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ARTICLE INFO ABSTRACT

Keywords: Visual stimuli can vary in multiple dimensions that affect accuracy and confidence in a perceptual
Metacognition decision-making task. However, previous studies have typically included just one or at most two
Confidence

manipulations, leaving it unclear whether each manipulation has a unique effect on accuracy vs.
confidence. Subjects indicated whether a tilted Gabor patch was oriented clockwise or counter-
clockwise from 45°. We included manipulations of the task-defining feature (tilt offset) and four
auxiliary, non-task-defining features (size, duration, spatial frequency, and noise level). We found
that the four auxiliary manipulations had fairly similar effects on accuracy and confidence. In
contrast, the task-defining tilt offset manipulation stood out by affecting accuracy more strongly
than confidence. In addition, tilt offset exhibited a supraadditive interaction with all other ma-
nipulations for both accuracy and confidence, whereas all auxiliary manipulations exhibited
either no interactions or subadditive interactions with each other. Furthermore, tilt offset was the
only manipulation for which confidence in incorrect trials decreased with increasing difficulty,
while all auxiliary manipulations exhibited the opposite trend. Overall, our results reveal a
noticeable similarity among the effects of all four auxiliary (non-task-defining) manipulations on
accuracy and confidence, as well as a prominent difference between them and the task-defining
manipulation (tilt offset). These results enable a priori predictions of how novel manipulations
would affect accuracy and confidence.

Perceptual decision making
Folded-X pattern

1. Introduction

Confidence is the subjective sense of how likely our decisions are to be correct (Pouget et al., 2016; Sanders et al., 2016). Ex-
periments designed to understand the mechanisms underlying confidence judgments typically include stimulus manipulations, such as
lowering contrast (Shekhar & Rahnev, 2021b), infusing noise (Bang et al., 2019), and masking the stimulus (Lau & Passingham, 2006;
Rausch et al., 2018). Such manipulations produce varying levels of perceptual performance, enabling us to investigate how confidence
fluctuates with performance. Intuitively, confidence should align with performance. For instance, when recognizing a blurry face, both
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confidence and performance should decrease as the level of blurriness increases. Many papers have explored how confidence tracks
performance (Busey et al., 2000; Yeung & Summerfield, 2012) and numerous factors that affect visual confidence have been identified
(for review, see Rahnev & Denison, 2018; Shekhar & Rahnev, 2021a). Many computational models of confidence have been developed
to explain different behavioral effects related to confidence (Boundy-Singer et al., 2023; Fleming & Daw, 2017; Hellmann et al., 2023,
2024; Maniscalco & Lau, 2016; Shekhar & Rahnev, 2021b, 2024; Xue et al., 2024a).

However, despite the variety of ways in which visual stimuli can be manipulated, most existing studies on visual confidence
manipulated a single stimulus feature, which overlooks the potential differences in confidence and performance between various
manipulations. While it is true that many manipulations can effectively vary perceptual performance, it is unclear whether all ma-
nipulations have unique effects on accuracy vs. confidence.

Among multiple different ways of manipulating a visual stimulus, one way of classifying them into meaningful subgroups is to
distinguish between “task-defining” and “auxiliary” (non-task-defining) manipulations. Specifically, a task-defining manipulation
affects the stimulus feature that directly determines the decision in a perceptual judgment task (e.g., adjusting the tilt values in an
orientation discrimination task). In contrast, auxiliary manipulations affect the stimulus quality without affecting the visual feature on
which the decision is based (e.g., blurring the stimulus, infusing noise, reducing stimulus duration in an orientation or face
discrimination task).

This dichotomy has often been studied using an ensemble average task, in which manipulation of the sampling mean of the
ensemble constitutes a task-defining manipulation, whereas the variance constitutes an auxiliary manipulation. Studies have shown
that manipulating variance, as compared to manipulating the mean, has a stronger effect on confidence than accuracy (Boldt et al.,
2017; Spence et al., 2016). However, this is not always the case (Zylberberg et al., 2014) and the effect may be subject to individual
differences (de Gardelle and Mamassian, 2015). Building on this distinction, more recent work has extended the task from ensemble
averaging to orientation and motion direction discrimination tasks. Increasing the contrast of a Gabor stimulus and increasing motion
coherence (both auxiliary manipulations) increased confidence more than accuracy, whereas manipulating the tilt offset of a Gabor
and motion direction (both task-defining manipulations) boosted accuracy but not confidence (Xue et al., 2025). Overall, these
findings suggest that task-defining and auxiliary manipulations can differentially shape the relationship between confidence and
accuracy. However, the scope of prior work has been limited by the small number of stimulus manipulations typically examined,
leaving open the question of how confidence changes when multiple stimulus manipulations are presented within a single experiment
and whether different auxiliary manipulations act in similar ways or not.

Having multiple stimulus manipulations within a single experiment would also enable investigation into potential interactions
between task-defining and auxiliary manipulations—an underexplored area due to the limited number of stimulus manipulations in
most existing studies in the field. To date, only one study has investigated such interactions for confidence, reporting no significant
interaction effect between manipulating the mean and manipulating the variance in a color ensemble judgement task (Boldt et al.,
2017). Further, no study to date has examined interactions among different auxiliary manipulations. Therefore, it remains largely
unknown how different stimulus manipulations interact with each other and whether these interactions are the same or different for
confidence and accuracy.

Further, emerging evidence suggests that different stimulus manipulations may produce different patterns of how confidence for
correct and error trials changes with difficulty. Generally, it is thought confidence ratings produce a “folded-X" pattern where easier
trials tend to increase confidence for correct trials but decrease it for error trials (Hangya et al., 2016; Sanders et al., 2016). However,
some studies suggest that certain manipulations violate the canonical folded-X pattern and instead produce a pattern where easier
trials increase confidence for both correct and error trials (Hellmann et al., 2023; Kiani et al., 2014; Rausch et al., 2018, 2021; Rausch
& Zehetleitner, 2019; Shekhar & Rahnev, 2024; Xue et al., 2025). However, no study to date has investigated the effects of multiple
task-defining and auxiliary manipulations on the folded-X pattern.

