We analyzed the Pearson’s correlation between the PSEs from same locations but from
different sessions to estimate the within-observer consistency of the spatial heterogeneity in
perceived size for every participant. Between-observer consistency was also estimated by
calculating pairwise correlations and averaging across all possible pairs.

Results

We found that across all three observers, spatial distortion indices were closely associated
with perceived size (Fig. , with Pearson’s correlations of .86, .68 and .32 respectively
for three observers (p < .001,p < .001 and p = .13 respectively, permutation test; Fisher’s
combined probability test: p < .001). This suggests that object appearance is altered
depending on the local distortions in spatial coding. At perceptually compressed regions
of the visual field (i.e., smaller distortion indices), objects are perceived to be larger, while
the apparent size of objects is smaller at apparently expanded regions of the visual field.
The within-observer consistency estimated by correlating PSEs across sessions, within each
observer, showed that each observer had a stable (Pearson’s correlations: .93, .94, .87, ps <
.001, last two are the authors) and observer-specific (compared to a much lower between-
observer, r = 0.39) spatial heterogeneity in the perceived sizes of objects throughout the
visual field. Apparent object size is therefore affected by the unique spatial distortions
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across each observer’s visual field, suggesting that idiosyncratic spatial biases are inherited
along the visual hierarchy.

General Discussion

In the present study, we found that observers are characterized by idiosyncratic spatial
distortions, and we showed that these biases may arise from inhomogeneous spatial acuity
across the visual field. These biases are then inherited along the visual hierarchy such that
they change the appearance of object size. In Experiment 1, we found that different regions
of the visual field in different observers are either effectively compressed or expanded. We
demonstrated that these spatial distortions for each individual observer cannot be simply
attributed to common biases among individuals. To trace the possible source of the distor-
tions, Experiment 2 tested whether Vernier acuity varies at regions of the visual field that
are perceptually compressed versus expanded. The results supported our hypothesis that
spatial acuity is tightly linked to subject-specific spatial distortions. In particular, better
acuity is associated with spatial compression and worse acuity is associated with a percep-
tual expansion of space. We also found that the association between acuity and the spatial
distortion indices is observer-specific, which confirms the idiosyncratic nature of the spatial
distortions. In Experiment 3, we asked whether the same idiosyncratic spatial biases can be
inherited at higher levels of visual processing, such that they change the appearance of visual
objects. We found a stable and observer-specific spatial heterogeneity of perceived size of
objects, which can be predicted by the idiosyncratic spatial distortions. Within regions of the
visual field that were distinctly distorted (measured from biased position perception from
Experiment 1), the apparent size of objects changed predictably: Objects were perceived
to be larger at locations with perceptually contracted spatial representation and smaller at
expanded locations.

The individual differences in spatial distortions and apparent object size do not contradict
known between-subject spatial biases or spatial anisotropies of vision such as the oblique
effect (Appelle, |1972)). In fact, we did find a significant between-observer correlation in
Experiment 1. And, when we averaged the idiosyncratic distortions across observers, we
replicated other common spatial biases that have been reported by researchers (Low, 1943}
Pointer and Hess, [1989; Abrams et al., [2012). For example, on average, observers tend
to perceive visual space as expanded along the vertical meridian and compressed along the
horizontal meridian (for average distortion map, see Supplemental Figure. Since we found
that better acuity underlies compressed visual areas and relatively worse acuity at expanded
regions, this group-level result aligns with previous studies that showed a horizontal-vertical
anisotropy (Low, [1943). Note that even along the vertical meridian, our results revealed
an upper-lower visual field asymmetry, with the vertical axis in the upper visual field being
more expanded. This also replicates the vertical meridian asymmetry in both human and
non-human primates (Previc, [1990; Abrams et al.,|2012)). A more recent study carried out by
Greenwood and his colleagues [2017] found that crowding zones and saccadic error zones are
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on average larger along the vertical than horizontal meridian and that there are variations
between observers, which is consistent with what we showed in the current study. Our study
goes beyond previous ones by showing that the individual differences in acuity, perceived
position, and perceived size are unique to the individual observer, are highly reliable, and
are not due to a group level effect. Therefore, we believe that our current study reveals a
fundamental idiosyncrasy underlying each observer’s visual system and that our findings can
potentially explain part of the common spatial biases reported in past research.

Despite the shared, between-subject, distortions and consistency (Fig. , it is worth
noting that the within-subject effects are sufficiently consistent and strong that they can
swamp the between-subject effect. The within-subject correlation is not only higher (Fig.
but also contributed more unique variance than shared variance when explaining each
subject’s individual distortion indices (Experiment 1, Results). Experiment 2 showed that
the association between distortions and Vernier acuity is significantly observer-specific (Ex-
periment 2, Results). This suggests that individual differences in spatial resolution, as
measured by Vernier acuity, are also substantial (Fig. [S3). Experiment 3 again revealed an
observer-specific spatial heterogeneity of perceived size, which is reliably predicted by the
idiosyncratic spatial distortions within each observer (Experiment 3, Results).

The within-subject effects also appear to be fairly stable over time, consistent with prior
work (Kosovicheva & Whitney, 2017). The time span between Experiment 1 and 2 was
1 2 months, and the time span between Experiment 1 and 3 was around 11 months. Given
the link we found between the biases estimated from different experiments, this suggests
some degree of stability in the within-subject idiosyncrasies, which are consistent with the
temporally stable spatial distortions that were previously reported (Kosovicheva & Whitney,
2017). Overall, the rich variation between observers is in line with previous studies that
showed substantial and stable idiosyncratic biases in the recognition of objects and patterns
and motor decisions (Abrams et al., 2012; Schiitz, 2014; Wexler et al., 2015} Grzeczkowski
et al., 2017).

What causes the idiosyncratic acuity found in Experiment 27 One possibility is that vari-
ations in visual acuity arise from spatial inhomogeneities in early visual cortical processing.
Previous studies have revealed that there are individual differences in the anatomical struc-
ture of human primary visual cortex (Kanai & Rees, 2011)), and that these are associated
with differences in neural population tuning and perceptual performance in different visual
tasks (C. Song et al.,2015; Moutsiana et al.,|2016). Therefore, it is plausible that even at the
same eccentricity within individual observers, anatomical profiles corresponding to distinct
regions of the visual field may be fundamentally heterogeneous and this creates an intrinsic
spatial bias from early stages of the cortical visual hierarchy. When visual information is
passed to later visual areas, local variations are inherited and neurons in those higher-level
visual regions can be impacted through neural undersampling processes (Afraz et al., 2010)).
Although speculative, our results suggest that this inheritance happens both in the ventral
occipitotemporal visual pathway for object vision and the parietal pathway for spatial vision
(Mishkin et al., 1983); this includes higher-level regions such as inferior temporal cortex,
which has been linked to the perceived size of objects (Cohen et al.,|1994)), and the posterior
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parietal cortex, which is responsible for spatial representation and head-centered localization
(Andersen et al., |[1997).

How can the fundamental anatomical structure of our primary visual cortex be inhomo-
geneous? One possibility is random variation in receptive field number, size, and/or density
in any isoeccentric location of the visual field. Another possibility is that inhomogeneities
are introduced through development. For example, heterogeneous spatial resolutions could
be the aftermath of infant astigmatism (Mohindra et al., |[1978). Although significant astig-
matism found in infancy typically disappears with age (Atkinson et al., [1980), such early
astigmatism could introduce or shape inhomogeneities in visual cortical density and/or re-
ceptive field properties. It is also plausible that the idiosyncrasy we find may be determined
naturally by genes and shaped by neuron migration, cortical connectivity and brain folding
in early stages of life. For example, individual differences in the ability to recognize faces
were found to be largely genetically driven through twin studies (Wilmer et al., 2010)). Fu-
ture research on the visual development of individuals is needed to understand why humans
develop such an idiosyncrasy in vision.

Although stable, consistent, and accurate spatial localization is frequently assumed to be
a simple product of retinotopic position, our results challenge this belief and demonstrate
that every individual is characterized by idiosyncratically distorted visual space. These
distortions may be induced by heterogeneous spatial acuity across the visual field, and can
influence visual appearance of object size, which suggests that these idiosyncratic fingerprints
may be driven by variations in early visual cortex and are inherited along the visual hierarchy.

In Chapter 2, we discussed the potential origins of the idiosyncratic biases in object
localization and also showed these biases can predict the perceived size of objects. However,
it remained unknown whether these perceptual biases would exist with real-world, complex
stimuli and also within experts. To answer this question, in the next Chapter, we investigated
the variations in the perceptual biases towards medical images from expert radiologists.
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Chapter 3

Idiosyncratic biases in the perception
of medical images

Medical image perception is fundamentally important for decisions that are made on a daily
basis by clinicians in fields ranging from radiology and pathology to internal medicine (Samei
& Krupinski, 2018). At a fundamental level, the kinds of decisions that are made depend
on the perceptual information that is available to these clinicians (Kundel, [2006; Samei and
Krupinski, [2009; Krupinski, 2010). This hinges largely on the clinicians’ basic perceptual
abilities as human observers (Kundel, [1989; Quekel et al.,|1999; Donald and Barnard, 2012)),
as well as their specific training and experience (Fletcher et al., 2010; Theodoropoulos et al.,
2010; Sha et al., 2020).

It has been known for decades that radiologists have significant individual differences in
their diagnostic performance (Elmore et al., [1994; Feldman et al., [1995; Beam et al., 1996}
Elmore et al., [1998; Tan et al., [2006; Elmore et al., 2002; Lazarus et al., |2006; Elmore et
al., [2009; Sonn et al., 2019; Pickersgill et al., 2019)). For example, radiologists vary in the
accuracy of their mammography reading (e.g., Feldman et al.,|1995; Beam et al., [1996; Tan
et al., 2006; Elmore et al., 2002)). Similar results were found in prostate magnetic resonance
imaging screening (e.g., Sonn et al., 2019; Pickersgill et al., [2019). Some studies suggested
that these strong individual differences are due to variation in radiologists’ training (e.g.,
Linver et al., |[1992; Berg et al., 2002; Van Tubergen et al., [2003)), as well as their experience
level (e.g., Herman and Hessel, |1975; Elmore et al., |1998; Manning et al., 2006; Molins
et al., 2008; Rosen et al., 2016). Other studies proposed that some differences may be due
to the strategies adopted by radiologists (Kundel and La Follette Jr, 1972; Kundel et al.,
1978; Krupinski, 1996)). For example, radiologists tend to follow two main search strategies.
“Drillers” keep fixation on a certain area, and scroll through depth, whereas “Scanners” scan
an entire image before moving to the next one (Drew et al., 2013; Mercan et al., [2018)).

In recent years, more and more studies have documented and investigated the individual
variations in the perceptual performance among groups of untrained observers (e.g., Wilmer
et al., 2010; R. Wang et al., [2012} Kanai and Rees, 2011; Schiitz, 2014; Wexler et al., 2015);
Wilmer, 2017; Grzeczkowski et al., [2017; Z. Wang et al., |2020; Canas-Bajo and Whitney,
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2020; Cretenoud et al., |2020; Cretenoud et al., [2021) and a few studies also investigated
the perceptual abilities among clinicians including radiologists (see Waite et al., 2019 for
a review; Smoker et al., [1984; Corry, |2011; Birchall, 2015; Langlois et al., [2015; Sunday,
Donnelly, & Gauthier, 2017, [2018]). Typical human observers actually have substantial
individual differences in their perceptual abilities and biases (for reviews, see Wilmer, 2017}
Grzeczkowski et al., 2017, Mollon et al., 2017). These individual differences have been
documented from the very lowest level perceptual functions, including localization, motion,
and color perception (Schiitz, 2014; Wexler et al., [2015; Kosovicheva and Whitney, 2017}
Kaneko et al., 2018} Emery et al., 2019; Z. Wang et al., 2020) to higher-level object and face
recognition skills (Wilmer et al., 2010; Richler et al., 2019; Canas-Bajo and Whitney, [2020;
Cretenoud et al., 2020; Cretenoud et al., [2021)). For example, we localize objects nearly every
moment of every day, making saccades and other eye movements to the text on this page,
reaching for a pen or a coffee cup, or appreciating the position of a pedestrian stepping off a
curb into the road. Despite the extensive training in localizing objects, individual observers
have strong, stable, and consistent idiosyncratic biases in the locations they report objects
to be (Kosovicheva and Whitney, [2017; Z. Wang et al., 2020)).

