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Abstract

- Pascal Mamassian? - Vincent de Gardelle?

Salient, exogenous cues have been shown to induce a temporary boost of perceptual sensitivity in their immediate vicinity.
In two experiments involving uninformative exogenous cues presented at various times before a target stimulus, we inves-
tigated whether human observers (N = 100) were able to monitor the involuntary increase in performance induced by such
transients. We found that an increase of perceptual sensitivity (in a choice task) and encoding precision (in a free-estimation
task) occurred approximately 100 ms after cue onset, and was accompanied by an increase in confidence about the percep-
tual response. These simultaneous changes in sensitivity and confidence resulted in stable metacognition across conditions.
These results suggest that metacognition efficiently tracks the effects of a reflexive attentional mechanism known to evade
voluntary control, and illustrate a striking ability of high-level cognition to capture fleeting, low-level sensory modulations.

Keywords Attention - Metacognition - Confidence

Introduction

Sometimes, the saliency of an event (e.g., a bee hovering
too close) or the meaning of a signal (e.g., a finger point-
ing at a snake) is such that we quickly disengage from the
ongoing task to reallocate our attention elsewhere. Selective
spatial attention has been defined as the prioritization and
enhancement of a stimulus at a particular location (Carrasco,
2011; Nobre & Kastner, 2014; Posner, 1980). Two forms of
attention have classically been distinguished. Endogenous
attention is goal-directed and prioritizes information that is
deemed relevant for the observer. It has a slow deployment
rate (~300 ms) but can be sustained in time. By contrast,
exogenous attention enables an organism to react quickly
and automatically to a potential threat: it is a fast (~100
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ms) and involuntary, albeit short-lasting process (Carrasco,
2011; Nobre & Kastner, 2014). In psychophysical experi-
ments, exogenous orienting is triggered by sharp contrast
transients in the vicinity of a target (Carrasco, 2011; Solo-
mon & Morgan, 2018), the latter then being reported more
quickly (Jonides & Irwin, 1981; Posner, 1980) and more
accurately (Carrasco, 2011), even when the cue is unin-
formative (Ling & Carrasco, 2006; Nakayama & Mackeben,
1989; Remington, Johnston, & Yantis, 1992).

Since spatial attention affects perceptual performance,
knowing whether attention was deployed is a good indica-
tion of the quality of one’s own perception. This metacogni-
tive knowledge is useful to regulate behavior: a driver, for
example, may decide to slow down if unsure about the color
of a traffic light. The subjective estimation of a decision’s
accuracy about a visual stimulus can be probed experimen-
tally using confidence judgments. How well confidence
judgments track performance is also known as metacogni-
tive ability, or simply metacognition (Mamassian, 2016).
Whether metacognition can monitor the fluctuation of per-
formance linked to attention is, however, still unclear.

While the effect of attention on metacognition has been
considered in the literature, the findings are mixed: some
studies showed dissociations between accuracy and confi-
dence during manipulation of spatial attention (Kurtz et al.,
2017; Wilimzig et al., 2008) or temporal attention (Recht,
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Mamassian, & de Gardelle, 2019). Other studies suggested
that spatial attention increases both sensitivity and confi-
dence (Denison et al., 2018; Zizlsperger et al., 2012). Most
of these studies, however, considered endogenous orienting
of attention.

Metacognition is usually depicted as a high-level pro-
cess: merely under voluntary control, it could potentially
share some of the neuronal bases involved in the orienting
of endogenous attention (Gilbert & Li, 2013). Its relation to
exogenous attention, however, is much less clear: it could
even be argued that exogenous attention should evade meta-
cognitive monitoring as much as voluntary control. On one
hand, because of its unrepressed nature, exogenous attention
could impede metacognition by disrupting high-level cog-
nitive monitoring. On the other hand, the change in signal
induced by exogenous attention being largely bottom-up and
transient, its effects may simply remain unnoticed by meta-
cognition. These predictions are consistent with the results
of one study that found no effect of involuntary attention on
confidence (Kurtz et al., 2017).

Another contrasting view depicts metacognition as
strongly yoked to the sensory evidence used in perception
(e.g., Kiani & Shadlen, 2009), implying that the effect of
exogenous attention should be reflected in metacognition.
A recent study investigating the combined effects of exog-
enous and endogenous attention found that metacognition
adequately reflected changes induced by attention (Landry
et al., 2021). However, no study to date has considered the
effect of exogenous attention on confidence by contrasting
valid/invalid non-predictive cues exclusively. Assessing
whether confidence tracks such a fleeting attentional mecha-
nism should provide important insights on the versatility and
limits of metacognitive monitoring.

To arbitrate between these two views, we used an exog-
enous pre-cueing approach combined with confidence
judgments. Participants categorized the orientation of a
low contrast Gabor patch (Experiment 1; e.g., Pestilli &
Carrasco, 2005) or estimated the orientation of a “clock”
(Experiment 2) briefly presented at one of two locations,
and then indicated their confidence. The target stimulus was
preceded by a peripheral pre-cue, unpredictive of the target’s
location, and the onset asynchrony between the cue and the
target (hereafter CTOA) was varied. We hypothesized that
if confidence could track sensitivity, we should observe a
positive effect of valid exogenous pre-cues on confidence
mostly at short CTOAs. We also investigated how accu-
rately confidence judgments reflect task performance (i.e.,
metacognition).