Here we conduct two experiments to explore the similarities and differences in the effects of various manipulations on confidence
and accuracy. Both experiments featured four distinct manipulations within a single experiment in an orientation discrimination task.
In both experiments, we manipulated one task-defining feature (tilt offset) and three other auxiliary (non-task-defining) manipu-
lations—size, noise, and either duration (Experiment 1) or spatial frequency (Experiment 2). Because the duration manipulation had
very little effect on both confidence and accuracy in Experiment 1, we replaced the duration manipulation with a spatial frequency
manipulation in Experiment 2. Across both experiments, we found that all auxiliary manipulations produced very similar effects on
confidence and accuracy. Equally notably, the task-defining tilt offset manipulation differed from all auxiliary manipulations in having
a larger effect on accuracy than confidence. In addition, tilt offset was the only manipulation that exhibited a supraadditive interaction
with any other manipulation and also the only manipulation that yielded a canonical folded-X pattern. Altogether, these findings
reveal a very consistent profile of the confidence and accuracy effects of four visually distinctive auxiliary manipulations, as well as a
fundamental difference between the auxiliary and task-defining manipulations, thus opening the door for predicting how novel ma-
nipulations would affect accuracy and confidence.

2. Methods
2.1. Subjects
Sixty-two subjects participated in the two experiments for monetary compensation ($10/hour). Subjects were recruited using

Prolific (https://www.prolific.com/), an online crowdsourcing platform. For each experiment, we targeted for 30 subjects, a number
that meets or exceeds the sample size used in previous studies on the confidence-accuracy relationship (Boldt et al., 2017; de Gardelle
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and Mamassian, 2015; Moran et al., 2015; Rausch et al., 2018; Shekhar & Rahnev, 2021b; Xue et al., 2024b). Experiment 1 had 30
subjects (6 females) aged between 19-38 (M=26.6, SD=5.47). Experiment 2 had 32 subjects (9 females) aged between 18-37
(M=27.0, SD=5.39). None of the subjects participated in both experiments. Based on previous studies from our lab (Haddara &
Rahnev, 2022; Rafiei et al., 2024), we excluded subjects with an overall accuracy less than 55 % or greater than 95 % or overall average
confidence above 3.7, which led to the exclusion of two subjects from Experiment 1 and three subjects from Experiment 2. All subjects
were naive to the purpose of the study, reported normal or corrected-to-normal vision, and provided informed consent. Ethical
approval for the study was obtained from the Georgia Tech Institutional Review Board.

2.2. Task

Each trial began with a fixation for 1 s and was followed by a Gabor patch stimulus (Fig. 1a). After a 100 ms interstimulus interval
(ISD) with a blank screen, subjects first indicated whether the Gabor patch was tilted left (counterclockwise) or right (clockwise)
relative to a 45° tilt. On the perceptual response screen, a red (#FF0000) line was drawn on a circle of the same size as the Gabor patch
to indicate a 45° tilt reference. Subjects were instructed to press the left and right arrow on the keyboard with their right hand to
indicate left and right tilt, respectively. Subjects subsequently rated their confidence on a 4-point scale, where 1 corresponds to low
confidence and 4 corresponds to high confidence. They were encouraged to use the whole confidence scale. Subjects provided the
confidence response using the keyboard with their left hand. Both the perceptual and confidence responses were untimed, and the next
trial began after both responses were made. The experiment was programmed in JavaScript with the jsPsych library 7.3.3 (de Leeuw,
2015). The virtual chinrest method was used to control differences in viewing distance, display size, and stimulus size. Specifically,
subjects were first asked to resize the stimuli on the screen to match the size of a credit card, adjusting for discrepancies in display size.

a b

Fixation Experiment 1

(1000ms) R
Manipulations Hard (H) Medium (M) Easy (E)
Size 2.5° 5° 7.5°
. Duration 33ms 100ms 500ms
Stimulus Noise 0.9 0.75 0.1
(vary) Tilt offset 0.5T T 2T
Baseline Hard Easy
Manipulations | condition conditions conditions
Blank ISl 1 2 3 4 5 6 7 8 9
(100ms) Size M H M M M E M M M
Duration M M H M M M E M M
Noise M M M H M M M E M
Perceptual Tilt offset M M M M H M M M E

Response C

(untimed) Experiment 2

Manipulations | Hard Easy
Confidence Size 3 75°
response Spatial frequency 3.5 cycles 8 cycles
CONFIDENCE (untlmed) Noise 0.85 0.75
low Tilt offset T 1.8T

Fig. 1. Task and experimental design. (a) Each trial began with a fixation for 1 s and was followed by a Gabor patch stimulus. After a 100 ms
interstimulus interval (ISI) with a blank screen, subjects first indicated whether the Gabor patch was tilted left (counterclockwise) or right
(clockwise) relative to a 45° tilt and subsequently rated their confidence on a 4-point scale. Both responses were untimed, and the next trial began
after both responses were made. (b) Stimulus parameters and experimental design of Experiment 1. Four stimulus features (size, duration, noise, and
tilt offset) were manipulated with three levels of difficulty. “T” indicates the threshold estimated in a staircase procedure. The upper panel presents
the exact stimulus parameters for each stimulus manipulation. The lower panel depicts the design of 9 experimental conditions. The level of dif-
ficulty of each stimulus manipulation is indicated by H, M, and E, referring to Hard, Medium, and Easy, respectively. (¢) Stimulus parameters for
Experiment 2. Experiment 2 had the same manipulations except that we used spatial frequency instead of duration. Unlike Experiment 1, here we
used a full factorial design with a total of 16 conditions with each condition featuring a different combination of the four manipulations.
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Then, subjects fixated on a central point and tracked the lateral movement of the target in their periphery, pressing the spacebar when
the target disappeared. The procedure was repeated three times to estimate the viewing distance, assuming the blind spot is located at
13.5° of the visual angle (Li et al., 2020).

2.3. Stimuli and design

2.3.1. Experiment 1

In Experiment 1, we independently manipulated 4 stimulus features: the size, duration, noise, and tilt offset of the Gabor patches
(Fig. 1b). For each feature, we sampled 3 levels of difficulty based on a pilot study. For the size manipulation, the three levels of
difficulty were 2.5° (hard), 5° (medium), and 7.5° (easy) of visual angle. The three levels of duration were 33 ms (hard), 100 ms
(medium), and 500 ms (easy). Noise was manipulated by blending (computing the weighted sum of two images) the Gabor patch with a
background of random noise. A 90 % noise manipulation would indicate 10 % weighting of the Gabor patch and 90 % weighting of the
noisy background. Three levels of difficulty for the noise manipulation were 90 % (hard), 75 % (medium), and 10 % (easy). Finally, tilt
refers to the degree of offset from 45° and was manipulated based on an individualized threshold (T) obtained by a staircase procedure
as described below. The three levels of tilt included 0.5 T (hard), T (medium), and 2 T (easy). Other stimulus parameters of the Gabor
patches were kept constant (Spatial frequency=8 cycles; phase=0).