Another example of striking individual differences is face recognition, which varies sub-
stantially between observers (Duchaine and Nakayama, [2006; Russell et al., [2009; Wilmer
et al., 2010; R. Wang et al., 2012; Russell et al., [2012; Bobak et al., 2016). For example, so
called “super recognizers” can match the identity of random photographs of children to their
corresponding adult photographs, whereas those with prosopagnosia often cannot recognize
the identity of faces, even themselves or loved ones (Duchaine and Nakayama, 2006} Klein
et al., [2008;Russell et al., 2009). These individual differences arise despite extensive training
and everyday experiences observers have with faces, and despite the many brain regions
and networks devoted to the processing of faces (Kanwisher et al., [1997; Gauthier et al.,
2000; Haxby et al., 2001). Holistic face recognition, inversion effects, fractured faces, and
other kinds of illusions demonstrate the richness, sophistication, and specialization that we
have for recognizing faces (Moscovitch et al., [1997; Farah et al., |1998; Maurer et al., 2002}
Rossion, 2013). Still, despite all of that training and exposure, human observers have wildly
different face recognition abilities. A great deal of the individual differences in human visual
perception might be explained by genetic variations (Wilmer et al., 2010; Q. Zhu et al., 2010}
R. Wang et al.,2012; Z. Zhu et al., [2021)), but other individual differences are due to training
and experience (Germine et al., 2015; Sutherland et al., [2020; Chua and Gauthier, |2020)).

This body of recent perceptual research provides important insights for the idiosyncrasies
among radiologists. A first possibility is that there are differences in perceptual sensitivity
including visuospatial skills and novel object recognition abilities between clinicians (Smoker
et al.,|[1984; Corry, 2011} Birchall, 2015} Langlois et al.,[2015; Sunday, Donnelly, & Gauthier,
2017, 2018)), just like individuals vary in their sensitivity when recognizing faces (Wilmer
et al., 2010). This has been the major focus of previous studies investigating individual
differences in radiologist perception (see Waite et al., 2019 for a review). These differences in
sensitivity could be a natural consequence of variability in experience and training (Herman
and Hessel, [1975; Linver et al., |1992; Elmore et al., |[1998; Berg et al., 2002; Van Tubergen et
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al., [2003;Manning et al., 2006; Molins et al., 2008; Rosen et al., 2016). Other potential factors
include genetic variations, and are not unexpected and could be superseded by training
(Bass & Chiles, [1990). A second non-exclusive possibility is that there are differences in
perceptual biases between different clinicians. For example, clinicians might systematically
and consistently misperceive textures, colors, shapes and locations in different ways, as it is
known to occur in untrained observers (Schiitz, [2014; Wexler et al., 2015; Kosovicheva and
Whitney, 2017; Kaneko et al., 2018; Emery et al., 2019; Z. Wang et al., 2020; Canas-Bajo
and Whitney, 2020; Cretenoud et al., 2020; Cretenoud et al., 2021]).

Whether there are idiosyncratic perceptual biases that clinicians bring to medical image
recognition tasks has not been closely studied, but any biases that exist could influence
accuracy, diagnostic errors, etc., even if perceptual sensitivity was constant. Conversely, the
individual differences in perceptual sensitivity among radiologists (Birchall, 2015; Sunday,
Donnelly, & Gauthier, 2017, 2018) do not predict that there are necessarily systematic
idiosyncratic perceptual biases. In fact, there may be no idiosyncratic biases in perception
despite the individual differences in accuracy. This is worth reiterating: individual differences
in sensitivity need not be the same as individual differences in bias (even if they could be
correlated suggested by Wei and Stocker, 2017). Therefore, the question of idiosyncratic
biases in clinician perception remains unknown and untested in prior literature.

One reason we believe that investigating perceptual biases (as opposed to sensitivity)
was difficult in prior research is that the stimuli used were natural (clinical settings) and
therefore not easily or well controlled. Hence, it is almost impossible to measure systematic
perceptual biases in radiologists in those studies. In order to measure these idiosyncratic
biases in the medical image perception performance of radiologists, we need controlled stimuli
and experiments. The goal of this study was to test for idiosyncratic perceptual biases in
a group of radiologists with controlled visual stimuli. We also compared the radiologists’
results to a comparable group of naive participants who were untrained and inexperienced
with medical images.

Experiment 1

Raw data for Experiment 1 were obtained from a previously published experiment on percep-
tual judgments by radiologists and untrained non-clinical observers (Manassi et al., 2021)).

Methods

Participants

Fifteen radiologists (4 female, 11 male, age: 27-72 years) and eleven untrained college stu-
dents (7 female, 4 male, age: 19-21 years) were tested in the experiment. Radiologists
participated on site at RSNA annual meeting and college students were recruited at the
University of California, Berkeley. Two radiologists did not finish the study, and their data
were excluded. Sample size was determined based on radiologists’ availability at RSNA and
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was similar to previous studies on the perceptual performance of radiologists and individual
differences in visual perceptual biases (Manassi et al., [2019; Manassi et al., 2021; Koso-
vicheva and Whitney, 2017; Z. Wang et al.,|2020). Experiment procedures were approved by
and conducted in accordance with the guidelines and regulations of the Institutional Review
Board at University of California, Berkeley. Participants all consented to their participation
in the experiment.

Stimuli and Design

Three random objects were created to simulate tumor prototypes. Between each pair of pro-
totypes, 48 morph images were generated using FantaMorph (Abrosoft Co.). This resulted
in a continuum of 147 simulated tumors in total (Figure [3.1h). In addition to the simu-
lated tumors, 100 real mammogram images taken from The Digital Database for Screening
Mammography were used in this study as background textures (Heath et al., 2001]).

On each trial, one of the 147 simulated tumors was randomly chosen and presented on top
of a randomly chosen real mammogram background image (see Figure for an example
trial). The simulated tumor was shown at a random angular location relative to central
fixation (0.35 degrees of visual angles) in the peripheral visual field with an eccentricity of
4.4 degrees of visual angle. After 500 ms, a noise mask covered the whole screen for 1000
ms to reduce retinal afterimages. Next, one random simulated tumor image was shown
at the center of the screen, and participants (trained radiologists and untrained observers)
were instructed to adjust the current image to match the previously shown simulated tumor.
This adjustment was performed by pressing the left and right arrow keys to move along the
simulated tumor continuum.

Participants were allowed to take as much time as needed to complete this task. Once
they decided on the chosen image, they confirmed their response by pressing the space bar.
A brief 250 ms pause followed their response, and then the next trial began. Each participant
completed 255 trials in total.

Data Analysis

For each participant, we estimated their perceptual biases with their response errors on each
trial by calculating the shortest distance in morph unit on the simulated tumor continuum
between the target and their response.

In order to directly compare the discriminability of the simulated tumors between radiol-
ogists and untrained observers, we calculated the just-noticeable-difference (JND) by fitting
a Gaussian function on the response error frequency on individual observers, and calcu-
lated half of the distance between the 25th and 75th percentile of the cumulative Gaussian
distribution that was transformed from the best-fitted Gaussian function.

Within-subject consistency in the response errors was calculated with a split-half corre-
lation for each observer. To compensate for the lack of trials for each image, we first binned
every three simulated tumors into one, so that the number of unique simulated tumors was
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reduced to 49, but every binned simulated tumor had on average 5 trials of response errors.
We then used a nonparametric bootstrap method to estimate split-half correlations (Efron
& Tibshirani, [1994). On each iteration, for each observer and each binned simulated tumor,
we randomly split the responses into two halves and calculated the mean response errors for
each half (see Fig. and for the two randomly-split halves from all radiologists and
Fig. and for all untrained observers). Next, the two halves were correlated and
then the Pearson’s r value was transformed into a Fisher z value (see Fig. and for
the individual within-subject correlations for each radiologist and each untrained observer).
We then averaged the z values from radiologists and untrained observers separately and
the averaged Fisher z values from two groups were transformed back to Pearson’s r values
(Fisher transformations were applied for all analyses when calculating the average of corre-
lation values). We repeated this procedure 1000 times so that we could estimate the mean
within-subject correlations and 95% bootstrapped confidence intervals (CI) for radiologists
and untrained observers separately (Figure [3.2, left panel).

Between-subject consistency was calculated similarly. After splitting every observer’s
data into two random halves (i.e., by randomly selecting 50% of the data on each iteration),
we correlated one half from one observer with one half from another observer. All pairwise
correlations were averaged to estimate the between-subject consistency. By repeating the
procedure 1000 times, we obtained the mean between-subject correlations and 95% boot-
strapped Cls separately for radiologists and untrained observers (Figure , right panel).

Next, we estimated the expected chance-level within and between-subject correlations by
calculating permuted null distributions. On each iteration, and for each observer, we again
split the response errors for each binned simulated tumor into two halves as we did in the
bootstrap procedure. We then systematically shifted one half by some random units (for
example, simulated tumors 1, 2, 3 might be labeled as simulated tumors 7, 8, 9), and the
shifted half was correlated with another unchanged half. For within-subject correlations,
the unchanged half came from the same observer. For the between-subject correlations, the
unchanged half came from a different observer. The resulting correlations from individual
participants (within-subject) or different pairs of participants (between-subject) were av-
eraged together to get the permuted within-subject or between-subject correlations. This
permutation method allowed us to estimate the null correlations by correlating the response
errors of different stimuli with each other while at the same time preserving the relationship
between similar stimuli (Monte Carlo Permutation Test, MCPT; Dwass, 1957; Edgington
and Onghena, 2007; Manly, 2018). This permutation procedure was repeated 10,000 times
to estimate permuted null distributions for within-subject and between-subject consistency.
We did this separately for radiologists and untrained observers. The mean empirical boot-
strapped correlations were then compared to their corresponding permuted null distributions
to estimate the statistical significance of the mean bootstrapped within and between-subject
correlations.

Internal consistency of the stimuli used in the experiment was calculated using Cronbach’s
alpha (Cronbach, |1951)). We first binned the simulated tumors into three categories (i.e., the
three prototypes). Each image was labeled as the closest simulated tumor prototype based
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Figure 3.1: Stimuli and an example trial in Experiment 1. (a) The simulated tumor con-
tinuum was generated from three tumor-shape prototypes. Between each pair of prototype
images, 48 morph images were generated, resulting in a total of 147 images. (b) On each
trial, observers saw a simulated tumor target (indicated by the red arrow; note that the red
arrow was never shown in actual experiment) superimposed on a real radiograph for 500 ms,
which was followed by a noise mask covering the full screen for 1000 ms. Then a randomly
chosen simulated tumor was shown at the center of the screen and observers pressed the left
or right arrow key to adjust it and match it with the target. They confirmed their response
by hitting the space bar and after a 250-ms inter-trial-interval, the next trial began.

on its distance on the simulated tumor continuum. Participants’ responses (i.e., selected
images) were also transformed into three categorical responses as above. We estimated
Cronbach’s alpha separately for radiologists and untrained observers.

