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Keywords: How does orienting attention in space affect the quality of our confidence judgments? Orienting attention to a
Spatial attention particular location is known to boost visual performance, but the deployment of attention is far from being
Exogenous instantaneous. Whether observers are able to monitor the time needed for attention to deploy remains largely
E/E:fg;z;ison unknown. To address this question, we adapted a “Wundt clocks” paradigm, asking observers (N=140) to
Confidence reproduce the phase of a rotating clock at the time of an attentional cue, and to evaluate their confidence in their
Time responses. Attention affected the latency between objective and perceived events: the average reported phase

was delayed in accordance with the known latencies of voluntary and involuntary attention. Yet, we found that
confidence remains oblivious to these attention-induced perceptual delays, like a ‘metacognitive blind spot’. In
addition, we observed weaker metacognition specifically during the deployment of voluntary attention, sug-
gesting a tight relationship between the attentional and metacognitive systems. While previous work has
considered how visual confidence adjusts to fully attended versus unattended locations, our study demonstrates
that the very process of orienting attention in space can alter metacognition.

1. Introduction

Visual confidence is the subjective reliability of a preceding decision
in the visual domain; broadly, it can be defined as the self-evaluation of
perceptual performance (Mamassian, 2016). Confidence is an important
second-order judgement that allows to objectively evaluate the quality
of a first-order judgment (e.g. “the traffic light is green™): a confidence
estimate can be directly matched to first-order accuracy. One’s ability to
reliably track self-performance through confidence judgments has been
coined ‘metacognitive ability’, or simply metacognition. Metacognition
plays a critical role in task prioritization (Aguilar-Lleyda, Lemarchand,
& de Gardelle, 2020), adaptive learning (Guggenmos, Wilbertz, Hebart,
& Sterzer, 2016; Hainguerlot, Vergnaud, & De Gardelle, 2018), evidence
accumulation (Balsdon, Wyart, & Mamassian, 2020), information
seeking (Desender, Boldt, & Yeung, 2018) and the integration of mul-
tiple decision stages (Van den Berg et al., 2016). It can also be used to
compare performance between different tasks and modalities (de Gar-
delle, Le Corre, & Mamassian, 2016; de Gardelle & Mamassian, 2014).

Performance variability is usually well tracked by confidence judg-
ments, despite multiple dissociations being documented in the literature
(for a review, see Fleming & Daw, 2017). For instance, in a recent study
we found visual confidence to neglect that a single attentional episode
can benefit two consecutive targets. When two targets are presented in
close succession within a stream of distractors, observers’ discrimination
of the second target is degraded when it appears around 300ms after the
first target (the well-known ‘Attentional Blink’, e.g. Raymond, Shapiro,
& Arnell, 1992). Yet, if the second target is presented immediately after
the first, both are on average correctly reported: paying attention to the
first item also benefits the second, a phenomenon referred to as ‘lag-1
sparing’ in the literature. However, confidence judgments remain blind
to the initial sparing of performance, as if some aspects of attentional
processing were concealed from metacognition (Recht, Mamassian, & de
Gardelle, 2019).

Given the limitations of cognitive resources and the vast amount of
peripheral sensory information, visual attention is thought to play the
critical role of a filter: it selects, prioritizes and amplifies some specific
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sensory information for further processing (Buschman & Kastner, 2015;
Carrasco, 2011). Such a selective mechanism provides an organism with
an important tool to optimize resources allocation in space and in time.
Changes in performance induced by attention should, ideally, be taken
into account during decision-making. Intuitively, knowing whether one
was paying attention at a given moment should help to estimate the
reliability of one’s perception, a subjective reliability that might be used
later when trying to optimize one’s behaviour. This reasoning can be
extended to a situation where attention is on the verge of orienting, but
is not yet fully deployed: such a situation should be considered as less
reliable than a condition where attention had enough time to orient
before target onset.