For both experiments, we found evidence that confidence
efficiently tracks the involuntary, short-lasting gain in sensi-
tivity induced by exogenous attention. Notably, the deploy-
ment of exogenous attention did not disrupt metacognition,
which remained stable across all experimental conditions.

@ Springer

These results suggest that metacognitive monitoring is able
to process the effects of certain low-level sensory modula-
tions occurring beyond the realm of voluntary control.

Experiment 1
Material and methods
Participants

Ten right-handed participants were recruited from the
French RISC pool of participants. The sample size was esti-
mated from the validity effect size of two previous studies
involving a similar exogenous paradigm. White, Lunau, and
Carrasco (2014) found an effect size of d = 1.13, therefore
requiring N = 10 to achieve 85% power in a two-tailed t-test.
Liu, Pestilli, and Carrasco (2005) found n2 = 0.65, requiring
N = 8 to achieve 85% power. We therefore chose N = 10 as
a target. This choice is also consistent with a more recent
study reporting d = 1.16 (requiring N = 10) with the same
paradigm (Fernandez, Li, & Carrasco 2019). Estimates were
conducted using G*Power. Participants provided informed
written consent prior to the experiment and received 30
euros for their time. The experiment was divided into three
sessions of 1 h each, over 3 different days. The experimental
procedure received approval from the Paris School of Eco-
nomics (PSE) ethics review board.

Stimuli

Target and distractor consisted in two 2° Gabor patches
(spatial frequency: 5 ¢/°; fixed 12% contrast) with Gauss-
ian envelope. The target was oriented either clockwise or
counter-clockwise relative to vertical; its orientation was
calibrated beforehand for each participant to reach a 75%
average accuracy in the main task (see Calibration section
below). The distractor was always horizontal. The target
and the distractor were displayed at 5° eccentricity from the
center of the screen, on the horizontal midline, one on each
side of the screen. A 0.4° fixation dot was presented at the
center of the screen. The pre-cue consisted of a 2° black
line displayed 1.5° above the target/distractor center. Stimuli
were presented on a gray background. The experiment was
programmed using Python and the PsychoPy toolbox (Pei-
rce, 2007), and ran on a computer running Linux Ubuntu.

Procedure

Participants sat in a dark room during the experiment, 57 cm
from the screen (CRT monitor, 1,920 x 1,080 pixels, 100-
Hz refresh rate), with their head maintained using a chin-
rest. After a 200-ms inter-stimulus interval (ITI), each trial
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started with the fixation dot displayed for a duration sampled
from an exponential decay (scale: 500 ms, bounded within
the [300, 1,000] ms interval). This was done to maximize
temporal uncertainty about stimuli onset. At the end of this
delay, the pre-cue was presented for 60 ms. After a variable
cue-to-target onset asynchrony (five different CTOA condi-
tions: 100, 150, 250, 450, and 850 ms, equally spaced in
logarithmic scale), both target and distractor were displayed
on either side of the fixation dot for 30 ms. Participants were
informed that the target was always the non-horizontal
Gabor. Participants were asked to categorize the target as
clockwise versus counter-clockwise (Type 1 decision) and
press the corresponding key on the keyboard (left arrow
for counterclockwise, right arrow for clockwise). In 50%
of the trials, the target appeared at the same location as the
cue (“valid” condition), and for the remaining trials at the
opposite location (“invalid” condition). After their response,
participants were prompted to report their confidence in their
response using the up/down arrow keys (Type 2 decision): is
your confidence for this trial higher or lower than average?
We reasoned that this form of confidence judgment would
encourage participants to report high and low confidence in
a balanced manner over the whole experiment, which would
be beneficial for our statistical analyses. Participants started
with ten practice trials with feedback prior to the calibration
(see below), which was then followed by the main experi-
ment. Participants were provided with a 10-s break every
60 trials. The design was fully factorial with 5 CTOAs con-
ditions X 2 pre-cue conditions (valid/invalid), with pseudo
randomization per virtual blocks of 20 trials.

Participants were instructed to fixate the center of the
screen during the whole trial period, given that target loca-
tion was unpredictable. The cue was fully unpredictive, and
participants had no further incentives to orient their atten-
tion voluntarily towards the cued location. As such, no eye-
tracking monitoring was used in the present study, but it is
reasonable to assume that participants maintained their gaze
at the center to maximize their chance to properly discrimi-
nate the target. We cannot exclude that a small proportion
of the trials might have been affected by incorrect fixation.
Although the pattern of results of Experiment 1 suggests that
participants did not move their eyes towards the cued loca-
tion even at longer CTOAs, it might account for some of the
negligible evidence observed in the long CTOA condition.
Participants completed three sessions of 1 h each, with 560
trials per session (1,680 trials in total).