Results

Our goal was to measure individual differences in radiologist perception and compare these
to the individual differences found in a sample of untrained observers. In Experiment 1,
we used artificial radiographs: images with controlled shapes that were presented briefly in
noise (Figure [3.1h). The background noise was taken from authentic radiographs (Heath
et al., , and was therefore realistic. The simulated tumors, on the other hand, were
intentionally artificial because we aimed at having highly controlled stimuli with solid ground
truth information; this allowed us to precisely measure perceptual biases in judgment. On
each trial, the clinician saw a brief image of a radiograph with a simulated tumor. The
clinician was asked to find the simulated tumor in the noise image, and then to match
that simulated tumor with a test stimulus in a continuous report paradigm (Figure [3.1p).
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The advantage of this paradigm over categorization or forced-choice tasks is that it gives
trial-wise errors and allows us to measure a complete error distribution with high-resolution
information. The goal here was not to recreate a diagnostic imaging task, but to measure
perceptual biases for visual stimuli that used noise backgrounds similar to those found in
typical radiographs.

The results showed that the practicing radiologists are able to match the artificial tumor
with a corresponding shape very accurately: mean JND was 10.5 morph unit with standard
deviation 2.0 morph unit). This confirms that they were able to detect and recognize the
simulated tumors. Our goal was to look for individual differences that may have been stable
and consistent within a particular observer—whether there are idiosyncrasies in clinician
perception. To measure this, we calculated the consistency in the observer judgments of the
simulated tumors. Each simulated tumor was different, and we measured systematic errors
in judgments for each specific image. Insofar as there are differences in clinician perception,
they might report deviations or biases and (mis)report a simulated tumor consistently.

Figure[3.2h shows an example of an individual radiologist’s biases as a function of stimulus
number and all remaining radiologists are shown in Fig. [3.2d. We calculated the split half
correlation within each observer (Fig. [3.2b) across all of the stimuli and found that there was
a significant within-participant correlation (Fig. [3.2k, left panel, red bar; mean Pearson’s
r = .37,p < .001, permutation test). Hence, each observer had idiosyncratic biases in their
perceptual reports, and those were consistent within each observer. We also calculated the
between-observer correlation, using the same approach. This is the correlation between
different clinicians, or how similar their residual errors were to each other; it is a measure
of how much agreement there is between observers. We found that there was significantly
more correlation within a given clinician than between clinicians (Fig. , right panel, red
bar; mean r = .22, bootstrap test, p < .001). This cannot be attributed to noise. Simply
adding noise reduces the correlation both within and between observers; adding noise can’t
increase the within observer correlation. The results suggest that individual clinicians have
consistent biases in their perceptual reports. The source of these biases is unclear, but they
are observer-specific.

To compare this sample of clinicians with an untrained group, we collected data on
the same experiment with another group of naive untrained non-clinical observers (Fig.
. The observers performed the exact same continuous report matching task. Untrained
observers also perceived the simulated tumors accurately (mean JND: 10.0 morph unit,
standard deviation: 1.9 morph unit; see Experiment 1, Data Analysis for the estimation of
JNDs) and their discriminability did not differ from that of radiologists (t = 0.64,p = .53).
We also looked into the within-subject and between-subject consistency among untrained
observers and found qualitatively similar results (Fig. [3.2c). First, there were significant
individual differences in the untrained observers (Fig. , left panel, yellow bar; mean
r = .30,p < .001, permutation test; individual observer within-subject correlations in Fig.
3.3b). The between-subject correlation was significantly lower (Fig. , right panel, yellow
bar; mean r = .17,p < .001, bootstrap test). This echoes the group of radiologists: there
are individual differences in simulated tumor recognition, even in untrained observers.
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Figure 3.2: Figure 2. Experiment 1, individual differences in radiologists’ perception. (a)
An example radiologist’s error plot. The abscissa shows the stimulus index (from Fig. la)
and the ordinate is the observer’s continuous report error. Because of the limited number of
trials, data were down-sampled by binning every three neighboring simulated tumors on the
continuum into one; this resulted in 49 instead of 147 data points (see Experiment 1, Data
Analysis). For the purposes of visualization, we randomly split the data into two halves (red
and blue curves) and plotted them separately (in the analysis this procedure was repeated,
see Methods). The shaded area around the two halves represents the 95% bootstrapped
confidence interval for each half. (b) The average bootstrapped split-half within-subject
correlation for each radiologist. Error bars represent the 95% bootstrapped Cls for each
individual radiologist. (¢) Within-subject consistency and between-subject consistency were
averaged within each group of observers (radiologists in red; untrained observers in yellow).
For both groups, the within-subject correlations were significantly higher than between-
subject correlations, and radiologists were significantly more consistent within themselves
compared to untrained observers. Error bars represent the 95% bootstrapped Cls and the
horizontal black lines represent the 97.5% upper bound of the permuted null distributions.
*op < .05, p < .001. (d) Individual radiologist’s error plots for Radiologists B-M.
Strong idiosyncrasies are clear between different radiologists while at the same time there
are noticeable consistencies within each radiologist, indicating stable response biases. The
abscissa and ordinates for error plots in (d) are exactly the same as those in (a) so for visual
simplicity, they are not labeled.
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Figure 3.3: Experiment 1, individual differences in untrained observer perception of simu-
lated tumors. (a) An example untrained observer’s error plot (as in Fig. [3.2)). The shaded
ribbons around the two halves (red and blue data) represent the 95% bootstrapped con-
fidence intervals for each half. (b) The bootstrapped within-subject correlation for each
untrained observer (c.f., the group average in Fig. [3.2k). One observer (Observer K) showed
a moderately negative within-subject correlation, but this could be due to chance. Error
bars represent the 95% bootstrapped Cls. (c¢) Individual subject error plots for untrained
observers B-K. The individual differences previously found among radiologists (Fig. [3.2)
were replicated with the untrained observers. Ordinate and abscissa for each error plot in
(c) are identical to those in panel (a).
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There are, however, several differences between the radiologists and untrained observers
that are worth noting. First, the within-observer correlation was higher for the radiolo-
gist group than for the untrained observers (p < .05, bootstrap test). Clinicians are more
consistent in their observer-specific biases than untrained observers. Given that clinicians
and untrained observers do not differ significantly in their perceptual sensitivity measured
by JNDs, this result echoes our hypothesis that idiosyncratic perceptual biases could be ob-
served even without differences in overall perceptual sensitivity. Second, the between-subject
correlation was not 0 in either group (ps < .001, permutation test). There are therefore some
consistencies between observers in how these stimuli are judged. The individual differences,
however, significantly outweighed the commonality, since the within-subject correlations of
both groups were significantly higher than the between-subject correlations (ps < .001).
Together, the results in Experiment 1 showed that radiologists and untrained observers both
demonstrated strong individual differences in their perceptual biases towards different sim-
ulated tumors in a shape matching task, and radiologists tend to have higher consistency in
their own biases.

However, several questions were still left unanswered. First, in Experiment 1, although
we used real mammograms as backgrounds, the simulated “tumors” were clearly artificial
and different from real tumor shapes (Fig. [3.1a). It is unclear whether radiologists would
show any idiosyncratic perceptual biases on real or very-close-to-real radiographs. Second, it
remains unknown whether these perceptual biases can be observed in perceptual tasks other
than continuous report shape matching. Third, we wondered whether similar individual
differences would still exist for medical images other than mammograms. Therefore, to
further explore these questions, we conducted a second experiment.

Experiment 2

Raw data for Experiment 2 were obtained from a published study (Ren et al., [2021)).

Methods

Participants

Seven trained radiologists (3 female, 4 male, age: 28-40 years) and five untrained observers
(3 female, 2 male, age: 23-25 years) were recruited in the experiment. Sample size was deter-
mined based on previous studies on the perceptual performance of radiologists and individual
differences in visual perceptual biases (Manassi et al., 2019; Manassi et al., 2021; Kosovicheva
and Whitney, 2017; Z. Wang et al., 2020)). Experiment procedures were approved by and
conducted in accordance with the guidelines and regulations of the Institutional Review
Board at University of California, Berkeley. Participants all consented to their participation
in the experiment.
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Stimuli and Design

Fifty CT lesion images were randomly sampled from the DeepLesion Dataset (Yan et al.,
2018)), and fifty simulated lesion images were generated through the Generative Adversarial
Networks (GAN) trained with 20,000 real CT lesion images from the DeepLesion Dataset
(Ren et al., 2021)). This resulted in a total of 100 images (see Figure for examples). Ac-
cording to Yan and colleagues (2018)), there were multiple types of lesions in the DeepLesion
Dataset, including lung nodules, liver tumors, enlarged lymph nodes, and so on, and images
included both chest and abdomen CT images.

Both radiologists and untrained observers were recruited to perform an image rating task
(Figure ) On each trial, one of the 100 images was pseudo-randomly chosen to present
to the observers and it remained on the screen for at most five seconds. Observers were
instructed to rate the realness of the image on a continuous scale ranging from 0 to 10 (0:
fake, 10: real). Participants could respond at any point during image presentation, or they
could take as much time as necessary after the image offset. The next trial started imme-
diately after their response. Each image was shown exactly once in these 100 trials. Both
radiologists and untrained observers were informed that the stimuli shown in the experiment
were composed of 50% real images and 50% GAN-generated images.

To estimate test-retest reliability, 20 real images and 20 GAN-simulated images were
randomly chosen from the aforementioned 100 images. These 40 images were randomly
inserted in the previous 100 image list and were presented in the same manner. Thus, there
were in total 140 trials for each participant.

Data Analysis

Due to a technical problem during image display, one of the forty repeated images failed to
show up for some participants, so only the ratings for 39 out of the 40 repeated images were
used (39 initial ratings and 39 retest ratings) in all following analyses.

We recognized that the raw ratings could be influenced by participants’ extreme response
tendencies. For example, some might tend to give higher ratings across all images while some
may rate lower. Throughout the manuscript we refer to these types of response tendencies
as ‘“response propensities”, to avoid confusion with other terms like response bias, that can
mean different things in different circumstances. To reduce the effect of response propensities,
for each participant, we first normalized their raw ratings by rescaling them to range from
0 to 10 using the equation below (X is the raw ratings from one participant, X,,;, is the
minimum of this participant’s raw ratings and X4, is the maximum).

Xpew = (10 % (X — X,in))/(Xpax — X,pin))

After normalization, for each participant, we again used response errors as a proxy for
perceptual biases. We estimated their response errors by calculating the absolute difference
between the normalized ratings and the corresponding ground truth of each image (0 for
GAN-generated images and 10 for real CT images). Then, similar to Experiment 1 (see
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Data Analysis), we estimated the within-subject and between-subject consistency of their
response errors. Within-subject consistency was estimated by the average test-retest relia-
bility among participants (i.e., correlating the response errors from the 39 initial trials and
the 39 retest trials). Figure shows the individual split-half within-subject correlations
for each radiologist and each untrained observer. Between-subject consistency was estimated
as the average pairwise correlations among participants. This was calculated separately for
radiologists and untrained observers.

Bootstrap distributions of the within and between-subject correlations were estimated
to test whether the average correlations were simply driven by extreme observer(s). For
within-subject correlations, on each iteration, we randomly sampled seven radiologists and
five untrained observers with replacement, calculated each observer’s within-subject corre-
lation and then averaged the correlations through Fisher transformation (Figure , left
panel). For between-subject correlations, on each iteration, we sampled the same number
of pairs of subjects from all possible pairs of subjects with replacement, calculated all pair-
wise correlations for the sample and the between-subject correlation was estimated as the
mean of all pairwise correlations (Figure , right panel). These procedures were repeated
1000 times to estimate the 95% within-subject and between-subject bootstrapped Cls for
radiologists and untrained observers separately.