To manipulate these stimulus features independently, we first created a baseline condition that included the medium level for all
four stimulus features. Other conditions were created by altering only the feature of interest while keeping other features at their
baseline levels. For instance, the size-hard condition was created by changing the size-medium parameter from the baseline condition
to the size-hard parameter while keeping other features unchanged. This approach creates eight additional conditions, derived from
the four stimulus features each having easy and difficult levels. Including the baseline condition, we had a total of nine experimental
conditions (Fig. 1b). Each condition was tested for 72 trials, except for the baseline condition, which was tested for 144 trials, resulting
in a total of 720 trials. All experimental conditions were randomly interleaved throughout the experiment.

Subjects completed the 720 experimental trials in the form of 5 runs, each containing 6 blocks of 24 trials. Subjects were advised to
take short breaks after each run and block. Before the start of the main experiment, subjects received 3 practice blocks and 2 staircase
blocks. In all these blocks, the stimulus parameters for size, duration, and noise were set at medium difficulty. The first practice block
contained 15 trials with a tilt offset of 10°. Then, subjects completed 40 trials with the tilt offset decreasing every 10 trials (tilt off-
set=5°, 3°, 2°, and 1°). Feedback on perceptual performance was given for the first two practice blocks. In the third practice block,
subjects completed 20 trials without feedback with tilt offsets of 4°, 2°, and 1° randomly interleaved. Subjects then performed 2
staircase blocks to obtain the individualized threshold (T). The average individualized threshold was 3.39+0.90°. The staircase
procedure was a three-down-one-up staircase with an asymmetric step size. The initial tilt offset was 2° and the step size was 0.2°
implemented with a down/up factor of 0.7393 (Garcia-Pérez, 1998). The staircase procedure terminates whenever the number of
reversals exceeds 14 or the number of trials exceeds 60. The threshold was then obtained by averaging all reversal values except for the
first reversal. The final threshold was obtained by averaging the threshold result from the 2 staircase blocks and served as the indi-
vidualized threshold (T) throughout the experiment. On average, the individualized threshold was 3.38°. Subjects were not prompted
to provide confidence responses during the staircase procedure. The whole experimental procedure took about 60 min to complete.

2.3.2. Experiment 2

Experiment 2 employed a full-factorial design on four stimulus features: size, spatial frequency, noise, and tilt offset of the Gabor
patches with 2 levels of difficulty for each feature (Fig. 1c). Stimulus duration was kept constant at 200 ms. This 2x2x2x2 factorial
design resulted in a total of 16 experimental conditions. Each condition was tested for 100 trials, for a total of 1600 trials. All conditions
were randomly interleaved throughout the experiment.

We collected data from each subject over two different days. On each day, subjects completed 800 trials in the form of 5 runs, each
containing 5 blocks of 32 trials. On the first day, subjects received the same 3 practice and 2 staircase blocks as in Experiment 1 before
the main experiment to familiarize them with the task and obtain the individualized threshold. The average individualized threshold
was 3.35°. On the second day, we only included two recall blocks. The first recall block contained 10 trials with a tilt offset of 10° and
perceptual feedback. Then, subjects completed a block of 24 trials in their individualized threshold without receiving feedback. In all
these blocks, only the tilt offset was manipulated, other stimulus parameters were set as follows: size=5°, spatial frequency=8 cycles,
and noise=75 %. Each day of experimental session took about 60 min to complete.

2.4. Analyses

We first computed subjects’ performance (d’) and mean confidence for each stimulus manipulation. d’ was calculated using the
following formula:

d’ = ¢! (Hit rate) — @' (False alarm rate)

where &1 is the inverse of the cumulative standard normal distribution that transforms hit rate and false alarm rate into z scores. Note
that since Experiment 2 employed a full-factorial design, we computed the d’ and mean confidence for each stimulus manipulation by
combining trials that shared the same level of difficulty on the manipulation of interest (8 different experimental conditions for each
level of difficulty). This allowed us to investigate the main effect of each stimulus manipulation.
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We performed two different analyses to quantify the dissociable relationship between confidence and d’ for all four manipulations
in both experiments. For each manipulation, we first plotted confidence against d’ and fit a linear regression. We then computed the
slope () of the linear regression, which shows the change in confidence for each unit increase in d’. A larger slope denotes a bigger
change in confidence for each unit increase in d’ (relatively larger impact on confidence than accuracy), whereas a lower slope denotes
a smaller change in confidence for each unit increase in d’ (relatively smaller effect on confidence than accuracy). However, we could
not perform this analysis for the duration manipulation because it had a very small effect on both confidence and accuracy and also
eight subjects in Experiment 1 showed slightly higher accuracy in the short than long duration. Therefore, to avoid excluding an
excessive number of subjects due to the issues related to the duration manipulation, we instead removed the duration manipulation
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Fig. 2. Experiment 1 behavioral results. (a) Relationship between confidence ratings and sensitivity (d’). The relationship between confidence
and d’ appeared to be very similar for the size, duration, and noise manipulations but was very different for the tilt offset manipulation. The figure
plot average d’ vs. average confidence across subjects, as well as a linear regression on these average values for visualization only. In the actual
analyses, we fitted separate linear regressions for each subject for each stimulus manipulation. (b) The slope of the linear regression line plotting
confidence against d’ for the size, noise, and tilt offset manipulations. Larger slopes denote a larger increase in confidence for each unit increase in
d’. We found a similarly large slope for both the size and noise manipulations. Both of which were significantly larger than the slope of the tilt offset
manipulation. (c) Differences in d’ and confidence between each stimulus manipulation’s easy and hard conditions. The tilt offset manipulation
produced a significantly larger d’ difference, as compared to the size and noise manipulation, but yielded a smaller confidence difference. Note that
the figure only highlights comparisons that change direction for d’ vs. confidence. (d) z-score differences between d’ and confidence for each
stimulus manipulation. A positive value denotes relatively larger effect on accuracy than confidence. The tilt offset manipulation is the only
manipulation that yielded a larger effect on accuracy than confidence, which was significantly different from the size, duration, and noise ma-
nipulations. p-value below the zero line correspond to the results of one-sample t-tests against O for each stimulus manipulation. Dots show indi-
vidual subjects. Error bars represent SEM.
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from this slope analysis. Slopes from different manipulations were then compared using paired sample t-tests. We further performed
linear mixed-effect modelling to examine how confidence and stimulus difficulty predicted trial-level accuracy and also accounting for
individual differences across subjects (see Supplementary results). We also performed Bayes Factor analyses to assess the strength of
evidence for our hypotheses. All statistical analyses were performed in Python3.9 with the Pingouin package (https://pingouin-stats.
org/build/html/index.html). We used the default Cauchy scale factor (r = v/2/2) for all Bayes factor analyses.