Calibration

The psychometric function relating orientation discrimi-
nation (the proportion of “counterclockwise” responses)
to target orientation was estimated prior to the begin-
ning of the experiment for each participant in order to

aim for a 75% average perceptual accuracy in the main
task. From the participant's perspective, the task dur-
ing this calibration part looked similar to the one in the
main experiment, but the orientation of the target was
varied from trial to trial using an Accelerated Stochas-
tic Approximation (ASA) staircase procedure (Kesten,
1958). In the calibration part, the cue was systemati-
cally displayed on both the target and the distractor side,
CTOA was fixed at 100 ms, and confidence judgments
were not requested. At the end of the calibration, the
psychometric curve was estimated using Maximum
Likelihood Estimation (MLE), to extract angle values
(separately for clockwise and counterclockwise targets)
leading to 75% accuracy. These values were then kept
constant for the main task, to reduce the risk of inflat-
ing metacognitive ability estimates (Rahnev & Fleming,
2019).

Figure 1 shows the experimental protocol for Experiment 1.

Measures

We were interested in estimating both perceptual (Type 1)
and meta-perceptual (Type 2) sensitivities. We thus used
Signal Detection Theory (SDT) to estimate Type 1 sensi-
tivity (d'), which provided us with a bias-free measure of
accuracy (Green & Swets, 1966; Macmillan & Creelman,
2005). Trials were grouped using the clockwise-oriented
category as signal, leading to four categories of trials: (a)
hits, where a CW target was correctly reported as CW; (b)
misses, in which a CW target was reported as CCW; (c) false
alarms, where a CCW target was reported as CW; (d) correct
rejections, where CCW was reported as CCW. This group-
ing was conducted for each participant and each condition
separately, and sensitivity (d') was calculated as the differ-
ence in z-scores between the hit rate and the false alarm rate.

As a proxy for Type 2 sensitivity (that is, how well con-
fidence ratings relate to objective accuracy), we used the
Meta-d’/d’ ratio, as it is less prone than other measures to
shifts in Type 1 sensitivity or response bias. Meta-d’ cor-
responds to the Type 1 sensitivity that would produce the
collected Type 2 (or confidence) responses, if the observ-
ers were optimal at the metacognitive level (Maniscalco &
Lau, 2012). This value, the meta-d’, can then be compared
to the actual sensitivity (d') objectively measured for each
participant. In particular, the meta-d' is equal to the d' when
the participant has optimal metacognitive access to Type 1
decision information. The ratio meta-d'/d', or “m-ratio” is
referred to as metacognitive efficiency. To investigate the
effect of cueing on metacognitive efficiency, we thus con-
sidered the m-ratio, after estimating d” and meta-d’ using
Maximum Likelihood methods. This procedure was applied
for each participant, CTOA and pre-cue validity separately.
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ITI (200ms)

Fixation (300-500ms)

Pre-cue (60ms)
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Fig. 1 Experimental protocol for Experiment 1: On each trial, after
a random delay, a cue is briefly presented on one side of the fixa-
tion cross. After a variable cue-to-target onset asynchrony (CTOA),
a target and a distractor are presented. The target can appear slightly
below the cue (valid condition, as illustrated here) or on the opposite
side (invalid condition). The target is an oriented Gabor patch (either

Analyses

For clarity, and because we were interested in within- not
between-participant variability, the error bars in the follow-
ing figures are based on the 95% confidence interval (CIs) of
the within-participant variability. These CIs were calculated
using the Cousineau-Morey intervals (Baguley, 2012; Cous-
ineau, 2005; Morey, 2008). All the analyses were carried
out using the R programming language (version 4.0.4, R
Core Team, 2013). When necessary, ANOVAs were cor-
rected using the Greenhouse-Geisser adjustment and t-tests
were corrected using the Welch-Satterthwaite adjustment.
We report the V-statistic from Wilcoxon’s signed rank test
using uppercase an T when the Shapiro-Wilk normality test
failed, and Student’s t-statistic using lowercase a t otherwise.
Bayes factors were calculated using the “ttestBF” functions
for t-tests, the “correlationBF” for correlation test, and the
“anovaBF” function for ANOVAs, from the BayesFactor R
package (version 0.9.12-4.3, Morey & Rouder, 2018). The
Bayes factor for interactions in ANOVAs was estimated by
comparing a model with the main effects to a model with
both the main effects and the interaction. For the Wilcoxon
signed rank tests, the Bayes factors were estimated using
JASP (version 0.16.1.0). For all analyses, we used the
default prior distribution provided with the package. We
always report the Bayes factor in favor of the alternative
hypothesis (BF,), with values above 3 providing evidence
in favor of the alternative hypothesis and values below 0.33
evidence in favor of the null. Meta-d’ values were estimated
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Confidence

clockwise or counter-clockwise) and the distractor is a horizontal
Gabor patch. After target and distractor offset, the participant has to
discriminate target orientation (clockwise or counter-clockwise) and
then rate their confidence in this response on a 2-point scale (more or
less confident than average)

using the “fit_meta_d_MLE” function from the “metaSDT”
R package (version 0.6.0).

Results

Exogenous pre-cues affect performance and confidence
at short CTOA

We first evaluated how performance and confidence were
affected by exogenous pre-cues, with separate ANOVAs for
sensitivity, response times (RTs), and average confidence as
successive dependent variables, and with pre-cue validity
and cue-to-target onset asynchrony (CTOA) as independent
variables.