To examine the expected correlations by chance, permuted null distributions were also
calculated in Experiment 2 by shuffling the image labels for the initial trials and the retest
trials, so that the response error for one image might then be treated as the response error
for another. Null distributions were separately calculated for radiologists and untrained ob-
servers. On each iteration, the shuffled response errors from initial trials and retest trials
from the same observer were correlated to obtain a null estimate of within-subject consis-
tency. This was done for every observer (every radiologist and every untrained observer),
and the set of pairwise correlations were averaged across the group of observers to create
one null sample. This procedure was repeated 10,000 times to create a null within-subject
distribution. To create between-subject null distributions, we calculated all pairwise cor-
relations between the shuffled initial response errors from one observer and the shuffied
retest response errors from another observer. This was repeated 10,000 times to generate
a between-subject null distribution. Permuted null distributions were calculated separately
for radiologists and untrained observers, and, from these, 95% permuted confidence intervals
(Cls) were estimated.

Results

In Experiment 2, we tested whether idiosyncratic perceptual biases can be observed with
images from a different modality (CT images), a very different perceptual task and highly
realistic GAN-generated images. Generative Adversarial Networks (GAN) were trained by
Ren and colleagues (2021) with real CT lesion images taken from the DeepLesion Dataset
(Yan et al., 2018), and then the GAN model was used to generate artificial lesion images.
Observers were recruited to perform an image discrimination task including 50 real lesion
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Figure 3.4: Experiment 2 example stimuli and results. (a) Examples of real (left column)
and GAN-generated (right column) CT lesion images used in the experiment. Visually and
qualitatively the images are similar, and a previous study showed that these GAN-generated
images were visually metameric: they were indistinguishably realistic to both radiologists
and untrained observers (Ren et al., [2021)). (b) An example trial in Experiment 2. On each
trial, either a real CT lesion image or a GAN-generated image was shown on the screen for
at most 5 seconds. Participants could rate the realness of the image from 0 to 10 (0: fake,
10: real) anytime during the image presentation or after the disappearance of the image
(self-paced). The next trial began after the rating was made. (c¢) Within-subject consistency
for each radiologist and untrained observer, calculated from the split-half correlation of each
observer’s response errors of the same images. (d) Within-subject correlations significantly
exceeded between-subject correlations for both groups (p < .01 for untrained observers and
p < .001 for radiologists), which replicated the individual differences found in Experiment 1
and extended the results to a new task, a new type of medical image, and with more realistic
stimuli. Error bars represent the 95% bootstrapped CIs and the horizontal lines represent
the 97.5% upper bounds of the permuted null distribution. **: p < .01, ***: p < .001.
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images and 50 GAN-generated images (see Figure for example stimuli), in which both
radiologists and untrained observers rated how realistic each image appeared. Among these
100 images, 20 real images and 20 artificial images were repeated twice so that we could
estimate the within-subject consistency. Figure [3.4p shows an example trial.

In general, the GAN-generated images were indistinguishable from real lesion images for
both untrained observers and radiologists (mean d’ values: 0.18 and 0.27 respectively) and
there was no significant difference between different groups of participants (¢ = 0.4,p >
.5). This suggested that the artificial GAN-generated images were highly realistic and even
experts with training could not distinguish them effectively (Ren et al., 2021). This general
lack of sensitivity, however, does not preclude individual biases in the discrimination of the
CT lesion images.

The goal of the following analysis was to measure whether there are systematic and
idiosyncratic stimulus-specific biases in the perception of CT lesions by radiologists and
untrained observers. As in the first experiment, we measured within and between subject
consistency of the perceptual judgments. Since raw ratings may be subject to observers’ re-
sponse propensities, we normalized the ratings for each observer and then calculated response
errors to get a more accurate estimate of their perceptual biases based on the normalized
ratings (see Experiment 2, Data Analysis). Figure shows each observer’s within-subject
consistency and the mean within-subject and between-subject consistency is shown in Figure
[3.4d. We again found a significantly higher within-subject consistency (Fig. [3.44, left panel)
in both radiologists (Pearson’s r = .56) and untrained observers (Pearson’s r = .34) com-
pared to their corresponding between-subject consistencies (Fig. , right panel; r = .22
and r = .12, bootstrap test, p < .001 and p < .01, for radiologists and untrained observers
respectively). This replicated the findings in Experiment 1, indicating that each radiolo-
gist and each untrained observer have their own unique biases in the perception of medical
images that cannot be explained by shared biases among observers. We again found that
between-subject correlations were significantly higher than the permuted null correlations
for both groups of observers (permutation test, p < .001 and p < .01 for radiologists and
untrained observers respectively), suggesting that observers do share some of their biases.
This could be due to some textures or features of the images that commonly influenced the
observers’ discrimination of the real or fake CT lesion images.

Taken together, in Experiment 1 we found idiosyncratic biases in radiologists when they
made perceptual judgments about artificial simulated tumor shapes, and their biases were
stronger compared to untrained observers. Experiment 2 further extended these results and
demonstrated strong individual variations in radiologists’ biases in the perceived realness of
GAN-generated and real CT lesion images, suggesting that idiosyncratic perceptual biases
among radiologists are not tied to a specific type of medical images or tasks, but rather
they can be generally observed among different modalities of medical images and different
tasks. These individual observer specific biases are found even without significant difference
between observers’ perceptual sensitivity measured by d’.
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Discussion

We found significant individual differences in radiologists’ perceptual biases. Experiment 1
showed that each radiologist demonstrates unique perceptual biases towards simulated tu-
mors in a shape matching task, and their own internal biases were even more consistent than
untrained observers (Fig. ) Experiment 2 replicated and extended the results by again
showing individual differences in radiologists when they perceived GAN-generated and real
CT lesion images in an image discrimination task (Fig. [3.4d). These individual differences
were not simply induced by task or stimuli since they were found across different radiologists,
different modalities of medical images, and different tasks. Thus, we propose that the indi-
vidual differences in radiologist perception may arise at least in part because of distortions in
perceptual judgments at the level of specific clinicians. These kinds of individual differences
in basic perceptual bias could, in turn, potentially influence the performance of radiologists
in diagnostic practice.

What are the potential mechanisms underlying these idiosyncratic perceptual biases
among radiologists? One possibility is that different radiologists may have different percep-
tual templates or perceptual representations of the tumor or of medical images in different
modalities, analogous to studies showing that human observers have different perceptual
templates of faces (e.g., Dotsch and Todorov, 2012; Moon et al., 2020). Differences in these
templates could be associated with different biases, and could arise as a natural consequence
of their intensive training and years of experience (Imhoff et al., 2011; Jack et al., 2012}
Soto, 2019)). Previous research has supported that attention towards perceptual stimuli can
be guided differently according to the perceptual templates or mental representations (e.g.,
Griffin and Nobre, 2003 Olivers et al., |2011)), so the variations in observers’ mental repre-
sentations could potentially direct their attention to different parts of the simulated tumors
or the radiograph background and thus lead to idiosyncratic perceptual biases. It remains
unknown if this is the case, but it is worth pursuing in future research.

Another possible explanation is natural statistics. Radiologists may not have literal
“templates,” but may have some priors or learned distributions of the statistics in medical
images, similar to how human observers represent the statistics of scenes (Torralba and
Oliva, 2003; Stansbury et al., 2013). These priors may include low-level information such as
luminance and contrast, but may also contain higher-level, multi-dimensional representations
of textures. These kinds of image statistics could underlie perception of gist in medical
images (Evans et al., 2019). Sensitivity to this information can be shaped specifically by
the natural statistics of medical images that clinicians are exposed to during their medical
training and diagnostic practice, and it can also come from other non-specific visual images
or perceptual experiences in their everyday life. This could explain why the GAN-generated
medical images may have confused the experts in Experiment 2, since the image statistics
would have been learned and captured by the GAN. Our current study cannot pinpoint the
underlying mechanism responsible for idiosyncratic perceptual biases, but image statistics
or templates (or both) could be involved. It would be valuable to explore this in future
research.
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There are several concerns raised by our results that we address here. First, it might be
argued that stronger idiosyncratic biases in the radiologists in Experiment 1 could simply
result from the radiologist group being more attentive to the task or lapsing less frequently.
In principle, that may explain the higher within-subject correlation as well as the higher
between-subject correlation in Fig. [3.2k. Although this is possible, this does not seem
likely, as the overall discriminative ability was fairly similar between the two groups and the
just noticeable difference was comparable and not significantly different for both the clinician
group and the naive untrained group (see Experiment 1 results). Hence, the stronger within-
subject correlations—stronger individual differences within the clinicians—did not simply
arise because of attentiveness. On the other hand, the stronger individual differences in the
clinician group could arise, in part, from the unique and lengthy training that the clinicians
receive, or the practice that they have had in related types of perceptual tasks.

One limitation is that the task we used in the Experiment 1 was not realistic and arguably
was not representative or typical of a radiologist’s task because radiologists mostly perform
detection or categorization tasks in their everyday routine, while our task was a continuous
report adjustment method. However, the adjustment task can be more advantageous than
detection or categorization tasks since it can measure the subjective perceptual represen-
tations and criterion of the observers (Pelli & Farell, [1995), it provides very fine-grained
information about errors, and it provides critical behavioral insights for understanding the
perceptual biases in medical image perception. Moreover, there is no evidence that we know
of that continuous report psychophysical measures systematically misrepresent recognition
processes (e.g., Prinzmetal et al., |1998; see Stevens, 1958; Gescheider, 2013| for reviews).
Nevertheless, future studies could extend our results by testing radiologists with our con-
trolled realistic stimuli in a task that is more similar to those in clinical practice.

Another related concern is that the task in Experiment 1 may be unrealistic because it
required a variety of perceptual and memory related skills. Observers (naive observers or
skilled radiologists) were asked to detect and recognize a simulated tumor. During this task,
they had to hold information in visual short-term memory and subsequently match a stimulus
to what was previously seen. This is indeed broader in scope than a traditional forced-choice
paradigm. Nevertheless, the detection, recognition, and visual short term memory processes
involved in our task are the kinds of abilities that are used by clinicians on a daily basis.
Multitasking is not uncommon for radiologists in realistic settings; they often have multiple
screens and multiple radiographs; they gaze between different regions of the visual field and
integrate information separately from multiple radiographs and files; radiologists often need
to hold in short term memory information about the patient, diagnostic history, etiology,
referring physician, etc.; and, they may be interrupted mid-diagnosis by the phone, noise,
and other realistic factors (see Kansagra et al., [2016 for a review). Moreover, visual short
term memory processes work even at the shortest time scales (e.g., even across saccades;
Irwin, 1991). In other words, the complexity of the radiologist’s task goes well beyond a
simple instantaneous forced-choice.

Our experiment does not capture the full complexity of the radiologist’s family of tasks,
but the basic processes it taps are highly relevant to those used by radiologists. The re-
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sults reinforce this: radiologists had higher within-subject consistency than the untrained
observers. This suggests that individual radiologists have more consistent and systematic
biases in this simulated tumor matching task compared to untrained observers, indicating
that their expertise or experience is in fact reflected in this task. Although radiologists and
untrained observers had similar sensitivity, as measured by JNDs, this is not surprising since
previous studies have found that untrained, naive observers can perform significantly better
than chance in the Vanderbilt Chest Radiograph Test Sunday et al., 2017, and other studies
found that MDs are not always more sensitive than untrained participants in medical image
perception tasks, and sometimes they even have lower sensitivity compared to less experi-
enced observers (e.g., Wolfe, |2022)). The similar sensitivity in MDs and untrained observers
in our experiment could be due to a ceiling effect in our data, but the fact that the consis-
tency in reports is higher for MDs suggests that they do, in a sense, perform the task better
than untrained observers.