In addition, we employed another method for quantifying the relative effects of each manipulation on d’ and confidence. The goal
of this alternative method was to more directly illustrate the difference between d’ and confidence. Specifically, we computed the
differences in d’ and confidence between the easy and hard conditions for each manipulation and compared these differences between
pairs of manipulations using paired sample t-tests. Since different stimulus manipulations produce varying differences between the
easy and hard condition for both d’ and confidence, to enable comparison between these differences across multiple stimulus ma-
nipulations, we first z-scored the differences in d’ and confidence to bring them onto the same scale and compute the difference
between d’ and confidence: z(Ad’) — z(Aconfidence). The resulting metric indicates the relative effect on accuracy versus confidence,
where a positive value corresponds to a larger effect on accuracy than confidence, while a negative value corresponds to a larger effect
on confidence than accuracy. We then compared this z-scored difference to zero using one-sided t-tests to test for the significance
between d’ and confidence difference for each manipulation and compared these z-scored differences between pairs of manipulations
using paired sample t-tests.

Apart from examining the relationship between confidence and d’, we also examined how confidence in correct and error trials
changes with stimulus discriminability. Prior studies coined the term “folded-X pattern” to describe a pattern of results where easy
conditions lead to a confidence increase for correct trials but a confidence decrease for error trials (Hangya et al., 2016; Sanders et al.,
2016). To quantify the folded-X pattern, we fit linear regressions to predict confidence by stimulus difficulty separately for correct and
error trials in each stimulus manipulation. We then computed the slope () of the linear regression, in which a positive g indicates a
confidence increase with stimulus discriminability, whereas a negative $ indicates a confidence decrease with stimulus discrimina-
bility. The folded-X pattern corresponds to a positive $ for correct trials and a negative f for error trials. The obtained f values were
compared to zero using one-sided t-tests.

In Experiment 2, we also investigated the two-way interaction effects among the four stimulus manipulations. We investigated the
interaction effects separately for d” and confidence by conducting two-way repeated-measures analyses of variance (ANOVAs).

2.5. Data and code availability
All data and codes are available at https://github.com/herrickfung/4m data_code/.
3. Results

We explored the similarities and differences in the effects of five different manipulations on confidence and accuracy. Subjects
indicated whether a Gabor patch was tilted left or right relative to a 45° tilt and provided confidence on a 4-point scale. In Experiment
1, we independently manipulated the size, duration, noise, and the tilt offset of the Gabor patch, while in Experiment 2, we jointly
manipulated the size, spatial frequency, noise, and the tilt offset. We then performed extensive analyses to investigate the behavioral
effects of these manipulations on confidence and performance.

3.1. Effects of each manipulation on average confidence and accuracy

3.1.1. Experiment 1

We first examined how each of the four manipulations in Experiment 1 affected average confidence and average performance. To
do so, we plotted confidence against performance (d’) (Fig. 2a). Qualitatively, confidence increased with d’ for all four manipulations.
Critically, the relationship between confidence and d’ appeared to be almost identical for all auxiliary manipulations, including size,
duration, and noise, but very different for the task-defining tilt offset manipulation. We examine this qualitative impression in two
different ways below.

First, to quantitatively examine the relative effects of each manipulation on d’ and confidence, we computed the slope (f) of the
linear regression, which shows the change in confidence for each unit increase in d’ (Fig. 2b and Supplementary Table 1). Since the
duration manipulation had a very small effect on both confidence and accuracy, we excluded the duration manipulation from this
analysis (see Methods). The results for the size, noise, and tilt offset manipulations confirmed the qualitative impressions from Fig. 2a.
Specifically, the size and noise manipulations exhibited very similar, large slopes (Size: § = 0.68, Noise: f = 0.87; t(27)=0.328,
p=0.745, BFy1=4.59, d=0.064). In contrast, the tilt offset manipulation exhibited a substantially smaller slope (f = 0.22) compared to
both size (t(27)=4.31, p:1.94x10'4, BF19=144, d=0.814) and noise (t(27)=4.12, p:3.18x10'4, BF10=93.2, d=0.779). These findings
demonstrate that the size and noise manipulations have similar, large effects on confidence compared to their effects on d’, whereas the
tilt offset manipulation has a substantially smaller effect on confidence compared to its effect on d’.

Second, we also examined the relative effects of each manipulation on d” and confidence by computing the differences in d’ and
confidence between the easy and hard conditions for each manipulation (Fig. 2c). We found that the duration, size, and noise ma-
nipulations had increasingly larger effects on both d’ and confidence (all 6p’s<0.05 for all pairwise comparisons between pairs of
manipulations for both d° and confidence), suggesting that all three auxiliary manipulations had similar relative effects on
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performance and confidence. In contrast, the task-defining tilt offset manipulation had a relatively large effect on d’ but a relatively
small effect on confidence. Indeed, the tilt offset manipulation had a significantly larger effect on d’ compared to both the noise (t(27)=
4.23,p=2.42x 10", BF1(=119, d=0.799) and size manipulations (t(27)=10.5, p=5.47x10"1!, BF1o=1.76x10%, d = 1.97). However, tilt
offset had a significantly smaller effect on confidence compared to the noise manipulation (t(27)=-4.36, p:1.68x10'4, BF19=165, d=-
0.825) and a numerically smaller but not significantly different effect on confidence from the size manipulation (¢(27)=-1.33, p=0.19,
BF(1=2.26, d=0.251).