Of particular relevance to this question is the classical taxonomy in
the literature that differentiates exogenous attention from endogenous
attention through their respective temporal dynamics. Exogenous stands
for an involuntary, early and short-lasting orienting of attention, while
endogenous relates to a voluntary, late and long-lasting allocation
(Carrasco, 2011). The nature of an attentional episode is therefore
defined primarily by the time it takes to emerge, with exogenous
attention taking roughly 100ms to be effective while approximately
300ms are necessary for endogenous attention to be allocated. Whereas
the links between metacognition and the temporal aspects of attention
have so far been little studied, there are several reports on its spatial
aspects. Some studies have found a dissociation between the two
(Rahnev et al., 2011; Wilimzig, Tsuchiya, Fahle, Einhauser, & Koch,
2008), while others show a tight positive association between confi-
dence and the effects of spatial attention (Denison, Adler, Carrasco, &
Ma, 2018; Zizlsperger, Sauvigny, & Haarmeier, 2012; Zizlsperger, Sau-
vigny, Handel, & Haarmeier, 2014). The distinction between exogenous
and endogenous attention regarding confidence judgments is also far
from being settled. One study found that only voluntary, but not
involuntary attention is reflected in confidence judgments (Kurtz,
Shapcott, Kaiser, Schmiedt, & Schmid, 2017). Yet, the experimental
design used in this study cannot fully guarantee the strict exogenous
nature of the cueing procedure. Moreover, we note that most of the
aforementioned studies on spatial attention considered how perceptual
and metacognitive judgments vary between attended and unattended
locations, often using a typical cueing design known as the ‘Posner
paradigm’ (Carrasco, 2011; Posner, 1980). In these studies, the authors
measured accuracy and confidence after a valid or invalid pre-cue, and
evaluated whether cue-induced changes in accuracy are reflected in
confidence judgments. There is, however, an aspect of attentional
deployment that has been overlooked so far: do observers incorporate
the timing of spatial attention in their confidence judgments?

From the moment the visual system ‘decides’ to orient spatial
attention, to the moment attention is actually deployed, some period of
time should inevitably pass. In the present work, we investigated
whether metacognition considers such delay when estimating percep-
tual performance. On one hand, confidence could be sensitive to the
average delay: observers could be more confident for shorter than longer
attentional latencies. On the other hand, confidence could also be sen-
sitive to the variability in temporal selection, observers discerning that
on a given trial, selection was triggered in an unusual way (either too
early or too late) compared to other trials. In other words, confidence
could be implementing both the average timing of attention and the
precision of temporal selection to various - potentially distinct - degrees,
or neither of these two dimensions.

Interestingly, in a recent work we found confidence to be oblivious to
the average latency of temporal attention, despite reflecting some of its
variability (Recht et al., 2019), but whether such results hold for the
deployment latency of spatial attention remains an open question.
Moreover, depending on the voluntary or involuntary nature of atten-
tion orienting, the sensitivity of confidence to the average delay in
timing and selection variability can differ. Intuitively, it can be argued
that both endogenous attention and metacognition involving a central
stage processing, one might expect a better metacognitive access to
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fluctuation in performance induced by the timing of endogenous -
compared to exogenous - attention. Hence, to which extent metacogni-
tion includes the timing of spatial voluntary or involuntary attention in
confidence judgments is the subject of the present work.

Here, in two experiments, we adapted a ‘Wundt clocks’ paradigm
where participants have to estimate when an event occurred by repro-
ducing the time of a clock at the onset of a cue. Critically, the cue triggers
the deployment of spatial attention towards one of multiple clocks
presented in the periphery of the visual field. Such continuous report has
been proposed to be a proxy for attentional timing (Carlson, Hogen-
doorn, & Verstraten, 2006; Chakravarthi & VanRullen, 2011; Hogen-
doorn, Carlson, VanRullen, & Verstraten, 2010). The ‘Wundt clocks’
design, contrary to the canonical Posner paradigms discussed earlier,
also permits to decouple attention from performance: the collected re-
sponses both involve an average delay (as a function of attention) and a
variability (as a function of temporal selection variability, or ‘perfor-
mance’). In the present study, we combine such a paradigm with a
confidence forced-choice procedure (Barthelmé & Mamassian, 2009,
2010; de Gardelle & Mamassian, 2014, 2015) to assess metacognition in
different attentional conditions (pre-cue, exogenous, and endogenous).
Specifically, after completing two trials, participants were requested to
indicate which of the two previous responses they felt more confident
about being correct.