One way to address this question about ecological validity is to test whether our re-
sults extend to other tasks, especially involving real medical images and stepping beyond
the artificial radiographs. Therefore, we analyzed data from a second experiment that used
realistic CT lesion images. Although this is a different area of medical image perception,
we hypothesized that idiosyncratic perceptual biases can be observed across domains and
should not be limited to any particular modality, stimulus, or task. In the second exper-
iment, we used real CT lesion images combined with artificial but realistic lesion stimuli
created by Ren and colleagues (2021). These stimuli (see Fig. for example) are dif-
ferent than artificial stimuli in Experiment 1 (Fig. ) because they were highly realistic,
even metameric (completely confusable) with real lesions (Ren et al., 2021)). Using those
realistic images, we found that both radiologists and untrained observers showed clear indi-
vidual differences in their perception of the real or fake CT lesion images, which extended
our previous findings from a matching task to a real/fake rating task and from artificial
shapes to highly realistic CT images. The results from Experiment 2 further supported our
hypothesis that observer-specific perceptual biases are not domain modality or task-specific.
Rather, they are likely a ubiquitous effect in realistic medical imaging tasks with implications
across domains. Therefore, though our tasks might not be the most realistic or cannot be
directly linked with diagnostic performance of radiologists, these compelling results clearly
demonstrate that even well-trained radiologists can have idiosyncratic and stimulus-specific
perceptual biases with medical images under different task settings.

One might still be concerned about the internal consistency for these idiosyncratic bi-
ases. Using the split-half Pearson’s correlation, we found that radiologists had an internal
reliability of 0.37 (Experiment 1) and 0.42 (Experiment 2). While this may seem somewhat
low, it is significantly higher compared to what was expected by chance (i.e., the permuted
null distributions) and it may appear low only because our stimuli were numerous and very
finely spaced. In order to compare our results with previous published studies, in Experiment
1, we dummy-coded the data into binned categories (like a three-alternative-forced-choice,
3AFC, classification task, see Experiment 1, Data Analysis for details) and the Cronbach
alpha rises substantially (alpha = 0.85 for radiologists), and in Experiment 2, the Cronbach
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alpha for radiologists was 0.95, which are indeed comparable to that reported in a previous
study on individual difference in a radiograph-related task (Sunday et al., 2017). This is
unsurprising because noise at the individual stimulus level is averaged out and what remains
is a less noisy estimate of the more substantial individual differences.

The between-observer consistency is typically the focus of most medical image perception
research (see Donovan et al., 2017| for a review; Elmore et al., [1994; Feldman et al., 1995}
Beam et al., [1996; Tan et al., 2006 Lazarus et al., 2006; Elmore et al., |2009; Donovan and
Litchfield, 2013; Sonn et al., [2019; Pickersgill et al., 2019). Recently, a study by Sunday and
colleagues (2017) explored the internal within-observer consistency in medical image percep-
tion. Our results complement this from a different perspective, showing that it is equally or
even more important to measure individual differences in each radiologically-relevant task by
measuring both the within-subject and between-subject consistency in radiologists. Our re-
sults also go a step further to compare the individual differences in radiologists with untrained
non-clinical observers, and they provide evidence for a stronger idiosyncrasy in radiologists’
perception of artificial and realistic medical images across domains, which was not clear
in previous studies on individual differences in radiologists. The stronger within-subject
consistency compared to between-subject consistency also provides a direct insight about
the relative importance of the individual perceptual variations and shared biases among
observers: individual differences are substantial, and can even swamp the between-subject
similarities.

The scarcity of the expert radiologist pool undoubtedly limited the number of available
observers we were able to test. Although this is a limit in group-wide analyses, we analyzed
every individual observer and measured trial-wise effects within each observer. In fact,
even when sample size was limited, past research has been able to demonstrate strong and
consistent idiosyncratic visual perceptual biases towards object location, size, motion and
face perception with the help of psychophysics (Afraz et al., [2010; Schiitz, 2014; Z. Wang
et al., [2020). Our results aligned with these previous findings and provided new insights
of the prevalent idiosyncratic perceptual biases that can be found with medical images and
among well-trained radiologist experts.

There are several implications of the findings reported here. First, clinicians vary in
their perceptual abilities. Although this is not at all surprising, the stimulus-specific way
in which clinicians vary in the perceptual biases is novel. Second, we found that individual
differences are not washed out by training. To address this, we performed a Fisher’s combined
probability test (Fisher, |1992; Fischer et al., 2011} Rosenthal, [1978]), which combines the
statistical results from both Experiment 1 and Experiment 2 in a type of “mini meta-analysis”
(Goh et al., 2016). We found that, across the experiments, there is a significantly higher
within-subject consistency for radiologists compared to untrained observers (x3 = 12.9,p <
.005). That is to say, counterintuitively, some biases may get stronger with training, leading
to more stable individual differences within radiologists compared to untrained observers.
Combined with the fact that radiologists and untrained observers were not significantly
different in terms of perceptual sensitivities (measured by JNDs in Experiment 1 and d’ in
Experiment 2), this result again echoes our hypothesis that variations in perceptual biases
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could exist even without overall differences in perceptual sensitivity. Third, our results
show that even untrained observers bring with them individual biases and idiosyncrasies in
their perceptual judgments. Fourth, idiosyncratic distortions were found across two different
domains, two different modalities, and two different imaging techniques (see Experiment 1
vs Experiment 2).

More importantly, the fact that there are individual differences between observers could
have critical implications for diagnostic medical imaging. For example, in some countries, it
is common practice to have multiple readers rate or diagnose radiographs (Australia, 2002}
Yankaskas et al., 2004; Amendoeira et al.,|2013]). Given that much of the variance in observer
judgments is attributable to the individual observer themselves, it may directly influence the
employment or selection of the pairs of observers: two observers that have similar individual
differences may perform more poorly (since the biases could potentially exaggerate after
combining) than two readers who have more independent individual differences. Individual
differences that are more independent will tend to cancel out and thus lead to more accurate
medical image perception (Van Such et al.,|[2017; Corbett and Munneke, 2018; Taylor-Phillips
and Stinton, 2020). Thus, our results may suggest the importance of measuring perceptual
biases in radiologists before grouping them into pairs. We believe this could be a valuable
strategy in paired reading, as it goes well beyond simply relying on radiologists’ diagnostic
accuracy (e.g., Brennan et al., [2019)).

Another important implication of our results is that different clinician observers may
show different native ability in particular specialties or even different imaging modalities.
Returning briefly to the face recognition literature, the individual differences in face recogni-
tion arise because of many factors including age and experience, but also genetic differences
(Wilmer et al., |2010; Shakeshaft and Plomin, 2015). Some observers are simply genetically
predisposed to be more sensitive to faces. The same may be true in medical image percep-
tion. Although we do not know what proportion of the individual differences are accounted
for by genetic factors, this will be an important future area of research. Whether or not there
is a substantial genetic contribution, the individual differences in clinician perception can
also be measured, selected, and trained. Some previous work has already started to address
this with mostly focusing on perceptual sensitivity (Corry, 2011; Birchall, 2015; Langlois
et al., 2015; Sunday, Donnelly, & Gauthier, 2017, 2018; see Waite et al., 2019 for a review).
The individual differences reported here also echo those found in other domains of percep-
tion research (e.g., Wilmer et al., 2010; Schiitz, 2014; Wexler et al., 2015 Grzeczkowski
et al., 2017; Z. Wang et al., |2020; Canas-Bajo and Whitney, 2020)), and raise the possibility
that idiosyncratic distortions in clinician perception may be widespread and extend across
different domains.

Our findings provide a new insight about the individual differences that exist in the per-
ceptual judgments of professional radiologists: apart from perceptual sensitivity, which has
been proposed and investigated extensively in the past, there may actually be idiosyncratic
and systematic biases in their perceptual judgments. Understanding these idiosyncratic per-
ceptual biases could be critically important for a variety of reasons, including training, career
selection, bias compensation, and employing paired readers in the field of medical imaging.
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At an even broader level, it is worth noting that individual differences in observer perception
could have important consequences in many fields beyond medicine. For example, in TSA
screeners, professional drivers, airline pilots, radar operators, and in many other fields where
single observers are relied on for life-altering perceptual decisions.

Together, in Chapter 2 and Chapter 3, we have shown that individual differences in
perceptual biases can be widely found in a variety of tasks and even among experts. These
results together can have pragmatic implications: employing pairs of readers is a powerful and
commonly used approach to improve the accuracy of many occupations including radiology,
pathology, TSA airport screening, radar operators, and many other fields. Between each
reader, their perceptual biases could vary, leading to some pairs that are more uncorrelated
and independent with each other, while some are more associated and less independent.
Can pairing individual observers based on their idiosyncratic perceptual biases improve their
collective decisions? The goal of Chapter 4 is to test this possibility.
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Chapter 4

Diversity matters: improve collective
decisions made by individuals with
idiosyncratic biases

Human perceptual decisions are critically important. They can be socially significant, life-
changing or even catastrophic if wrong, as demonstrated in occupations such as radiologists,
TSA screeners, trial judges, sports referees, and pilots. Although these crucial judgments
are made across a range of typical situations ranging from hiring and academic grading to
driving, they often hinge on an individual’s expertise. An inaccurate medical diagnosis from
a radiologist may result in the loss of a patient’s life; a detection failure of a TSA screener
can lead to tragedy, and an inattentive driver can result in a disastrous accident. Therefore,
the expertise of individual humans matters.

Research has widely shown that individuals are substantially different in their expertise,
especially how much sensitivity could vary from one person to another. Starting from funda-
mental visual acuity such as contrast sensitivity, all the way to higher-level face recognition
ability, the variations in human sensitivity has been well documented (e.g. Peterzell et al.,
1995, Wilmer et al., 2010; R. Wang et al., 2012; Grzeczkowski et al., 2017), and they can
distinguish experts from amateurs. However, is it just about good or bad?

Take the Olympic figure skating competition for an example. Skaters’ performance is
judged based on the difficulty, execution, timing, presentation and skating skills (Interna-
tional Skating Union, [2022), and these ratings are largely dependent on the judges’ perceptual
decisions, especially in subjective items such as presentation and skating skills. Every judge
is an expert, which means that they have high sensitivity or accuracy in judging skaters’
performance. However, every judge is also characterized with different biases in their ratings
(Ste-Marie and Lee, 1991; Whissell et al., |1993; Findlay and Ste-Marie, 2004 Zitzewitz,
2006; Linacre, 2009). For example, studies have shown that some judges may tend to give
higher scores to skaters from countries that are federated with their home country (Zitzewitz,
2006)). In the context of Olympic games, even just a 0.1 deviation in the ratings could be
the determining factor for a gold medal. If, by chance, several judges with similar biases
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were assigned to assess the same performance, their biases could accumulate, leading to a
highly-biased and inaccurate rating.

Another relevant and life-altering situation is radiological diagnosis. In many European
countries such as the United Kingdom, a pair of radiologists evaluate the same radiograph
and their judgements are integrated together to form the final diagnostic decisions (Wilson
& Liston, 2011). Intuitively, patients may prefer two radiologists to give similar judgments.
However, as revealed by recent research, each radiologist is characterized with unique percep-
tual biases towards medical images (Manassi et al., 2019; Manassi et al., 2021; Wolfe, |2022;
Wang, [in press). Given that, is it truly beneficial for the patients to have their radiograph
examined by two radiologists who potentially have similar biases?

Under most circumstances like those above, where decisions are made by multiple individ-
uals, random selection or employment based on availability was the most common practice
to form the decision-making committee (e.g., Bruce, [1935; Metz and Shen, [1992; Wallsten
et al., [1997; Armstrong, 2001; Surowiecki, 2004; Jiang et al., 2006; Juni and Eckstein, 2017)).
Given that observers tend to be characterized with unique biases, will selecting Olympic
judges or pairing radiologists who have similar, unrelated or even opposite biases help them
achieve more accurate decisions? Even just a 0.01% improvement in their accuracy could be
highly consequential, so it is worthy of the effort to explore potential strategies to optimize
their collective decisions.