To directly compare the effects of each manipulation on d’ vs. confidence, we computed the z-score differences between d’ and
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Fig. 3. Experiment 2 behavioral results. (a) Relationship between confidence ratings and sensitivity (d’). The relationship between confidence
and d’ was nearly identical for the size, spatial frequency, and noise manipulations, but was very different for the tilt offset manipulation. The figure
plot average d’ vs. average confidence across subjects, as well as a linear regression on these average values for visualization only. In the actual
analyses, we fitted separate linear regressions for each subject for each stimulus manipulation. (b) The slope of the linear regression line plotting
confidence against d’ for each stimulus feature. A larger slope would denote a larger increase in confidence for each unit increase in d’. A similarly
larger slope was found for size, spatial frequency, and noise manipulations. All of them were larger than the slope of the tilt offset manipulation. (c)
d’ and Confidence difference between each stimulus manipulation’s easy and hard conditions. The tilt offset manipulation produced a significantly
larger d’ difference, as compared to the size, spatial frequency, and noise manipulation, but yielded no significant differences in confidence dif-
ference. Note that the figure only highlights comparisons that change direction for d’ vs. confidence. (d) z-scored differences between d’ and
confidence for each stimulus manipulation. A positive value denotes relatively larger effect on accuracy than confidence. p-value below the zero line
correspond to the results of one-sample t-tests against O for each stimulus manipulation. The tilt offset manipulation is the only manipulation that
yielded larger effect on accuracy than confidence, which was significantly different from the size, spatial frequency, and noise manipulations. Dots
show individual subjects. Error bars represent SEM.
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confidence (Fig. 2d). Specifically, we z-scored the differences between the easy and hard conditions across manipulations for d’ and
confidence separately. We then examined the difference between these two z-scores: z(Ad’) — z(Aconfidence). We found that size and
noise had significantly negative z-score differences (Size: t(27)=-3.89, p:5.86X10'4, BF10=54.1, d=-0.736; Noise: t(27)=-2.92,
p=0.007, BF1¢p=6.28, d=-0.552), indicating a larger effect on confidence than accuracy. Duration also exhibited a negative z-score
difference, but this effect was not significant (t(27)=-1.60, p=0.122, BFy;=1.61, d=-0.302). In contrast, tilt offset was the only
manipulation that demonstrated a significantly positive z-score difference (t(27)=7.56, p:3.9OX10’8, BF10=3.63x10°, d=1.43),
indicating a larger effect on accuracy than confidence. Critically, the z-score difference for tilt offset was significantly higher than for
the size, noise, and duration manipulations (all three p’s<0.001 and BF10>10° for all pairwise comparisons). Size, noise, and duration
exhibited relatively similar z-score differences, though the z-score difference for duration was closer to 0 due to the fact that duration
had negligible effects on both d” and confidence (Size vs duration: t(27)=2.19, p=0.04, BF1(=1.55, d=0.413; Size vs noise: t(27)=0.39,
p=0.70, BF(p;=4.65, d=0.073; Duration vs noise: t(27)=1.74, p=0.09, BFyp;=1.32, d=0.328). Overall, these results suggest that all
auxiliary manipulations have similar relative effects on d’ and confidence, while the task-defining tilt offset manipulation impacts d’
more than confidence compared to the other manipulations.

3.1.2. Experiment 2

In Experiment 1, we manipulated size, duration, noise, and tilt offset independently. Specifically, when manipulating one variable,
all other variables were given a default, baseline value. This design allowed us to compare the different manipulations but leaves it
unclear whether the manipulations interact with each other. To address this question, in Experiment 2, we jointly manipulated four
stimulus features using a 2x2x2x2 experimental design. Since duration demonstrated minimal impact on both confidence and accuracy
in Experiment 1, we replaced the duration manipulation with a spatial frequency manipulation in Experiment 2. We first examined the
effects of each manipulation on accuracy and confidence (as in Experiment 1) and then analyzed the interactions between the different
manipulations.

To qualitatively examine the effects of each manipulation on accuracy and confidence, we first plotted confidence against per-
formance (d’) for each manipulation while combining across the remaining three manipulations (Fig. 3a). As expected, confidence
increased with d’ for all four manipulations. Critically, the relationship between confidence and d’ was close to identical for all
auxiliary manipulations in Experiment 2, including size, spatial frequency, and noise, but was very different for the task-defining tilt
offset manipulation.

As in Experiment 1, we quantitatively examined the relative effect of each manipulation on d’ and confidence by computing the
slope () of the linear regression, which shows the change in confidence for each unit increase in d’ (Fig. 3b and Supplementary
Table 2). We found that the size, spatial frequency, and noise manipulations exhibited very similar, large slopes (Size: # = 0.70, Spatial
frequency: f = 0.66, Noise: f = 0.60; p>0.1 and BFy;>3 for all three pairwise comparisons; Fig. 3b). In contrast, the tilt offset
manipulation exhibited a significantly smaller slope (§ = 0.26), as compared to spatial frequency (t(26)=3.61, p=0.001, BF;(=27.5,
d=1.04), noise (t(26)=4.0, p=4.60 x 10'4, BF;0=67.6, d=1.14), and size ((26)=2.28, p=0.031, BF;0=1.84, d=0.663). These findings
replicated and extended results from Experiment 1, showing that all auxiliary manipulations have similarly large effects on confidence
compared to their impact on d’, whereas the task-defining tilt offset manipulation has a substantially smaller effect on confidence
compared to its effect on d’.

Further, as in Experiment 1, we also examined the relative effects of each manipulation on d’ and confidence by computing the
difference in d’ and confidence between the easy and hard conditions for each manipulation while combining across all remaining
manipulations (Fig. 3c). We found that, compared to each other, the size, noise, and spatial frequency manipulations had increasingly
larger effects on both d’ and confidence (p<0.05 for all 6 pairwise comparisons), suggesting that all three of these manipulations had
similar relative effects on performance and confidence. In contrast, the tilt offset manipulation had a larger effect on d’ but a smaller
effect on confidence. Specifically, the tilt offset manipulation had a significantly larger effect on d’ compared to size (t(28)=4.31,
p:1.80x10'4, BF10=154, d=1.11), spatial frequency (t(28)=2.53, p=0.017, BF1¢p=2.90, d=0.615), and noise (t(28)=3.27, p=0.003,
BF10=13.3, d=0.778). However, tilt offset had a significantly smaller effect on confidence compared to spatial frequency (£(28)=2.18,
p=0.037, BF9p=1.54, d=0.605) and noise (t(28)=2.08, p=0.047, BF;p=1.27, d=0.538) and a numerically smaller effect (though non-
significant) on confidence compared to size (t(28)=1.41, p=0.171, BFy;=2.09, d=0.337).

Similarly, we computed the z-score differences between d’ and confidence (Fig. 3d). We found that size demonstrated significantly
negative z-score differences (t(28)=-2.16, p=0.04, BF;p=1.45, d=-0.430), indicating a larger effect on confidence than accuracy.
Spatial frequency and noise also exhibited a negative z-score difference, but the effects were not significant (Spatial frequency: t(28)=-
1.21, p=0.23, BFy1=2.60, d=-0.258; Noise: t(28)=-1.12, p=0.27, BFy;=2.86, d=-0.249). In contrast, tilt offset is the only manipulation
that demonstrated significantly positive z-score differences (t(28)=8.14, p=7.24x10°, BF19=1.76x10"%, d=1.10), indicating a larger
effect on accuracy than confidence. Critically, the z-score difference for tilt offset was significantly higher than for the size, noise, and
spatial frequency manipulations (all three p’s<0.001 and BF;¢>80 for all pairwise comparisons). Size, noise and spatial frequency
showed relatively similar z-score differences (all three p’s>0.1 and BF;>2 for all pairwise comparisons). These results demonstrate
that the size, spatial frequency, and noise manipulations have similar effects on d’ and confidence, while the tilt offset manipulation
stood out in affecting d’ more than confidence compared to all other manipulations. Overall, these results from Experiment 2 suc-
cessfully replicated and expanded the results from Experiment 1, showing that all auxiliary manipulations exhibit similar relationship
between d’ and confidence, whereas the task-defining tilt offset manipulation was different from all other manipulations by affecting
d’ more than confidence.