For sensitivity, we found a significant interaction between
CTOA and validity (£(3.2,28.8) =4.25, p = 0.012, g = 0.08,
BF,, = 0.89), with no significant main effect of CTOA
(F(2.9,26.3) = 1.18, g = 0.04, p = 0.334, BF,, = 0.12) or
validity (F(1,9) = 3.7, g = 0.03, p = 0.088, BF,, = 0.76).
Paired Wilcoxon tests at each CTOA confirmed a significant
gain in sensitivity for the valid compared to the invalid con-
dition at short CTOAs (100 ms: 7(9) = 52, p = 0.0098, r =
0.79, BF,;, =21.48; 150 ms: 7(9) = 50, p = 0.020, r = 0.72,
BF,, = 7.52) and some evidence for an absence of effect at
longer CTOAs (all p > 0.30, BF,;, < 0.36). These results
confirmed that our cueing procedure successfully triggered
exogenous attention (Fig. 2A).

To discard a potential speed-accuracy trade-off, we exam-
ined median response times (Fig. 2B), which exhibited the
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Fig.2 Cueing effects (Experiment 1): (A) Average sensitivity (d’) as
a function of cue-to-target onset asynchrony (CTOA, equally spaced
in logarithmic scale) for valid (blue) and invalid (orange) cues. Sen-
sitivity is greater at valid locations for short CTOA. (B) Median
response time as a function of CTOA and cue validity, with lower

same pattern as sensitivity did. The repeated-measures
ANOVA showed an effect of CTOA (F(2.0, 18.2) =541, g
=0.01, p =0.01, BF,, = 0.06), no effect of validity (¥(1,9)
=3.4,p=0.1, g =0.003, BF,, = 0.23), but an interaction
(F(2.54,22.87) = 5.10, p = 0.01, g = 0.01, BF,, = 0.09).
However, Bayes factors were strongly favoring the null for
both CTOA and the interaction. These results demonstrate
that the effect of exogenous attention on sensitivity was not
the result of a speed-accuracy tradeoff.

Confidence was affected similarly (Fig. 2C). The
ANOVA showed a main effect of CTOA (F(2.1,18.6)
= 10.11, g = 0.09, p = 0.001, BF,, = 0.87), no effect
of validity (F(1,9) = 3.9, g = 0.006, p = 0.079, , BF,
= 0.27), but an interaction between CTOA and valid-
ity, despite the Bayes factor providing moderate evi-
dence in favor of the null (F(2,18.1) = 4.07, g = 0.01,
p = 0.034, BF,, = 0.12). Paired Wilcoxon tests at each
CTOA confirmed a higher confidence for the valid than
for the invalid condition at 100 ms CTOA (T(9) = 48, d
= 0.66, r = 0.037, BF,, = 3.45, Wilcoxon test), but not
for other CTOAs (p > 0.08). In other words, confidence
and performance both increased for valid trials at short
CTOAs. In addition, we note confidence decreases with
CTOAs, which might reflect the increase in response
times at longer CTOAs (this effect is unlikely due to tem-
poral expectations, given the higher proportion of short
CTOA:s). Of note, while sensitivity was boosted for both
100 ms and 150 ms CTOAs, confidence was only signifi-
cantly boosted at 100 ms. This discrepancy might poten-
tially be due to a lack of power, given that second-order
ratings like confidence are usually noisier than first-order
responses (Mamassian, 2016).

To confirm the similarity between sensitivity and confi-
dence, we calculated the cueing effect (valid minus invalid)
for confidence and sensitivity at each CTOA, and evaluated

100 150 250 450 850
CTOA (ms)

100 150 250 450 850
CTOA (ms)

response times for valid location, short CTOA. (C) Average confi-
dence as a function of CTOA and cue validity. The 100-ms CTOA
showed greater confidence for valid cues. Error bars represent within-
subjects 95% confidence intervals

Pearson’s correlation across CTOAs for each participant. As
expected, these correlations were globally positive across par-
ticipants (mean correlation: r = 0.62; Wilcoxon test: 7(9) =47,
p = 0.048, BF, = 3.00).

Metacognitive sensitivity

To check the presence of overall metacognitive insight, we
compared participants’ perceptual sensitivity between high
and low confidence trials. A repeated-measures ANOVA with
sensitivity as the dependent variable and CTOA, validity, and
confidence as independent variables indicated only a signifi-
cant effect of confidence on sensitivity (F(1,9) = 76.59, g
=0.67, p < 0.001, BF,, = 1.67 x 10*»), with no other main
effects or interactions (all p > 0.09, BF,; < 0.02). In other
words, when participants expressed higher confidence, their
sensitivity was indeed higher, which indicates some metacog-
nitive sensitivity (Fig. 3A and B).

Metacognition is stable across conditions

We quantified metacognitive efficiency (Fig. 3C) as the
ratio of meta-d’ over d’ for each CTOA, cue validity con-
dition and participant. Metacognitive efficiency appeared
stable across conditions (Fig. 3C). An ANOVA on the
m-ratio showed no significant effect of CTOA (F(1.7, 15.4)
=2.27,8=0.06, p=0.14, BF,, = 0.31) or validity (F(1,9)
=0.002, g < 0.001, p =0.97, BF,, = 0.22), and no interac-
tion (F(3.5,31.3) = 0.9, g = 0.02, p = 0.6, BF,; = 0.14).
Notably, Bayes factors provided evidence for an absence
of effects, which is consistent with the interpretation that
validity (or CTOA) affected both meta-d’ and d’ in a simi-
lar way, leading to a stable metacognitive efficiency. In
other words, participants evaluated their performance ade-
quately despite its fluctuation with cue validity and CTOA.