In this series of studies, we aimed to examine this possibility by investigating the effect of
variations in human perceptual biases on the collective decisions made by multiple observers.
We tested observers in three distinct tasks: object localization, object recognition, and
a subjective emotion tracking task. To foreshadow our results, we revealed that human
biases played an important role in the optimization of the collective decision. Throughout
all three extensively-different tasks, we observed that pairing individuals whose biases were
most independent (i.e., uncorrelated) with each other can significantly outperform pairs that
are randomly chosen. This finding was replicated and extended from low-level localization
task to higher-level object recognition and even an emotion tracking, where there was no
objective ground truth and closer to real-world situations such as sports and academic ratings
or other social contexts such as trial judgement. Our results highlight the importance of
understanding and measuring biases of human in both research and also in the practical
and professional settings that involve the evaluation of collective decision, which have far-
reaching implications for many critical situations or occupations such as employing a group
of Olympic judges or trial judges, as well as selecting pairs of radiologists, TSA screeners or
aircraft pilots.
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Experiment 1

Method

Participants

Fifty observers (30 females, age range: 18 - 29) participated in this experiment. All sub-
jects reported to have normal or corrected-to-normal vision. Experiment procedures were
approved by and conducted in accordance with the guidelines and regulations of the Institu-
tional Review Board at University of California, Berkeley. Participants were provided with
informed consent approved by the Institutional Review Board at University of California,
Berkeley.

Stimuli, Procedure and Apparatus

All visual stimuli were presented on a 19-inch gamma-corrected Dell P991 CRT monitor
(Dell, Round Rock, TX; 1024 x 768 pixels resolution, 100 Hz refresh rate), black taped to
reduce the influence of reference frame. Stimuli and the experiment were programmed using
MATLAB (The MathWorks, Natick, MA) and Psychophysics Toolbox (Version 3, Brainard
and Vision, [1997) and run on an Apple Macintosh computer (Apple Inc., Cupertino, CA).
Observers viewed the stimuli binocularly at a distance of 40 cm fixed by a chin rest.

Observers were instructed to indicate the location of a noise patch presented on the
screen. The noise patch was composed of 0.1 x 0.1 degrees of visual angle (d.v.a.) squares
and each square was randomly chosen to be black (< .001 cd/m?, measured by Minolta
LS110 Luminance Meter) or white (92.6 cd/m?). Then the squares were enveloped within
a two-dimensional Gaussian contrast aperture (standard deviation: 0.75) visible within a
circular aperture (diameter: 2.44 d.v.a).

Observers were instructed to maintain fixation throughout the experiment. On each trial,
a black fixation dot (diameter: 0.3 d.v.a.) was presented for at the center of a gray (48.3
cd/m?) background. After 1000 milliseconds (ms), a noise patch was shown on one of the
50 predefined locations for 50 ms (Figure [4.1p). These 50 locations were randomly selected
using stratified sampling technique to ensure that they covered 2 to 10 d.v.a. in eccentricity
and spread across 0° to 360° in angular positions and the same 50 locations were used for
all observers. Once the noise patch disappeared, the central fixation dot turned dark gray
(30.4 cd/m?) and after 500 ms, a white response dot (diameter: 0.45 d.v.a.) appeared at the
center of the screen, and observers could freely adjust the location of the response dot using
the mouse to match the central location of the noise patch (Figure [£.1p). Observers were
provided with unlimited time to adjust the response dot and they were instructed to confirm
their location adjustment with a left click. The center of the white response dot at the time
of the left click was recorded as the reported location and a new trial began afterwards.
Observers were instructed to maintain fixated even when they adjusted the response dot.

There were a total of 300 trials where each location was repeatedly tested for 6 times.
The order of all trials was randomized for each observer.
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Data Analysis

The response dot locations reported by the observer were first transformed into polar coor-
dinates, and then the response errors were calculated as the angular difference between the
actual noise patch center location and the reported location. Aligned with previous studies,
the response errors were used to estimate observers’ localization biases (Kosovicheva and
Whitney, 2017 Z. Wang et al., 2020).

Given that each location was repeatedly tested for 6 times for every observer, we randomly
separated each observer’s responses into two halves and each contained the response errors
from the 3 repetitions of all locations. One half was used to calculate the similarity between
different observers’ localization biases, and the other half served as a cross validation to test
whether averaging observers based on their localization biases can result in better localization
performance.

Pairwise Pearson’s correlation was calculated based on the response errors from one of
the two halves of the data to estimate the similarity across observers and the correlation
matrix was plotted in Figure [4.Ik. These pairwise correlations were then used to determine
how the fifty observers can be grouped into 25 pairs. There were four types of pairing
techniques including random pairs and three other special pairs: most positively-correlated
pairs, independent pairs and opponent pairs. The most positively-correlated pairs were
selected by maximizing the average pairwise correlation between the 25 pairs, while the
opponent pairs should minimize the average pairwise correlation, or as negative as possible.
For the independent pairs, observers were grouped together so that the average absolute
pairwise correlation was closest to zero (i.e., uncorrelated). Maximum weight matching
algorithm (Galil, 1986) was employed to search for the most positively-correlated pairs,
opponent pairs and independent pairs. Random pairs were selected by randomly dividing
the 50 observers into 25 pairs.

The remaining half of the data was then used to cross validate the performance of different
pairs. For the most positively-correlated pairs, we averaged the responses from each pair of
observers at every location, and then calculated the Pearson’s correlation between the average
reported angular locations and the actual locations and then converting the correlation
r values to z values through fisher transformation. Then the z values from all 25 pairs
were averaged together as the average localization performance of the positively-correlated
pairs (Figure , orange line). Same procedures were applied on opponent pairs (Figure
[1.1d, blue line) and independent pairs (Figure [.1d, red line). To estimate the performance
distribution of random pairs, on every iteration, observers were randomly grouped into pairs
of two and the fisher z values calculated for each pair were averaged. This procedure was
repeated for 10, 000 times and yielded a permutation distribution of the random pairing
performance (see Figure ) The special pairs’ results were subsequently compared to the
random pair distribution to examine our hypothesis that pairing observers based on their
biases can benefit the wisdom-of-the-crowd. We also averaged single observer’s localization
performance and compared it to the random pair distribution, which allowed us to test
whether pairing and averaging observers can outperform single observers (i.e., wisdom of the
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crowd).

Results

Results revealed that single observers’ localization performance was significantly worse than
the average combined response from grouping individuals into random pairs (p < .001, per-
mutation test using a Bonferroni-corrected alpha, ap = .0125; same below), which replicated
the wisdom-of-the-crowd that has been reported by many past studies (e.g., Bruce, |1935}
Metz and Shen, 1992} Wallsten et al., |1997; Armstrong, 2001} Surowiecki, |2004; Jiang et al.,
2006; Juni and Eckstein, 2017)). Furthermore, we found that if observers were paired so that
their biases were most similar to each other, their overall localization performance would be
worse than random pairs (p < .001). However, if observers with biases that are uncorre-
lated (i.e., independent pairs) or opposite (i.e., opponent pairs) with each other were paired
together, their localization performance significantly outperformed the random pair perfor-
mance (p < .001 and p < .001). This suggested that biases can influence the optimization of
collective decisions, and for a basic localization task, pairing individuals with independent
or opposite biases can both amplify the benefit of the wisdom-of-the-crowd.

It is worth concerning that Experiment 1 employed a task involving only basic and rela-
tively low-level visual perceptual abilities. Experiment 2 and 3 aimed to further investigate
whether the effect of biases in the optimization of collective decisions can be extended to
more complex tasks that require higher-level perceptual and cognitive processing.

Experiment 2

Raw data for experiment 2 were retrieved from a previously published paper (Manassi et al.,
2021; Experiment 1 and 2).

Method

Participants

Fifteen radiologists (11 male, 4 female, age: 27-72 years) and eleven untrained college stu-
dents from University of California, Berkeley (4 male, 7 female, age: 19-21 years) participated
in the experiment. As reported by Manassi and his colleagues, there were two radiologists
who did not finish the experiment so their data were excluded, resulting in a total of 13
radiologists (10 male, 3 female, age: 31-72 years). Experiment procedures were approved
by and conducted in accordance with the guidelines and regulations of the Institutional Re-
view Board at University of California, Berkeley. Participants were provided with informed
consent approved by the Institutional Review Board at University of California, Berkeley.
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Figure 4.1: Experiment 1 paradigm and results. (a) On each trial, a noise patch enveloped
within a two-dimensional Gaussian contrast aperture was presented briefly on a random
location on screen. (b) After the offset of the noise patch, observers adjusted the cursor to
match the location of the noise patch. (c) Pairwise correlations between all observers were
calculated based on the localization errors (response — actual location). Previous studies
have shown that localization errors were consistent within each observer and idiosyncratic
across people, suggesting that they could be intrinsic biases of each observer. Therefore,
we hypothesize that if we pair the observers who have independent (correlation closest to
0) biases, their responses should become more bias-free and accurate. Out of curiosity, we
also examined the performance resulted from pairing observers who were most negatively or
positively correlated. (d) Comparison between the performance of different pair observers.
Results demonstrated that pairing observers that are most uncorrelated and independent
is significantly better than randomly pairs (p < .001), suggesting that pairing the most
independent observers based on their idiosyncratic biases can optimize the combined decision
in visual localization. Opponent (the most negatively correlated) pairs were also significantly
better than random pairs (p < .001), and most positively-correlated pairs would in fact
extremize their shared biases and performed significantly worse than random pairs (p < .001).
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Stimuli, Procedure and Apparatus

All stimuli were generated and presented on a 13.3 inch 2017 MacBook Pro (Apple Inc.,
Cupertino, CA; 1440 x 900 pixels resolution, 60 Hz refresh rate). Stimuli and the experi-
ment were programmed using PsychoPy (Peirce, 2007, [2009)). Observers viewed the stimuli
binocularly at a distance of approximately 57 c¢m and they used the laptop keyboard to
respond.

Observers were instructed to match the appearance of a light-gray random shape pre-
sented on the screen. The random shapes were generated by morphing between three anchor
shapes as shown in Figure [£.2A. Between each pair of anchor shapes, 48 morph images were
created, which resulted in a total of 147 random shapes in a morph continnum to use in the
experiment. The shapes were approximately 3.7° width and height and they were enveloped
within a two-dimensional Gaussian contrast aperture (kernel size: 1.55°).

Figure displayed the time sequence of an example trial in the experiment. On each
trial, a pseudo-randomly-selected shape superimposed on a randomly-selected mammogram
image taken from The Digital Database for Screening Mammography (Heath et al., 2001}
100 mammogram candidates) was presented to observers at a random location around 4.4°
eccentricity relative to a central fixation dot (0.35°). The mammogram background was set
to 30% transparency. After 500 ms, the shape and the mammogram background disappeared
and a noise mask composed of random Brownian noise background (1/f? spatial noise) was
then presented for 1000 ms. Then, one of the shapes drawn randomly from the morph
continuum appeared at the center of the screen, and observers were instructed to press
the left or right arrow key and the appearance of the shape was adjusted along the morph
continuum accordingly. The task for the observers is to match the shape with the previously
shown random shape and they were given unlimited time to adjust their response. Once
they made their decision, they pressed the spacebar to confirm their response. After a 250
ms inter-trial interval, the next trial began.

In Experiment 2, observers completed 3 blocks with 85 trials in each block. They also
completed a practice block of 10 trials prior to the experiment and these practice trials were
not included in the data analysis. Mean adjustment time across all observers was 3240+804
ms.

Data Analysis

Though the original paper (Manassi et al.,|2021]) aimed to compare the performance between
radiologists and naive observers, this was not the purpose of our current study so radiologists
and naive observers were treated as one whole group of participants.