Critically, the design of Experiment 2 also allowed us to examine how the different manipulations interact with each other. To this
end, we analyzed all six possible two-way interactions among the size, spatial frequency, noise, and tilt offset manipulations for both d’
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and confidence (Fig. 4). We found that all two-way interactions involving tilt offset yielded significant supraadditive effects on both d’
(Size vs. Tilt offset: F(1,28)=21.0, p:8.69x10'5, 1]5:0.429; Spatial frequency vs. Tilt offset: F(1,28)=26.4, p:1.89x10'5, )112,:0.485;
Noise vs. Tilt offset: F(1,28)=26.5, p=1.87x107>, 1;=0.486) and confidence (Size vs. Tilt offset: F(1,28)=10.4, p=0.003, 77=0.271;
Spatial frequency vs. Tilt offset: F(1, 28)=31.7, p=5.03x10"C, n§:0.531; Noise vs. Tilt offset: F(1,28)=14.4, p=7.38x10"%, n§:0.339).
Specifically, the tilt offset manipulation increased d’ and confidence more when the other manipulations (size, noise, or spatial fre-
quency) were easy compared to when they were difficult.

Contrary to the supraadditive interactions we observed for the tilt offset manipulation, the remaining manipulations showed either
subadditive interactions or no interactions between each other. Specifically, we found a subadditive interaction between the size and
noise manipulations for both d’ (F(1,28)=18.2, p:2.03X10'4, 115:0.394) and confidence (F(1,28)=73.7, p:2.50x10'9, n§:0.725).
Specifically, the noise manipulation increased d’ and confidence less when the size manipulation was easy compared to when they
were difficult. We also found a subadditive interaction between the noise and spatial frequency but only for d’ (F(1,28)=7.16,
p=0.012, ;1520.204). There was no interaction between noise and spatial frequency for confidence (F(1,28)=1.19, p=0.28, 173:0.041).
Finally, there was also no interaction between size and spatial frequency for either d’ (F(1,28)=0.09, p=0.76, 1112,:0.003) or confidence
(F(1,28)=0.62, p=0.44, 715:0.022). These results demonstrate that the tilt offset manipulation stands out in that it is the only
manipulation that produces supraadditive interaction effects for either d’ or confidence.

3.2. Effects of each manipulation on confidence for correct vs. error trials (folded-X pattern)

Confidence is typically thought to increase with easier trials for correct responses but to decrease with easier trials for error
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Fig. 4. All two-way interaction effects among stimulus manipulations for d’ and confidence in Experiment 2. All interactions with the tilt
offset manipulation (left) produced a consistent and similar supraadditive interaction for both d’ and confidence. Interactions among all other
stimulus manipulation (right) exhibited either no or subadditive interactions. Error bars represent SEM; p-values show interactions effects for two-
way repeated measures ANOVAs.



H. Fung et al. Consciousness and Cognition 136 (2025) 103942

responses (Hangya et al., 2016; Sanders et al., 2016). This pattern, known as the folded-X pattern, can be used to understand how
different stimulus features interact with the confidence generation process (Rausch et al., 2018; Shekhar & Rahnev, 2024). Thus, we
also analyzed how confidence changes for correct and error responses in each stimulus manipulation.

Across both experiments, we observed violations of the canonical folded-X pattern for all stimulus manipulations except tilt offset
(Fig. 5). In Experiment 1, for the size, duration, and noise manipulations, easier conditions increased confidence in both correct trials
(Size: p=0.311, t(26)=7.03, p:1.80x10'7; Duration: $=0.113, t(26)=4.82, p:5.40x10'5; Noise: $=0.514, t(26)=8.75, p:3.18X10’9)
and error trials (Size: p=0.260, t(26)=7.47, p:6.23x10'8; Duration: p=0.07, t(26)=1.88, p=0.07; Noise: p=0.374, t(26)=5.55,
p=7.86x10°). This joint increase in confidence regardless of the response accuracy shows that size, duration, and noise conditions
violated the folded-X pattern. However, for the tilt offset manipulation, easier conditions increased confidence in the correct trials
(=0.247, t(26)=7.32, p:8.97x10'8), but not in the error trials (=-0.05, t(26)=-1.21, p=0.24), which resembles the canonical folded-
X pattern. The same pattern emerged in Experiment 2. Specifically, for size, spatial frequency, and noise manipulations, easier con-
ditions increased confidence for both correct trials (Size: p=0.249, t(28)=6.61, p=3.62x10"; Spatial frequency: p=0.342, t(28)=6.14,
p:1.24x10'6; Noise: $=0.282, t(28)=8.87, p=1.25x 10"°) and error trials (Size: $=0.175, t(28)=6.07, p=1.50x1 0% Spatial frequency:
$=0.162, t(28)=3.12, p=0.004; Noise: p=0.176, t(28)=4.56, p:9.14x10'5). In contrast, for the tilt offset manipulation, easier con-
ditions increased confidence in the correct trials (=0.215, t(28)=8.10, p:8.13x10'9), but decreased confidence in the error trials
(p=-0.105, t(28)=-5.57, p:5.79X10'6). These results demonstrate that all auxiliary manipulations, including size, spatial frequency,
duration, and noise manipulations, violated the folded-X pattern and instead showed a joint increase in confidence for correct and error
trials. In contrast, the task-defining tilt offset manipulation stood out in being the only manipulation that demonstrated the canonical
folded-X pattern.

3.3. Effects of each manipulation on reaction time (RT)

Since RT and confidence are related, we also investigated how different manipulations affect RT and whether the differences in RT
would mimic differences in confidence. We found that even though the tilt offset manipulation had the smallest effect on confidence
(Fig. 2¢), its effect on RT was as large as or larger than the effect of the remaining manipulations (Supplementary Fig. 1). Further, we
observed no obvious difference between the tilt offset manipulation and other stimulus manipulations on RT patterns for correct vs.
error trials (Supplementary Fig. 2). Specifically, the results for tilt offset — similar to the remaining manipulations — were in line with
the double-increase pattern of confidence. Overall, these results demonstrate the confidence results observed in this paper are not
explainable by differences in RT, and that the RT effects in fact tend to follow the accuracy results more closely than the confidence
results.
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Fig. 5. Effects of each manipulation on confidence for correct vs. error trials (folded-X pattern). In both experiments, the canonical folded-X
pattern (where easier conditions lead to a confidence increase for correct trials but a confidence decrease for error trials) only appeared for the tilt
offset manipulation. All other stimulus manipulations (size, duration, noise, and spatial frequency) led to violations of the folded-X pattern, such
that easier conditions led to increased confidence for both correct and error trials. The green and red lines denote the confidence for correct and
incorrect trials, respectively. Error bars represent SEM. Statistical results show the significance of the one-sided t-test to determine if the average
slope was significantly different from zero. The purple background highlights the tilt offset results, which are the only ones to exhibit the canonical
folded-X pattern. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