To pre-empt our results, our study revealed three main findings.
First, visual confidence was oblivious to the average latency of both
exogenous and endogenous spatial attention. Secondly, metacognition
was sensitive to the precision of temporal selection, but was transiently
altered during endogenous/voluntary orienting of attention to a
particular location. Finally, to investigate the extent to which confidence
in our task is related to a generic ability to evaluate the precision of
temporal cognitive processes, we also measured confidence a simple
detection task in which participants had to estimate their own response
times (e.g. Gorea, Mamassian, & Cardoso-Leite, 2010). We found that
metacognitive ability in the clock task was not correlated to metacog-
nition of response times, suggesting that metacognition of temporal
selection during attentional orienting is at least partially distinct from
the introspection of internal sensorimotor variability.

In Experiment 1, we tested 20 participants in a within-subject design
with eye-tracking in a controlled laboratory setting. In Experiment 2, we
slightly changed the paradigm to account for potential features-related
confounds, and replicated the results from Experiment 1 in an online,
between-subjects design (120 participants).

2. Experiment 1
2.1. Material & methods

2.1.1. Participants

20 adult volunteers were recruited from the French RISC pool of
participants (age M + SD = 25.85 =+ 2.30, 14 females). They all provided
informed written consent prior to the experiment. Participants were
compensated for their time at a rate of 10€ per hour. The experiment
consisted in two 1-hour sessions. The experimental procedure was
approved by the ethics review board of the Paris School of Economics
(PSE).

2.1.2. Overview

Participants were engaged in two identical sessions. In both sessions,
there were 3 blocks of the main task, and 2 blocks of the response time
(RT) task. The order of the two tasks was counterbalanced across ses-
sions and participants. The full experiment consisted in 432 trials for the
main task and 288 trials for the RT task.

For both tasks, participants were instructed to fixate the centre of the
screen during the whole trial period and their gaze was monitored online
using an eye-tracker (EyeLink 1000 Hz, SR Research). Any trial during
which participants blinked or moved their gaze away from the fixation
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dot were automatically aborted, and a new sample of the trials pair was
added at the end of the block. Fixation was enforced from 200ms before
cue onset.

Participants sat 60cm from the monitor (11 in front of a 1280x1024
pixels CRT monitor, 85Hz refresh rate, and 9 in front of a 1920x1080
pixels monitor, 60Hz refresh rate), their head maintained with a chin-
rest. The tasks were coded using the Python programming language
and the PsychoPy library (Peirce, 2007), on a Mac OS computer.

2.1.3. Stimuli

Each trial started with a central fixation dot presented on a grey
background for 1000ms (Fig. 1). Then six clocks (black outline, 4°
diameter, 0.2° thick) were presented on the right and left side of the
screen, with 4 clocks on the diagonals (4° eccentricity from fixation),
and 2 on the horizontal midline (6° from fixation). This small difference
in eccentricity did not produce observable effects on attention or con-
fidence (see Supplementary Material). Each clock had a black dot
(diameter 0.2°) at the centre. The hand was a line starting 0.2° from the
clock's centre (length: 1.4°). We call phase the clock time indicated by
the hand orientation. Each clock rotated for 4s, at a fixed speed of 1
revolution per second, starting from a random onset phase.

At a random time uniformly drawn between 1000ms and 2000ms
after clocks' onset, the probe was presented for about 20ms (1 frame for
the 60Hz monitor and 2 frames for the 85 Hz monitor). In the pre-cue
and exogenous conditions, this probe was a red annulus surrounding
the clock (diameter: 4.1°), whereas in the endogenous condition, the cue
was a central black line (length: 1°) pointing towards the clock. In
addition, in the pre-cue condition, a green line (length: 1°) was dis-
played centrally for the whole trial duration, indicating with 100%
validity the clock about to be probed. Each clock was probed with
probability 1/6.