@ Springer
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Fig.3 Cueing effects and metacognitive efficiency: (A) The average
sensitivity for high (top trace, black) and low (bottom trace, grey)
confidence trials, per cue-to-target onset asynchronies (CTOAs),
a first measure of metacognition. Error bars present the mean and
within-subject 95% confidence intervals (CIs). (B) Same as A but
separately for valid (blue) and invalid (orange) conditions. (C) The

Experiment 2
Material and methods
Differences between Experiment 1 and Experiment 2

Experiment 1 demonstrated that exogenous cues affected
both sensitivity and confidence. We devised a second, large-
scale and pre-registered experiment to confirm our results.
Because of COVID-19, Experiment 2 was conducted online.
Five major changes were also introduced. First, instead of a
binary discrimination task, participants now had to repro-
duce the orientation of the target. This continuous response
was considered more engaging for online testing, since it
avoided the need for a staircase procedure, and provided
more information given that the outcome of interest becomes
the magnitude of errors rather than their occurrence. Second,
the number of CTOA conditions was reduced to just a short
and a long CTOA, to keep the experiment short and facili-
tate online testing. Third, to ensure a covert orientation of
attention, we included catch trials where a small target letter
was displayed at fixation, which participants had to report.
Fourth, to further encourage participants to keep their eyes
on the center during the stimulus phase, we did not indicate
the target location at stimulus onset, but rather at the end of
the trial, an approach often found in the cueing literature as
well (e.g., Pestilli & Carrasco, 2005). Finally, to mitigate
any configural effect of the pre-cue on the perception of the
target, the pre-cue was changed to a full circle surrounding
the target.

Participants
One hundred and five adult volunteers were recruited via the

Prolific online platform (age M + SD = 29.3 + 8.2 years,
76 females). The number of participants was determined
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metacognitive efficiency, “m-ratio” (the ratio meta-d’/d’) as a func-
tion of CTOAs and validity. Cueing does not significantly affect
metacognitive efficiency, a result in line with the observed relation-
ship between confidence and perceptual sensitivity. Error bars repre-
sent the mean and within-subject 95% CI

following a separate preliminary study also conducted online
(N = 23, see Online Supplementary Material (OSM)), in
which the estimated effect size was d = 0.28. Power calcula-
tion (using G*power) indicated that at least 87 participants
were needed to have an 85% power to detect the effect, we
therefore defined N = 90 as a target. All participants pro-
vided electronic informed consent prior to the experiment.
They were compensated 10 €/h for their time, plus a bonus
of 2 € for the 50% best performing participants. An a priori
< 80% correct-reporting exclusion criterion in catch trials
was set to ensure covert orienting of attention. Following
this rule, 15 out of the 105 participants were excluded, lead-
ing to 90 participants being kept for further analyses. The
experiment consisted of one session (duration M + SD =
52.3 + 14.7 min). The experimental procedure was approved
by the ethics review board of the Paris School of Econom-
ics (PSE). The study was pre-registered on AsPredicted.org
(study #73304).

Stimuli

The experiment was displayed in full-screen mode. Exit-
ing full-screen mode during the course of the experiment
was automatically reversed in the following trial. Each trial
started with a central fixation dot (0.6°) presented on a
light gray background for 500 ms (inter-trial interval (ITI)
period). Two black arrows (Iength: 0.6°) were systematically
presented around the fixation dot, each pointing to two white
circular placeholders located at a 3.5° eccentricity on each
side of the fixation point, on the horizontal midline (2.1°
diameter, see Fig. 4). The placeholders were displayed from
the end of the ITI period to the end of the trial. A pre-cue,
consisting of one of the placeholders briefly turning black,
was presented for 83 ms randomly on the right or left side
after a delay sampled from a uniform distribution (between
1,000 ms and 2,000 ms). While such a surrounding cue could
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ITI (500ms)

Fixation
(1000-2000ms)

Pre-cue (83ms)

CTOA (117ms or 833ms)

Fig.4 Experimental protocol for Experiment 2: On each trial, two
white placeholders were presented on each side of a fixation point.
After a random delay (sampled from a uniform distribution in the
1,000-2,000 ms range), one of the placeholders briefly turned black,
to induce an exogenous orientation of attention. After a variable cue-
to-target interval (CTOA), two clocks with random hand orientations
were briefly presented within the placeholders. Following a 1-s delay,
one of the two clocks was presented back, and the participant had to

potentially induce some masking (Luck et al., 1994; Yeshu-
run & Carrasco, 1999), therefore lowering the net observed
exogenous effect, it minimizes possible interactions between
the cue and the stimulus orientation (e.g., a dot flashed near
the circle is not neutral with respect to orientation and may
interact with the perceived orientation of the stimulus). Fol-
lowing one of two cue-to-target intervals (CTOAs, 117 ms
or 833 ms), a target and a distractor were presented for 83
ms. It should be noted that our pre-registration erroneously
mentioned 783 ms for our long CTOA in place of 833 ms
in the present study. Target and distractor consisted of two
clocks (black outline, 1.9° diameter) presented within the
placeholders. For each clock, a single hand was presented
at a random orientation, consisting of a line starting from
the clock's center and connecting one point on the clock’s
rim (length: 1.7°). One second after the clock’s offset, the
response screen was presented, which featured a black circle
at the target location, thereby indicating to the participant
which stimulus was the target. The hand of the target clock
was only displayed once the participant clicked on the clock
in order to respond.