We investigated the effects of multiple stimulus manipulations on confidence and accuracy. Across two experiments, we tested the
effects of one task-defining manipulation (tilt offset) and four auxiliary manipulations (size, duration, spatial frequency, and noise). We
found that the tilt offset manipulation stands out in three different ways. Specifically, it is the only manipulation that (1) affects
accuracy more strongly than confidence, (2) demonstrates the canonical folded-X pattern, and (3) exhibits supraadditive interactions
with the other manipulations for both confidence and accuracy. In contrast, the other four auxiliary manipulations showed fairly
similar effects on confidence and accuracy despite the vast differences in how they impact the appearance of the stimuli. Overall, these
results reveal very similar effects among four visually distinctive auxiliary manipulations and a prominent difference between them
and the task-defining manipulation. These results can be used to predict how untested stimulus manipulation would affect confidence
and accuracy.

Several studies have found that different manipulations may sometimes produce different effects on accuracy vs. confidence. For
instance, manipulating the variance of the elements in an ensemble averaging task affects confidence more than accuracy compared to
manipulating the mean of the ensemble (Boldt et al., 2017; Spence et al., 2016). Likewise, in an orientation discrimination task, a
contrast manipulation affects confidence more than accuracy, whereas a tilt offset manipulation affects accuracy more than confidence
(Xue et al., 2025). However, such studies do not reveal if each manipulation has its own distinctive influence on confidence vs. ac-
curacy, or if most manipulations conform to only a few patterns. Our results demonstrate that multiple visually distinctive stimulus
manipulations produced just two distinct patterns of confidence-accuracy relationship. Specifically, the task defining tilt offset
manipulation affects accuracy more than confidence, whereas all auxiliary manipulations (i.e., size, duration, noise, and spatial fre-
quency) have a relatively larger effect on confidence than accuracy. Critically, all auxiliary manipulations demonstrate very similar
effects on confidence vs. accuracy as indicated by the consistent slopes across different manipulations. Our results thus extend previous
research by suggesting that, despite the existence of many possible stimulus manipulations, there may be a limited number of possible
effects on confidence vs. accuracy that such manipulations could produce.

The folded-X pattern has been proposed as the statistical signature of confidence (Hangya et al., 2016; Sanders et al., 2016). It has
even been argued that whenever the folded-X pattern is detected in a psychological, neural, or physiological variable, that variable
should be considered a correlate of confidence (Kepecs et al., 2008; Kepecs & Mainen, 2012; Sanders et al., 2016). Consequently, some
studies have used the folded-X pattern to detect correlates of confidence empirically (Braun et al., 2018; Rolls et al., 2010; Urai et al.,
2017; Voodla et al., 2025). Despite the frequent empirical observation of the folded-X pattern (Shekhar & Rahnev, 2024; Xue et al.,
2025), numerous studies have reported violations of this pattern (Hellmann et al., 2023; Kiani et al., 2014; Rausch et al., 2018, 2021;
Shekhar & Rahnev, 2024; Xue et al., 2025). Our results confirm that violations of the folded-X pattern are rather common. In fact, all
four auxiliary manipulations (size, duration, noise, and spatial frequency) showed violations of the folded-X pattern. Instead, these
manipulations exhibited a double-increase pattern where easier conditions led to a confidence increase for both correct and error trials.
Consistent with previous results, our study suggests that the emergence of the folded-X pattern might be related to the nature of the
stimulus manipulation. These results cast doubt on the assumption that the folded-X pattern can be regarded as a hallmark feature of
confidence and raise concerns about using this pattern as a definitive criterion for identifying empirical correlates of confidence.

Our results also suggest that there could be a relationship between whether a manipulation produces the folded-X or the double-
increase pattern and whether that manipulation affects accuracy or confidence more strongly. Specifically, the tilt offset manipulation
exhibited the folded-X pattern and showed the smallest effect on confidence among all stimulus manipulations. Analytically, this may
be because, for easy conditions, the increased confidence in correct trials is offset by the decreased confidence in error trials, resulting
in a smaller net increase in confidence. However, additional analyses revealed that the relatively smaller effect on confidence for the
tilt offset manipulation (Fig. 2¢) was also separately observed for both correct and error trials (though it was more pronounced in error
trials; Supplementary Fig. 3). The fact that the tilt offset manipulation showed the same qualitative pattern when only correct trials are
considered suggests that this effect is not exclusively driven by error trials and is therefore not statistically identical to the fact that only
the tilt offset manipulation resulted in a folded-X pattern.

To our knowledge, only one previous study has examined the interactions between the effects of different manipulations on
confidence. That study found no interaction between manipulating the mean color and manipulating the color variance in a color
ensemble task (Boldt et al., 2017). In contrast, we observed numerous interactions on both accuracy and confidence. Specifically, the
task-defining tilt offset manipulation demonstrated a supraadditive interaction with all auxiliary manipulations (i.e. size, noise, and
spatial frequency) on both confidence and accuracy. In contrast, the auxiliary manipulations exhibited either subadditive interactions
or no interactions on accuracy and confidence. Critically, these interaction effects are unlikely to be artifacts of floor or ceiling effects
because both d’ and confidence values remained far from the boundaries (confidence values were between 2.23 and 2.92; range=1-4;
d’ values were between 1.0 and 2.52; range=0-4.87). Our results demonstrate that interactions between different manipulations are
likely to be rather common but do not yet clarify the mechanisms underlying these different interactions.

A central question raised by our work is what makes the tilt offset manipulations different from all others. Indeed, that manipu-
lation had a unique confidence-accuracy relationship, it was the only one to exhibit the folded-X pattern, and it alone showed
supraadditive interactions with other manipulations. We can think of three, non-exclusive possibilities for what sets the tilt offset
manipulation apart.

First, it could be that the central reason for the difference between tilt offset and all other manipulations is that tilt offset is the task-
defining manipulation, whereas all others are auxiliary manipulations. Note that while plausible, establishing that this is the driving
force behind our effects would require further evidence where other features (besides tilt offset) are task-defining. The task-defining
nature of stimulus tilt would also naturally lead to more attention being directed to the tilt offset compared to the features affected by
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other manipulations. Thus, a prediction that stems from our results is that fundamentally different effects will emerge for manipu-
lations that affect the task-defining features vs. manipulations that affect any non-task-defining stimulus feature.