Pre-cue Exogenous

Fixation
1s

rotation Cue

4s | ~20ms
Response

A 3
\
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2.1.4. Main task

In each session, the 3 attention conditions were presented in 3
separate blocks of 72 trials each, in a randomized order. Each block
started with 10 trials of practice. Participants were instructed to fixate
the centre of the screen, to monitor all clocks (exogenous/endogenous
conditions) or only the pre-cued clock (pre-cue condition), and to reg-
ister the phase of the relevant clock at probe onset. They had to report
the phase at the end of the trial using the mouse cursor (Fig. 1). The
display of the clock’s hand during the report period was initiated by the
participant’s mouse click. Every two trials, participants were asked to
select which of the two previous responses they felt more confident
about being correct, by clicking on one of two squares (2°x2°) displayed
at 6° eccentricity on each side below the fixation cross, flanked by ‘1’
and ‘2’ (for first or second trial in the pair). Based on this report, for each
pair of trials, one trial was labelled as ‘higher confidence’ and the other
one as ‘lower confidence’. Participants were not instructed to make
speeded responses. At the end of each ~15min block, participants had
the opportunity to take a break. Our design did not involve between-
conditions comparisons (i.e., one exogenous and one endogenous trial
in the same pair) because it would have concerned a distinct experi-
mental question, namely, the relative effect of cue type on confidence.
Moreover, it would have added a significant cognitive switching cost for
the participant. Yet, testing how observers are able to compare the dif-
ferential effect of exogenous and endogenous attention is a question that
could be of interest for further studies.

2.1.5. Reaction times (RT) task

Each session consisted of one block of 72 trials for the pre-cue con-
dition and one block of 72 trials for the exogenous condition, in a
random order. We did not test the endogenous condition in the RT task.
The stimuli were identical to the main task, and participants had to make
a speeded response by pressing a key at probe onset. Every two trials,

Fig. 1. Experimental protocol (Exp 1). Main task: On
each trial, the stimuli consisted in 6 clocks rotating
for 4 seconds, at 1 revolution per second but with
random starting phases. After a variable delay, one of
the clocks was probed, either peripherally (‘exoge-
nous’ condition) or centrally (‘endogenous’ condi-
tion). A third (‘pre-cue’) condition included a central
pre-cue through the whole trial, indicating with
100% validity which clock will be probed. At the end
of the trial, participants had to reproduce the phase of
the clock at probe onset. Every two trials, participants
had to indicate the best of their two preceding
responses.

Endogenous
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participants were asked to select which of the two previous responses
had the shortest reaction time (i.e. confidence forced-choice).

2.2. Analyses

2.2.1. Latency and overall precision

For our analyses, we focused on the two parameters of the von Mises
distribution - typically used for circular data in place of the normal
distribution - to probe the average latency of attention and the overall
precision of temporal selection, together with confidence:

ekcus(,\‘—;t)

flx|pk) =

= 2o for u, xin(—x nland k > 0,

where I is the modified Bessel function of the first kind of order 0, y
is the location parameter, k is the concentration parameter and x the
angular error in a given trial.

For each trial, the angular error between the phase of the clock at cue
onset and the phase reported by the participant was calculated. We fitted
von Mises distributions on angular values using maximum likelihood
estimation (MLE) separately for each participant and condition (see
Supplementary Material). The location parameter of the distribution
(equivalent to the mean of a normal distribution) is an estimate for the
latency of response errors, since it relates to the average time difference
between the objective event and the perceived event. The concentration
parameter (or ‘kappa’) is an estimate for the overall precision of the
responses, and its inverse is analogous to the variance of a normal dis-
tribution. We confirmed that the simple von Mises model was not
significantly worse than two other alternatives: a skewed von Mises, to
account for potential asymmetry due to the direction of rotation, and a
mixture of two von Mises, with distinct location and precision param-
eters, to account for potential systematic differences in early/late ori-
enting of attention leading to bimodality (see Supplementary Material).

It is important to distinguish the experiment-wise, overall precision
of responses from the true underlying, trial-wise precision of memory
encoding. While the two are fundamentally related, the exact nature of
encoding precision in working memory has been subject to debate, and
has led to a myriad of ‘resource models’ (for a review, see Ma, Husain, &
Bays, 2014). Yet, they often differ in their understanding of how
resource allocation is actually implemented. We therefore decided to
consider a standard, non-specific statistic of error dispersion (i.e. the
concentration parameter kappa of von Mises distributions), rather than a
more specific mechanistic implementation of the cognitive process
giving rise to such errors. We use the term ‘overall precision’ to refer to
the concentration parameter of the von Mises fits, to make it distinct
from the trial-wise, internal precision level of the participant (see Sup-
plementary Material and Section 4 for a discussion).