Similar to Experiment 1, raw data of each observer were split into two halves, where one
half was used to evaluate the pairwise associations between observers, and the other half
served as a test set to compare the shape recognition performance of each pair. For half
one, we calculated the adjustment errors as the closest distance between the targe shapes
and observers’ adjustment responses along the morph continuum. These residual errors
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Figure 4.2: Experiment 2 stimuli, paradigm and results. Stimuli and paradigm were adapted
from Manassi et al. (2021). (a) Experiment 2 used 147 random shapes generated from
three anchor shapes (outline by dotted lines). (b) On each trial, a randomly chosen morph
shape (pointed by the red arrow) superimposed onto a real mammograph was presented to
observers for 500 ms, followed by a 1000-ms full-screen noise mask. Then one of the shapes
taken randomly from the morph continuum as demonstrated in (a) appeared at the center
of the screen. Observers pressed the left or right arrow key to adjust the appearance of this
morph shape to match with the previously shown target and they pressed the space bar to
confirm their selection. (c¢) We estimated the shape recognition biases from each observer
and paired them in different ways (independent, opponent, most positively-correlated and
random) based on the similarity of their biases. Results demonstrated that pairing observers
whose biases were uncorrelated and independent from each other can outperform random
pair performance (p < .01, permutation test using Bonferroni-corrected alpha, ap = .0125),
while most positively-correlated or negatively-correlated pairs did not differ significantly
from the random pairs (p = .40 and p = .06 respectively, ap = .0125).
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have been shown to be serially-dependent, stimulus-specific and consistent (Manassi et al.,
2021; Wang, fin press)), suggesting that they were observers’ systematic biases in the shape
recognition.

Then, pairwise Pearson’s correlations were computed between these recognition biases
of each pair of observers, and these 24 observers were grouped into three special pairs: 12
most positively-correlated pairs, 12 opponent pairs and 12 independent pairs, according to
their correlations (see Experiment 1 Data Analysis for more details). With another half
of the data, we compared the recognition performance between different ways of pairing.
We took the per-stimulus responses from the two observers in a pair and averaged their
responses. The averaged responses were subsequently correlated with the target morph
shape IDs, and the Pearson’s r value was transformed into Fisher z. Fisher z values across
all 12 independent pairs were averaged to estimate the overall recognition performance of the
independent pairing, same as the most positively-correlated pairs and the opponent pairs.
Random pair permutation was simulated the same way as Experiment 1 for 10,000 times
to estimate a permutation distribution, and we again computed the average recognition
performance of single observers, which allowed us to examine whether wisdom-of-the-crowd
existed in this random shape recognition task.

Results

The distribution of random pairs’ recognition performance was compared to single observers’
performance, revealing a significant advantage of combining two observers’ responses and
thus replicated the wisdom of the crowd (p < .001, permutation test using a Bonferroni-
corrected alpha, ap = .0125). For the three special pairs, results were shown in Figure
[4.2C. We found that the independent pairs where observers with uncorrelated biases were
combined together significantly outperformed the random pairs (p < .01, ap = .0125), while
neither the most positively-correlated pairs nor the most negatively-correlated pairs (i.e.,
opponent pairs) demonstrated this enhanced benefit over random pairing (p = .40 and
= .06 respectively, ap = .0125).

This might seem unexpected since most would assume that just as the localization task,
the most negatively-correlated pairs should perform the best, with a previous study sug-
gested that pairwise correlations can be negatively associated with performance (Corbett
& Munneke, 2018)). However, we believe that there could be several plausible reasons for
this difference. First of all, the localization task employed in Experiment 1 is a relatively
low-level task that requires majorly visual perceptual abilities, while in Experiment 2, ob-
servers need to perform a more complex shape recognition tasks that not only involve object
recognition skills as well as their working memory, so their difficulty and their required visual
and cognitive skills are substantially distinctive. Secondly, previous studies have suggested
that human biases in object localization tend to be more consistent in comparison to biases
existed in object or face recognition (Kosovicheva and Whitney, 2017; Z. Wang et al., 2020}
Canas-Bajo and Whitney, 2020; Wang, iin press). The variability of the recognition biases
may also limit the advantage coming from pairing individuals with exact opposite biases.
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Experiment 1 and 2 have both replicated the wisdom-of-the-crowd and demonstrated that
if we combine the responses from observers who have independent biases together, it can
provide significant benefit for optimizing collective decisions of pairs of individuals. These
results may pinpoint the importance of measuring and evaluating the biases in individual’s
performance in many different fields or occupations, but there is a crucial gap between these
tasks and the real-world practice. In many social contexts, objectively verifiable answers
were not available, while both Experiment 1 and 2 and most other studies on wisdom of
the crowd have employed tasks with objectively ground truth known to the researchers (for
example, the exact location of each target in Experiment 1, or the exact ID of each random
shape presented in Experiment 2). Therefore, Experiment 3 aimed to fill in this gap by
investigating the influence of variations in human biases on collective decisions in a task
with only subjective rather than objective ground truth.

Experiment 3

Raw data for experiment 3 were retrieved from a previously published paper (Chen and
Whitney, 2019; Experiment 2).

Method

Participants

203 college students from University of California, Berkeley (129 females, 2 others; age range:
18 — 37 years) participated in the experiment online. For the purpose of our current study,
we only analyzed the data from 101 observers: all 51 observers who rated the fully-informed
videos and all 50 observers who rated the context-only videos (see below and Chen & Whit-
ney, 2019 for more details about the experimental conditions). Experiment procedures were
approved by and conducted in accordance with the guidelines and regulations of the Institu-
tional Review Board at University of California, Berkeley. Participants were provided with
informed consent approved by the Institutional Review Board at University of California,
Berkeley.

Stimuli, Procedure and Apparatus

All video clips were presented via a custom website with an embedded YouTube player.
Observers watched the movies with their own laptops or monitors in a non-lab environment.

Twelve natural movie stimuli (total length: 1,214 seconds) were used in this experiment.
These videos were collected from YouTube and were from Hollywood movies (see Chen
and Whitney, [2019| for details about how movies were selected). Observers in the fully-
informed condition watched the intact movies (Figure , upper panel) while observers in
the context-only condition watched modified movies with a chosen character masked out by
a Gaussian-blurred mask (Figure , lower panel).
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Observers were instructed to track the emotion of the masked-out character in each
video in the context-only condition. In the fully-informed condition, observers tracked the
same character without the Gaussian mask, and before they started to watch each video,
they were presented with an example frame from the video with the target character’s face
and body visible to instruct them to track and rate the emotion of this specific character.
They adjusted their cursor within a valence-arousal affect rating grid (see Figure for
a demonstration; note that the location of valence and arousal axes was randomized to be
horizontal or vertical) displayed at the center of the videos to indicate the emotion of the
tracked character continuously throughout each video clip. Each video clip lasted from 58
to 178 seconds and they were presented in a random order.

Data Analysis

For each observer, their cursor locations were projected onto the valence and arousal axes
and transformed into continuous ratings. Then, every 100 ms of their continuous rating data
were averaged together. For the purpose of our study, the below analyses only used the
binned valence ratings to examine the wisdom of the crowd and the effect of biases on it.

Since each observer rated twelve videos, the valence ratings from observers in the context-
only condition were split into two halves where each half contained ratings for 6 videos. Same
as the analysis in Experiments 1 and 2, special pairings were determined with one half and
the emotion tracking performance was evaluated with the other half.

Pairwise correlations were calculated with the first half. Similar to Experiments 1 and
2, biases were defined as residual errors in Experiment 3. To compute the residual errors,
for every observer’s continuous ratings for each video, we first standardized the ratings by
subtracting the mean rating of this observer and dividing by the standard deviation of this
observer’s ratings. Subsequently, biases were calculated as the difference between each ob-
server’s ratings and the average ratings across all individuals for this video and pairwise
correlations were calculated between each observer’s biases. We repeated this procedure
for every video and every observer with the first half of the data, and the pairwise cor-
relations were averaged across all six videos, which yielded the overall similarity matrix
between each pair of observer across the 6 different videos. Then, three special pairs (most
positively-correlated, independent and opponent pairs) were then selected using maximum
weight matching algorithm (Galil, |1986; see Experiment 1 Data Analysis for more details).

Before the evaluation of the emotion tracking performance of different pairs, we first
need to find the “correct answer” or ground truth for the valence ratings. Since there is no
objective ground truth, consensus between observers was used as a proxy of the ground truth.
Consensus of each video was estimated by the average valence ratings from observers in the
fully-informed condition, where observers watched the same but intact videos without the
character masked out. Note that in all other previous analyses we only used the ratings from
observers in the context-only condition, so the consensus was extracted from a separate and
independent group of observers and a distinct and fully-informed experimental condition.
This method ensured that the consensus was relatively objectively, was not entangled or
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Figure 4.3: Experiment 3 stimuli, paradigm and results. Stimuli and paradigm were adapted
from Chen and Whitney (2019). (a) In Experiment 3, observers watched natural movies
including Hollywood movies, home videos, and documentaries. At the same time, they
continuously reported the affect (valence and arousal) of a character (for example, denoted
by the red dashed ellipse in Fig. [£.3h; note that the ellipse was not presented in the actual
experiment) in the movie using their cursor within the response grid. The arousal and valence
response grid was shown on top of the video. Each observer was presented with either fully-
informed (top panel) or context-only (bottom panel) videos. Context-only videos blurred out
the face and body of the chosen character so observers need to infer the character’s emotion
using only context information. (b) Since there was no physical ground truth defined in
this emotional tracking task, we used the consensus (collective responses) from all observers
in the fully-informed videos as the ground truth, and then emotion tracking performance
was estimated as the similarity between the responses in the context-only videos and the
consensus of fully-informed videos. Results again demonstrated the compelling advantage
of pairing individuals who have independent biases from each other, which significantly
outperformed random pairs (p = .001, permutation test using a Bonferroni-corrected alpha,
ap = .0125), while the most positively or negatively correlated observers did not (p = .66
and p = .68, respectively; ag = .0125).
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contaminated by the responses from observers in the context-only condition and thus could
serve as a proxy for ground truth.

Afterwards, with the remaining half of the valence ratings from context-only condition,
the emotion tracking performance of single observer, random pairs and three special pairs
could be compared together. To estimate the overall emotion tracking performance of the
opponent pairs (i.e., the average correlation across all pairs was most negative), for each
pair, their continuous valence ratings for each video were averaged together and the aver-
aged ratings of this pair were correlated with the consensus of the same video estimated
by the group average ratings from the fully-informed condition. Then the yielded Pearson’s
r was transformed to Fisher z, which demonstrated their emotion tracking performance in
this video. The Fisher z values of this pair across all six videos were subsequently aver-
aged together. This computation was repeated on all 25 pairs (in total 50 observers in the
context-only condition) and their Fisher z values were then averaged to estimate the overall
emotion tracking performance of opponent pairs. Same procedures were also applied on most
positively-correlated pairs and independent pairs.

To estimate the random pair performance distribution, on each iteration, observers were
randomly divided into 25 pairs and their overall emotion tracking performance was calculated
as described above. This procedure was repeated for 10,000 times to yield a permutation
distribution of the random pairing performance. We also correlated each single observer’s
emotion tracking responses to the group consensus and averaged their correlations in order
to test whether there could be a wisdom-of-the-crowd benefit.

Results

Wisdom-of-the-crowd was replicated in Experiment 3, which was supported by the signifi-
cantly better performance of random pairs compared to single observers (p < .001; permu-
tation test using a Bonferroni-corrected alpha,ap = .0125). This suggested that collective
decisions can be beneficial for real-life situations when ground truth is not accessible or ob-
jectively defined. More importantly, results again revealed the enhanced benefit of pairing
observers whose biases were uncorrelated and independent with each other compared to the
random pairing technique (p = .001,ap = .0125). Besides, similar to Experiment 2, we
found that pairing observers with negatively-correlated or positively-correlated biases could
not significantly exceed the emotion tracking performance of random pairs (p = .66 and
p = .68 respectively, ap = .0125).