Figure 4 shows the experimental protocol for Experiment 2.

Procedure

Prior to starting the study, participants had to confirm their
participation via a consent form. Then, to adapt the experi-
ment to the characteristics of their screen, participants were
presented with a standard visual adjustment procedure (Li

9% catch trials

Response

time Confidence

reproduce the orientation of the clock hand using the mouse cursor.
Participants were informed that the pre-cue was random and not pre-
dictive of the target location. Once the response was given, the par-
ticipant had to provide a confidence judgment. In 9% of the trials, a
small target letter (‘A” or ‘X’) was presented within the fixation point
at clocks’ onset. In these trials, participants had to report both the
target letter and the clock orientation. These responses were also fol-
lowed by a confidence judgment

et al., 2020). They had to rescale a rectangle using the mouse
cursor to reproduce the size of a credit card held up on the
screen. The estimated scaling factor was then used for the
whole experiment, and allowed to present stimuli in stand-
ardized units. Following the procedure, participants were
presented with instructions, followed by two demo trials in
slow motion, involving both the reproduction task and the
confidence judgment, and eight practice trials without the
confidence judgment (to help them familiarize themselves
with the average difficulty of the task).

Participants were instructed to fixate the center of the
screen, to monitor the two placeholders, and to register the
orientation of the two clocks’ hands displayed during the
trial. They were informed that before the two clocks a brief
black transient would appear randomly around the right or
the left placeholder, that it was not predictive of cue loca-
tion, and they were asked to simply ignore it. Participants
had to report the phase of the target clock at the end of the
trial using the mouse cursor. The mouse cursor was sys-
tematically hidden during the entire stimulus presentation
phase. The target was randomly assigned as the right or left
clock. The target was indicated by the clock’s outer-circle
display and the fixation arrow during the response phase,
that is, at the end of the trial (see Fig. 4). The display of the
clock’s hand during the report period was initiated by the
participant’s mouse click. To validate their response, par-
ticipants were required to click on the fixation point, which
turned blue following the participant's response. Participants
were then asked to make a confidence judgment (“was the
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precision of your last response higher or lower than your
average precision in this task?”), by clicking on one of two
squares (2° x 4°) displayed at 2° eccentricity on the top
and bottom of the fixation point, flanked by “Higher” and
“Lower.” Once the confidence response was selected, the
fixation dot turned blue, allowing participants to click on it.
This approach was used to get the cursor and participants’
attention centered before the next trial would begin. Partici-
pants were not instructed to make speeded responses.

Participants were informed that some of the trials were
catch trials (9% of the total). During these catch trials, a tar-
get letter (‘A’ or ‘X’, randomly selected, 0.2°) was presented
for 83 ms within the fixation point, at the same time as the
clocks, and participants were requested to report it after
the phase of the target. Feedback on the letter discrimina-
tion task was given immediately after their response. Catch
targets were randomly interleaved within the course of the
experiment, and the CTOA and validity conditions for these
trials were randomly assigned. At the end of each block,
which lasted about 4 min, participants had the opportunity
to take a 20-s break.

To minimize metacognitive bias (i.e., the tendency to
always express “higher” or “lower” confidence on average),
feedback was provided when participants' average confi-
dence in the previous 20 trials was above 70% or below
30%. In these cases, participants were informed of the aver-
age confidence for the 20 previous trials and presented with
a reminder of the instructions. The approach worked quite
well, with a proportion of high confidence judgments not
far from 50% overall (M + SD = 58% + 8%). Participants
were informed that accuracy in clock reproduction will be
considered for extra rewards calculation, and that failure to
accurately report the target letter would disqualify them from
being considered for extra rewards. Each participant com-
pleted 220 trials in total.

Analyses

Perceptual performance was measured using the average
absolute orientation error. Hence, greater performance is
synonymous with lower average absolute error, and vice
versa. RTs were not considered of interest given that there
was a 1-s delay between target offset and the prompt to
respond. All analyses presented in the following section
were pre-registered, unless otherwise stated. Catch trials
were excluded from the analyses. As pre-registered, par-
ticipants with a circular interquartile range (IQR) on clock
reproduction error falling above or below 1.5 times the aver-
age IQR across participants were excluded, leaving 87 out
of the 90 participants passing the catch trials criterion for
further analysis. See the Analyses section of Experiment 1
for details on the statistical tests and conventions used.
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Results
Catch trials

Average performance on catch trials was high for both
short (M + SD, 92% + 13%) and long (90% + 16%) CTOA,
with evidence for an absence of difference between CTOA
conditions (7(86) = 1104, r = 0.07, p = 0.37, BF,; = 0.18,
Wilcoxon test), suggesting that participants were not spe-
cifically making more eye movements in the long CTOA
condition.