Second, a separate and non-mutually exclusive possibility is that what differentiates tilt offset from all other manipulations is how
noticeable the manipulation is. Indeed, the tilt offset manipulation was perceptually subtle (e.g., in Experiment 1, the average tilt
values for clockwise stimuli were 46.75°, 48.5°, and 52°, which are not easy to tell apart; Fig. 6). In contrast, all auxiliary stimulus
manipulations were readily apparent (e.g., durations of 33/100/500 ms and sizes of 2.5°/5°/7.5° are easy to tell apart). This difference
was further confirmed by an additional experiment, which demonstrated that subjects were close to chance (32.7 %) when
discriminating the three levels of the tilt offset manipulation used in Experiment 1 but performed much better for all other manip-
ulations (all accuracy levels>70 %; see Supplementary Results and Supplementary Fig. 4). Thus, it is possible that this difference in
how noticeable a stimulus manipulation is what drives the behavioral differences between the tilt offset and all other manipulations. In
particular, subjects may use cues about the difficulty of the trial when making confidence judgements, as has been proposed by the
weighted evidence and visibility (WEV) model (Hellmann et al., 2023; Rausch et al., 2018, 2021), though recent work shows that
explicit cues about trial difficulty have only a minimal effect on confidence ratings (Xue et al., 2024b). Indeed, the WEV model has been
shown to allow for the emergence of both the folded-X and the double-increase patterns (Rausch & Zehetleitner, 2019). Thus, it is
possible that a computation that involves an implicit estimation of difficulty based on the perceived features of a stimulus could explain
the observed difference between tilt offset and all other manipulations.

Third, both of our experiments treated tilt offset manipulation differently from the other manipulations prior to the beginning of the
main experiments. Specifically, the tilt offset manipulation was practiced using a relatively wide range of values, whereas all other
stimulus features were set to a constant level. In addition, the tilt offset manipulation is also the only manipulation on which we
performed a staircase procedure to determine the individualized threshold. Since the staircase procedure was conducted before the
experimental trials, from the subjects’ perspectives it had a similar effect as the practice trials in that it exposed them to a wider range
of values for that manipulation. To empirically test whether exposure to a wide range of values from a given manipulation can lead to
the effects we observed, we conducted the slope and difference analyses separately on the first vs. second half of each experiment. The
idea is that subjects have already been exposed to a wider range of values for each manipulation in the second half of the experiment.
Thus, if the prior exposure to a range of values is critical to our findings, we should observe a difference between the first and second
halves of the experiment. Our results were replicated in both splits of the data (Supplementary Fig. 5), suggesting that the effect of prior
exposure to a range of values is unlikely to explain the differences we observed between the tilt manipulation and all remaining
manipulations. Nevertheless, future experiments with tighter control over practice trials and staircasing procedures are needed to fully
determine whether these factors can explain the results observed here.

Our results allow us to make predictions on how future manipulations would affect accuracy and confidence. Specifically, we
speculate that manipulations of task-defining features that are also not readily noticeable would produce the effects associated with the
tilt offset manipulation here. That is, such manipulations would have relatively more impact on accuracy than confidence, exhibit the
folded-X pattern, and interact with all other non-task-defining stimulus manipulations supraadditively. In contrast, manipulations of
non-task-defining features that are also readily noticeable would produce the effects associated with noise, duration, spatial frequency,
and size. That is, such manipulations would have relatively less impact on accuracy than confidence, exhibit the double-increase
pattern (violating the folded-X pattern), and show either no interactions or subadditive interactions among themselves. This pro-
posed dichotomy is sufficiently robust to explain many existing findings with clearly distinguishable stimulus manipulations (Boldt
etal.,, 2017; Kiani et al., 2014; Moran et al., 2015; Rausch et al., 2018, 2021; Sanders et al., 2016; Spence et al., 2016; Xue et al., 2025).
For example, Kiani et al. (2014) found that manipulating the motion coherence (non-task-defining feature) in a motion direction
discrimination task produced the double-increase pattern. Conversely, in a task where subjects were required to judge the dominant
color in an ensemble containing an unequal amount of white and black squares, manipulating the proportion of the two colored
squares (task-defining feature) created the canonical folded-X pattern (Moran et al., 2015). Overall, while still speculative, our

Stimulus manipulation

Size Spatial frequency Noise Tilt offset

ifficulty
Hard

Easy

Fig. 6. Visualization of the levels of difficulty of the four stimulus manipulations used in Experiments 1 and 2. The images for size, noise,
and tilt offset manipulation are based on the easy and hard levels in Experiment 1, whereas the images for the spatial frequency manipulation are
based on the two levels in Experiment 2. As seen in this figure, the two level of difficulty of the tilt offset manipulation is the hardest to tell apart.
Note that we could not visualize the extreme levels of the duration manipulation (33 vs. 500 ms), but those levels are also very easy to distinguish.
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interpretation is general enough to encompass many different stimulus manipulations and can potentially enable predicting the effects
of new, untested manipulations applied to a range of perceptual tasks.

Currently, the generalizability of our interpretations is currently limited by the fact that we only used a single task — the orientation
discrimination task — with tilt offset as the sole task-defining feature. Therefore, it remains unclear whether our findings would be
observed in other perceptual tasks or with other task-defining features. For instance, we would predict that for a size discrimination
task where size is the task-defining feature, manipulating size — but not any other variable — would produce the same effects as the tilt
offset manipulation in the current study. Future research should address this question by testing the effects of task-defining vs.
auxiliary manipulations across a range of tasks.

Another limitation of our study is that to comprehensively explore the data, we conducted many hypothesis tests, which increases
the risk that some of the significant results reported in the paper are false positives. However, we emphasize that most key effects were
replicated across two independent experiments, which increases confidence that they are not spurious. Additionally, most tests were
not meant to be interpreted in isolation, but rather to evaluate the overall pattern across multiple conditions. More importantly, the
critical finding of a confidence-accuracy dissociation is confirmed by multiple types of analyses, including the slope analysis, difference
analysis, z-scored difference analysis, and linear mixed effect modelling, all of which converge to the same conclusion.

In conclusion, we explored the effects of multiple stimulus manipulations on confidence and accuracy in an orientation discrim-
ination task and found that the tilt offset manipulation stands out in three key ways. We propose that this distinction arises because tilt
offset is both task-defining and less perceptually noticeable. This interpretation enables predictions about how untested stimulus
manipulations might affect confidence and accuracy. While exploratory, this account offers a coherent explanation for both our results
and prior findings, and it generates testable predictions for future research.
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