2.2.2. Within-pair difference in error magnitude

In a second type of analyses, we looked at the difference in error
magnitude within a pair of trials. To predict confidence from the dif-
ference in error between the two trials of the pair, we used logistic
regression models. One potential challenge to such an approach comes
from the circularity of our decision space: projected on a [-180°,180°)
axis, a few, large-magnitude errors might be categorised as negative
values, despite being generated by a positive delay. To minimise the
occurrence of such cases, we centred the error space on the circular
mean (i.e. the average latency) of the distribution per participant, con-
dition and confidence level. The space was then cut at the exact opposite
of the circular mean, and the axis was then moved back to the original
range. This approach allowed us to recalibrate the sign of extreme errors
by moving to a near-linear space, on the realistic assumption that the
underlying generative process obeys a von Mises distribution (see Sup-
plementary Material).

Simple model

Ae = |ea| — les] (@]
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where ¢4 and ¢ are the error in first and second trial in the confi-
dence pair. A negative value of Ae would indicate a greater error for trial
B, and a positive value a greater error for trial A.

Centred model

Ae=ley—pl—leg—pl (2

where p is the average circular error (or latency) for the considered
participant/condition.
Scaling model

_|8A*M\*\€B*ﬂ\

Ae =
lea —p |+ les —p |

3)

For all models, we used the relative error (4¢) as a predictor of
confidence in a logistic regression model (logit), estimated per partici-
pant and condition separately:

logit(p) = log (%) = a+ pAe,
-Pp

where
p = p(Higher Confidence Trial = Trialg)

Given the symmetry of the confidence forced-choice paradigm, there
should not be an advantage to choose the first or second decision of a
confidence pair, and therefore the parameter a should theoretically be
zero. Non-zero positive values of this parameter represent biases to
choose the second decision as more confident.

All the analyses were carried out using the R programming language
(R Core Team, 2013). When necessary, ANOVAs were corrected using
the Greenhouse-Geisser adjustment and t-tests were corrected using the
Welch-Satterthwaite adjustment. We report Wilcoxon signed rank test
using uppercase T when the Shapiro-Wilk normality test failed, and
Student test using lowercase t otherwise. For the Student-tests and
Pearson correlations, we also systematically indicated the Bayes Factor
(BF10), computed using the ‘ttestBF’ and the ‘correlationBF’ functions
from the ‘BayesFactor’ R package (Morey & Rouder, 2018).

2.3. Results

2.3.1. Main task

2.3.1.1. Spatial orienting of attention and temporal selection. We
compared our 3 conditions of attention (pre-cue, exogenous, endoge-
nous) in terms of the latency and overall precision of participants’ re-
sponses (Fig. 2).

The latency profile (Fig. 2B) was consistent with results from the
spatial attention literature showing a faster orienting for exogenous/
peripheral cues compared to endogenous/central cues (see Carlson
etal., 2006 for a study using the same paradigm and Carrasco, 2011 for a
review). A repeated-measures ANOVA revealed a main effect of condi-
tion (F(1.51,28.76) = 194.10, MSE = 1698ms, p < 0.001). Bonferroni
corrected t-tests (alpha=0.017, corrected for 3 tests) confirmed that
latency was lower for the pre-cue condition than for both the exogenous
condition (t(19) = —6.28, p < 0.001; M = —53.70ms, 95% CI [—71.59
—35.81]; BFjp = 4.16 x 10%) and endogenous condition (t(19) =
—15.28,p < 0.001; M = —214.63ms, 95% CI [-244.02 —185.22]; BF;o
= 1.90 x 10%), and lower for the exogenous condition than for the
endogenous condition (t(19) = —14.98, p < 0.001; M = —160.93ms,
95% CI [—183.41 —138.45]; BFy = 1.37 x 10°).

Regarding overall precision, a second ANOVA with concentration
parameter as a dependent variable showed a main effect of condition (F
(1.91,36.23) = 4.04, MSE = 0.43, p = 0.03). However, Bonferroni-
corrected t-tests (with alpha=0.017, corrected for 3 tests) showed no
convincing evidence for a difference between pre-cue and exogenous
condition (t(19) = —2.19,p = 0.041; M = —0.46, 95% CI [-0.89 —0.02],
BF0 = 1.62), between pre-cue and endogenous condition (t(19) = 0.40,
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A B C Fig. 2. Latency of attention and temporal

400 5 selection (Exp 1). (A) Distributions of errors

for a representative participant. The distri-

40 —~300 _5 4 bution of responses represents the angular
- g () 8 error (reported phase minus objective phase)
5 30 =200 o 3 o converted in milliseconds. Von Mises distri-
S o o ’ butions were fitted to estimate the latency
020 Q9 100 @) © ] ¢ (location parameter) and the overall preci-
8 @ 0 2 sion (concentration parameter) of temporal