Confidence calibration and feedback

Only a limited proportion of blocks required feedback for
confidence being too low (mean prop. + SD = 1% + 11%)
or too high (11% + 31%). This suggests that giving block-
wise feedback can help participants to maintain balanced
confidence reports. Nonetheless, there was a slight overcon-
fidence in the estimation of the current trial: participants
reported being more confident in the current trial (relative
to the whole experiment) on 58% + 8% of trials, that is, a
little more than the normative value of 50%. Note that this
tendency to be more confident for a single decision than for
a whole set of decisions was also found for quiz questions
(see, e.g., Gigerenzer et al., 1991).

Exogenous pre-cues affect performance and confidence

Figure 5 shows the average performance and confidence per
condition. As predicted, absolute error was lower for valid
compared to invalid trials at the 117-ms CTOA (7(86) =
2,571, r =0.30, p = 0.005, BF, = 11.67, Wilcoxon test),
but not at the 833-ms CTOA (7(86) = 2,114, r=0.09, p =
0.40, BF,, = 0.20, Wilcoxon test), confirming a successful
manipulation of exogenous attention. The positive evidence
in favor of the null for the long CTOA also confirms the
relative effectiveness of catch trials in maintaining fixation.

Following our pre-registration, we also considered cir-
cular standard deviation (SD) as a measure of performance
(Fig. 5B), which produced similar results: circular SD was
smaller for the valid compared to the invalid condition for
the 117-ms CTOA (7(86) = 2,636, r = 0.33, p = 0.002,
BF,, = 18.22, Wilcoxon test), but not for the 833-ms CTOA
(T(86) = 2,040, r = 0.06, p = 0.60, BF,, = 0.16, Wilcoxon
test).

For confidence (Fig. 5C), we found very strong evidence
for a validity effect in the 117-ms CTOA (#(86) = 6.17,d =
0.70,p <0.001, BF |, =5.4 % 10°, Student’s t-test), but only
negligible evidence in the 833-ms CTOA (#(86) = 2.28,d =
0.27, p = 0.02, BF,, = 1.35, Student’s t-test). We note that
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Fig.5 Cueing effects (Experiment 2): The (A) average absolute error
(in radians), (B) circular standard deviation, and (C) average confi-
dence, for the valid (blue) and invalid (orange) conditions, as a func-
tion of cue-to-target interval (CTOA). Average error and circular SD
are significantly lower for the valid compared to invalid cues at the

the average confidence was above, but not far, from 50%
overall (M + SD = 58% + 8%).

Stable metacognition across conditions

To measure metacognitive ability, we considered the dif-
ference in absolute error between high and low confidence
trials (Fig. 6A, B). Based on Experiment 1, we expected
in particular a main effect of confidence on error ampli-
tude (i.e., confidence should be lower for larger errors), but
no interaction between confidence and validity/CTOA. We
found indeed a main effect of confidence (F(1,85) = 65.58, g
=0.11, p <0.001, BF,;, = 6.17 x 10'*) and validity (F(1,85)
= 4.60, g = 0.01, p = 0.035, BF,;, = 0.36). There was no
significant main effect of CTOA (F(1,85) =0.01, g < 0.001,
p =0.942, BF,, = 0.08) and no significant interaction (confi-
dence X validity : F(1,85) =2.85, g = 0.003, p =0.10, BF,
= (0.28; confidence x CTOA: F(1,85) = 0.82, g < 0.001,
p = 0.37, BF,, = 0.14; validity x CTOA: F(1,85) = 0.97,
g <0.001, p = 0.33, BF,, = 0.16; confidence x validity X

117-ms CTOA, but not at the 833-ms CTOA. Average confidence is
significantly higher in the valid compared to invalid conditions for
both CTOAs. Error bars represent within-subjects 95% confidence
intervals

CTOA: F(1,85) = 0.28, g < 0.001, p = 0.60, BF, = 0.28).
For interactions involving confidence, Bayes factors indi-
cated moderate evidence both for an absence of confidence
x validity interaction, an absence of confidence X CTOA
interaction as well as evidence for an absence of confidence
x validity X CTOA interaction. Very similar results were
found regarding the circular SD (Fig. 6C; see OSM for the
ANOVA). In sum, these analyses show that the relation
between confidence and performance was independent of
CTOA and validity, metacognition remaining stable across
cueing conditions.

Discussion

In this study, we found that confidence judgments reflected
the initial boost in sensitivity following involuntary shifts
of attention, with greater confidence for valid than inva-
lid pre-cues at brief cue-to-target intervals. The con-
current boost of sensitivity and confidence resulted in
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Fig.6 Metacognition of attention effect (Experiment 2): (A) The
average absolute error (in radians) as a function of high (black) and
low (grey) confidence as a function of cue-to-target interval (CTOA).
Error bars represent the mean and within-subjects 95% confidence

intervals (CIs). (B), (C) Similar plot, with high (bottom traces) and
low (top traces) confidence subdivided into valid (blue) and invalid
(orange) conditions for absolute error (B) and circular standard devia-
tion (SD) (C). Error bars represent within-subjects 95% Cls
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metacognitive ability remaining largely stable under fluc-
tuations of exogenous attention.