As indicated by the consistent benefit of pairing independent observers across all three
experiments, ranging from low-level visual localization task and higher-level shape recogni-
tion and emotion tracking tasks, we believed that combining the responses from individuals
whose biases are uncorrelated and thus independent with each other is helpful for making
better collective decisions. This technique can be widely applied to critical real-world appli-
cations such as TSA and radiological screening where usually a pair of readers are employed
and their assessment was combined to make the final decision.
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Discussion

Large quantities of critical decisions were made based on human expertise, ranging from
everyday activities such as driving or sophisticated tasks including aircraft operations. How-
ever, not everyone possesses the same level of expertise, even among professionals (e.g.,
Elmore et al., 1994; Feldman et al., |1995; Beam et al., [1996; Elmore et al., [1998). There
are two aspects that characterize the individual differences in expertise: variations in sensi-
tivity and variations in bias. A rich body of previous research has revealed that both naive
observers and professionals have substantial individual variation in their sensitivity. For
example, different radiologists can vary in their visuospatial and object recognition abilities
(Smoker et al., [1984; Corry, 2011; Birchall, |2015; Langlois et al., 2015; Sunday, Donnelly,
& Gauthier, 2017, |2018); naive individuals also vary in their sensitivity when we recognize
faces, despite the extensive training that we have received throughout everyday exposure
(Wilmer et al., [2010). On the other hand, more recent research has also demonstrated
substantial idiosyncratic variations in individual bias. For instance, in the field of vision
research, these individual biases have been shown across lower-level spatial vision, mid-level
motion and color perception and higher-level face recognition and medical image perception
(Schiitz, 2014; Wexler et al., 2015; Kosovicheva and Whitney, 2017; Kaneko et al., 2018;
Emery et al., 2019; Z. Wang et al., [2020; Canas-Bajo and Whitney, [2020; Cretenoud et al.,
2020; Cretenoud et al., 2021; Wang, [in press). These two aspects of individual expertise may
not be completely independent (Wei & Stocker, 2017)), but they are undoubtedly dissociable
and together characterize the envelope of human performance.

To overcome the weakness existing in individual human’s expertise, past research has
suggested a strategy called “wisdom of the crowd”, in which having multiple observers to
together form a collective decision can be a substantial benefit in situations where there is
low signal, high noise, or high uncertainty. It has been shown that averaging across multiple
observers improves the accuracy of judgments compared to single observers in visual search,
detection, discrimination, classification, recognition, and many other tasks (e.g., Bruce, 1935}
Metz and Shen, 1992} Wallsten et al., |1997; Armstrong, 2001} Surowiecki, |2004; Jiang et al.,
2006; Juni and Eckstein, 2017). In some places, this multiple-observer technique is actively
employed in real-world applications, for example in radiological screening in the United
Kingdom. By averaging across individuals, previous studies have suggested that the benefit
of this technique comes from the reduced random noises that are assumed to influence the
sensitivity of individual humans, and thus yields a more accurate decision (Metz and Shen,
1992; Jiang et al., [2006; Juni and Eckstein, [2017)).

However, as we have discussed earlier, human expertise and performance is not just lim-
ited by sensitivity, but also by bias, which is systematic rather than random. Though the
prevalence of bias in human has been widely demonstrated (Schiitz, 2014; Wexler et al., 2015}
Kosovicheva and Whitney, 2017; Kaneko et al., 2018 Emery et al., 2019; Z. Wang et al.,
2020; Canas-Bajo and Whitney, [2020; Cretenoud et al., 2020; Cretenoud et al., 2021} Wang,
in press), bias is not included, incorporated or addressed by any current models or applica-
tions of the wisdom of the crowd. Our results directly shed light on this question, revealing
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that human biases played an important role in the optimization of the wisdom-of-the-crowd.
Throughout three distinct tasks ranging from low-level object localization to higher-level
shape recognition and emotion tracking tasks, results constantly demonstrated that pairing
independent individuals whose biases are most uncorrelated with each other can improve
their combined performance compared to random pairing, even under situations where “cor-
rect answers” were subjective rather than objective such as an emotion tracking task. This
clearly raised the importance to understand and measure the idiosyncratic biases that widely
exist in human performance, and it provided direct implications for crucial real-world oc-
cupations such as employing pairs of readers in radiology, pathology or TSA screeners, as
well as situations where subjective assessment from multiple people are combined to make a
collective decision, including judging Olympic games, grading academic essays and forming
a trial jury.

Unlike the consistent benefit of independent pairs, our results only showed the benefit of
negatively-correlated pairs (i.e., opponent pairs) in the localization task but failed to extend
it to higher-level object recognition or subjective emotion tracking task. Similarly, we only
found the disadvantage of coupling the most positively correlated pairs in the localization
task but not in the others. These results can be attributed to the decrease consistency
in the perceptual biases in higher-level visual cognitive tasks as revealed by previous stud-
ies (Wexler et al., 2015; Kosovicheva and Whitney, [2017; Canas-Bajo and Whitney, [2020;
Wang, [in press). Since we used separate datasets to select the pairs and to test the paired
performance, both opponent pairs and the most positively-correlated pairs did not survive
this cross validation in the latter two tasks where more complex and multi-facet perceptual
biases were involved. However, the real-world tasks that observers perform usually involve
multi-level interactions with complex stimuli, which are undoubtedly closer to the higher-
level shape recognition (Experiment 2) and emotion tracking (Experiment 3) tasks compared
to the simple localization task (Experiment 1). Therefore, our findings suggested that pair-
ing the individuals whose biases are uncorrelated with each other would be a more reliable
and consistent advantage regardless of task difficulty.

Past literature has also proposed some other techniques to incorporate the variations in
human responses and achieve a more accurate collective decision, such as the Cultural Con-
sensus Theory (CCT; see Weller, 2007 for a review). We tested utilizing CCT to determine
the pairing of individuals, but results demonstrated that CCT cannot significantly improve
the paired performance in any of the three tasks (see Supplemental Figures [S6| for details).
One of the major differences between our approach and CCT is that biases are explicitly
evaluated and incorporated in our approach while CCT and other studies (e.g., Corbett
and Munneke, 2018) did not. Therefore, it is plausible that the advantages we found could
partially arise from the treatment on individual biases.

Another key measurement in the current approach lies in the “independency”. In fact,
previous research has repeatedly assumed that the benefit of the wisdom-of-the-crowd exists
because different observers have, to some extent, statistically independent errors in their re-
sponses (Laplace, [1812; Wallsten et al., [1997; Armstrong, 2001} Surowiecki, 2004), and some
recent studies have also shown that even combining independent estimates from the same
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individual can boost their performance accuracy (Vul and Pashler, |2008; Herzog & Hertwig,
2009, [2014)). However, biases are not considered as part of those random noise errors that
are approximately normally distributed. For example, a recent study revealed that observers
are characterized with idiosyncratic biases in their perceived directions of ambiguous visual
stimuli, and the temporal dynamics of these biases can be partially captured by a random
walk model (Wexler et al., 2015). Our study is, to our knowledge, the first study to in-
corporate the variations in human biases that are systematic, dynamic and not necessarily
and usually not normally-distributed, into the optimization of either group decision-making
or the wisdom-of-the-crowd and it fills this critical gap that previous research has largely
ignored.

Though multiple tasks across different levels of visual and cognitive processing with
stimuli ranging from simple and arbitrary noise patches to natural movies were employed
in our study, the real-world implications of the results can be still limited since this effect
has not yet been tested within real-world settings, such as radiological diagnosis or Olympic
judges. Besides, though in Experiment 2, a group of expert radiologists were recruited,
we did not perform a separate analysis to compare the benefit of coupling individuals with
independent biases among expert radiologists or naive observers due to the very limited size
of expert subject pool (see Experiment 2, Method). Thus, an important future follow-up of
the current study is to investigate whether this effect can in reality be extended to real-world
tasks and to test it explicitly on experts.

To conclude, we revealed that pairing individuals based on the biases in their responses
can boost their performance, and this technique can be widely applied even to situations
where ground truth is subjective rather than objective, demonstrated by the emotion track-
ing task. Our findings highlight the importance of measuring and understanding individual
differences in human biases, and they have far-reaching implications for crucial real-world
occupations such as radiologists, TSA screeners, Olympic judges and trial juries where sub-
jective assessment from multiple people are combined to make a collective decision.
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Chapter 5

Conclusion

Throughout the three chapters in this dissertation, we demonstrated that the individual
differences in human perceptual biases matter. Chapter 2 revealed that idiosyncratic lo-
calization biases could be associated with the acuity and they can predict the perceived
size of objects for each individual. This indicated that these spatial biases might have the
same origins and they can propagate through different levels of visual processing. Chap-
ter 3 extended the findings of idiosyncratic biases to a real-world application, showing that
each radiologist is characterized with unique perceptual biases toward medical images and
we suggested that these perceptual biases could be one of the reasons for the variations in
their diagnostic performance. Chapter 4 further found that these perceptual biases could
help us make better collective decisions. By combining the responses from individuals with
uncorrelated biases (i.e., independent pairs), results showed that across three distinct tasks,
these independent pairs can consistently optimize the collective performance. Together, we
believed that our findings suggest that human visual perception is highly idiosyncratic, char-
acterized with observer-specific and stimuli-specific perceptual biases. Understanding these
idiosyncratic perceptual biases can be helpful for improving human perceptual performance,
individually or collectively, and it can have far-reaching influence on various real-world ap-
plications such as career coaching, training and performance optimization, employing pairs
of readers in radiological and TSA screenings, or constituting groups of judges in Olympic
games and on the court.
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Appendix A: Supplemental Materials

Figure S1: The gray-scale version of the spatial distortion maps reported in Chapter 2,
Experiment 1. Brighter color (negative spatial distortion indices) indicates contraction of
visual space and darker color (positive spatial distortion indices) represents expanded visual
space.
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Figure S2: Change of Vernier acuity as a function of the angular locations tested for every
observer. Subject 1 and Subject 4 are authors. The layout of the angular locations is shown
on the bottom right corner.
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Figure S3: Correlation between spatial distortion indices and Vernier acuity JNDs for each
observer. Each observer had 8 pairs of data, corresponding to 8 angular locations tested
in Chapter 2, Experiment 2. Different symbols represent different observers. Lines are
regression lines fitted based on each observer’s data. The Pearson’s correlations for individual
subjects were 0.31, 0.73, 0.34, 0.55, -0.37, 0.26, 0.38 (listed in the same order as the figure
legend) and the mean correlation calculated from Fisher transformation was 0.34. Note that
the only observer who did not show the same trend (displayed as gray diamond) had the
smallest JNDs (i.e., best acuity), so we speculated that it might be subject to a ceiling
effect. This could affect the measured variability of Vernier acuity across different locations
and thus influence the correlation calculated based on it.
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Figure S4: The change of perceived size of the arc stimuli as a function of the angular
locations tested for every observer. Subject 1 and Subject 2 are authors. The layout of the
angular locations is shown on the bottom right corner.
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Figure S5: The group mean of the spatial distortion pattern calculated from Chapter 2,
Experiment 1 (N=9). Blue area represents visual space compression and red represents
expansion. The group average effect is notable and also comports with previous findings on
various spatial biases or spatial anisotropies of visual performance (e.g., Low, Abrams
et al., [2012), but it is smaller and easily washed out by the idiosyncratic differences found
at the individual-subject level (Fig. 2.1p).
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Figure S6: We tested an alternative way of grouping by combining the responses from
observers with the most opposite CCT scores calculated based on the cultural consensus
theory (CCT; Weller, . Results for localization, shape recognition and emotion tracking
tasks are shown in the upper panel, lower left panel and lower right panel respectively. Results
showed that unlike independent pairs, CCT pairs were not significantly different from random
pairs in any of the three tasks (p = 0.17, p = 0.09, p = 0.02; Bonferroni corrected ap = 0.01).
Therefore, we believed that this suggested that our findings is different by other consensus-
searching techniques such as CCT.
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