In theory, the effect of exogenous attention on confi-
dence could result from either a shift in confidence bias
(i.e., the average confidence in a given condition) or sensi-
tivity, or a mixture of both (Mamassian, 2016). In Experi-
ment 2, we used a continuous measure of performance,
and observed smaller errors for high confidence trials,
both within and across valid/invalid trials. This result con-
firms that confidence has some access to the fluctuations
in sensory uncertainty shaping the estimation response,
and does not merely reflect a heuristic favoring valid cues.
Participants could have relied on both sensory evidence
and motor response when judging the precision of their
estimate, yet the motor component should have affected
all trials similarly, leaving most of the observed effect to
sensory modulation. Of note, while in Experiment 1 the
target location was immediately known, it was indicated
at the end of the trial in Experiment 2: therefore, each
experiment involved a distinct type of memory retrieval,
making our conclusions generalizable to different settings.

A previous paper that investigated whether exogenous
pre-cueing could influence confidence found no effect
(Kurtz et al., 2017). However, the pre-cues used in that
paper were always valid (compared to a no-cue condition)
and only one CTOA (90-110 ms) was used, thus mak-
ing it difficult to rule out non-exogenous and expectation
effects. In the present study, using non-predictive valid/
invalid pre-cues and several CTOAs, we could control
for these aspects. We found that valid pre-cue increased
both sensitivity and confidence at short CTOAs compared
to invalid pre-cues. These effects were observed despite
participants being clearly informed that cue location was
randomly drawn, and that there was no reason to expect
that the target would appear at the same location. Partici-
pants seem to have understood these instructions, since
for longer cue-to-target intervals sensitivity was similar
between the valid and invalid locations (suggesting that
participants did not reallocate their attention voluntarily
where the pre-cue appeared).

In addition, we also used standard measures to assess
metacognition, and we did not find evidence for a detri-
mental effect of cueing on metacognition, a result coherent
with the notion that metacognitive ability remains stable
following the combined manipulation of endogenous and
exogenous attention (Landry et al., 2021). In their study,
Landry et al., concurrently used exogenous/endogenous
cues and found confidence to reflect changes in sensitiv-
ity. Yet, the existence of two types of cues (exogenous and
endogenous) in their manipulation could have had a specific
effect on metacognitive processing above and beyond the
independent effects of each type of attention. Using a purely
exogenous paradigm, our results therefore confirm a robust
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metacognitive tracking of transient attention, in the absence
of any voluntary component.

The observed early boost in sensitivity and confidence
might come from a facilitation at the valid location, a sup-
pression at the invalid location, or a mixture of both (Car-
rasco, 2011). One approach to tackle the selectivity of the
cueing process might be to use trials with neutral cues (e.g.,
where both locations are cued simultaneously). Whether
confidence is equally sensitive to the suppression and facili-
tation induced by pre-cueing is a question for further work
to address.

These results suggest that the gain in visual processing
induced with spatial uninformative transients can be intro-
spected. It has been suggested that confidence accurately
tracks the effect of voluntary, endogenous attention (Deni-
son et al., 2018; Kurtz et al., 2017; Zizlsperger et al., 2012;
but see Wilimzig et al., 2008). Yet, we recently found the
orienting of endogenous attention to induce a transitory
metacognitive impairment at deployment onset, while the
orienting of exogenous attention did not produce such an
impairment (Recht et al., 2021). This result highlights the
need for a thorough investigation on how the attentional sys-
tem interacts with metacognition at different levels of cogni-
tive control. The present results confirm a robust metacog-
nition both at the peak and waning of exogenous attention:
during involuntary shifts of attention, and despite most of
the changes in evidence remaining beyond top-down con-
trol, metacognition keeps an accurate representation of the
underlying sensory fluctuations. Of note, we are not making
the claim that metacognition has an online, direct access
to the changes in perception that occur at the exact time of
appearance of the stimulus or the attentional cue. Confidence
reports being collected well after the stimulus is gone, we
can only argue that metacognition has access, at least, to
the outcome of sensory and attentional processes driving
perceptual decisions.

Visual confidence has been proposed to play a role in
numerous decisional processes, including adaptive learn-
ing (Guggenmos et al., 2016; Hainguerlot, Vergnaud, & De
Gardelle, 2018; Zylberberg, Wolpert, & Shadlen, 2018), task
prioritization (Aguilar-Lleyda, Lemarchand, & de Gardelle,
2020) and evidence accumulation (Balsdon, Wyart, &
Mamassian, 2020; Desender, Boldt, & Yeung, 2018).
Confidence has also been regarded as a form of common,
supramodal currency for the perceptual system (de Gardelle,
Le Corre, & Mamassian, 2016; de Gardelle & Mamassian,
2014). Attention having a substantial role in shaping per-
ception and decision, an accurate reflection of attention in
metacognition is critical. The present work suggests that
metacognition efficiently tracks the effects of a reflexive
attentional mechanism known to evade voluntary control,
thus illustrating a striking ability of high-level cognition to
capture fleeting, low-level sensory modulations.
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