10 0 o 1 selection. The pre-cue, exogenous and
=0 endogenous conditions are represented in

-600 -300 O 300 600 Pre-cue Exo Endo Pre-cue Exo Endo green, red and blue, respectively. (B) The
Error (ms) average latency for each condition, repro-

ducing the delays generally observed in the
literature. (C) Overall precision for each
condition, showing no difference between

pre-cue and endogenous condition. Coloured dots correspond to individual participants in the given condition. Large dots with a black outline represent the mean

across participants. Error bars represent across participants +£1 SEM.

p = 0.690; M = 0.07, 95% CI [-0.30 0.45], BF;y = 0.25) or between
exogenous and endogenous condition (t(19) = 2.44, p = 0.024; M =
0.53, 95% CI [0.08 0.98], BF;o = 2.45). Importantly, the profile of the
concentration parameter suggested that pre-cue and endogenous con-
ditions led to roughly similar performance, and only some evidence was
found for a gain during exogenous orienting of attention (Fig. 2C).

2.3.1.2. Metacognition of attentional effects. To evaluate metacognitive
ability, we estimated location and concentration parameters separately
for the higher confidence trials and the lower confidence trials (Fig. 3A),
according to the confidence forced-choice response within each condi-
tion. We then evaluated in two distinct ANOVAs how location and
concentration depended on confidence, the attentional condition, and
the interaction between these two factors (Fig. 3B and C).

For latency (i.e. the location parameter, Fig. 3B), the ANOVA indi-
cated a main effect of condition (F(1.51,28.64)=194.75, MSE=3391ms,
p < 0.001) as expected given the large effect of latency across conditions
when the data were not split between higher and lower confidence.
However, we did not find a significant effect of confidence (F(1,19) =
0.99, MSE = 341.00ms, p = 0.33), nor a confidence x condition inter-
action (F(1.73,32.92) = 1.00, MSE = 248.66ms, p = 0.37). The absence
of a main effect of confidence suggests that within each attentional
condition, confidence was oblivious to the delays induced by spatial
orienting of attention.

Regarding precision (i.e. the concentration parameter, Fig. 3C), as
expected, we found significant main effects of condition (F(1.95,37.02)
=3.73, MSE = 1.13, p = 0.03) and confidence (F(1,19) = 48.25, MSE =
1.0, p < 0.001). Interestingly, we also observed a condition x confidence

interaction (F(1.87,35.54)=7.05, MSE=0.38, p = 0.003). These results
demonstrate that trials labelled with higher confidence were associated
with greater overall precision compared to lower confidence trials.
Bonferroni-corrected t-tests (alpha=0.017, corrected for 3 tests)
confirmed a greater precision for higher confidence trials for all condi-
tions, namely pre-cue (T(19) = 210, p < 0.001), exogenous (T(19) =
209, p < 0.001) and endogenous (t(19) = 6.70, p < 0.001; M = 0.76,
95% CI [0.52 0.99]; BF19 = 9.1 x 10%) conditions. Corrected paired tests
(alpha=0.017) showed a significant difference only between the pre-cue
and the endogenous condition (T(19) = 179, p = 0.004). We found no
strong evidence for a difference between pre-cue and exogenous (t(19) =
1.85, p = 0.080; M = 0.46, 95% CI [—0.06 0.99]; BF1o = 0.97) or be-
tween exogenous and endogenous condition (t(19) = 2.17, p = 0.043; M
=0.54,95% CI [0.02 1.05]; BF1o = 1.57). Together these results indicate
that confidence computation has access to the overall precision of re-
sponses. Furthermore, the greater metacognitive ability for the pre-cue
compared to the endogenous condition points to a potential interac-
tion between the deployment of voluntary attention and metacognitive
ability.

2.3.1.3. Trial-by-trial variability of precision. To investigate if overall
precision was distinct from trial-by-trial encoding precision, we tested
different alternative models to the simple von Mises, with parameters
fixed or not between conditions (see Supplementary Material). No
alternative model was significantly better, but we nonetheless tested
parameter estimations using the best performing alternative, a model
with a fluctuating precision level following a higher order distribution.
This variable-precision model (Van Den Berg, Shin, Chou, George, & Ma,

A B C Fig. 3. Metacognition of latency and overall
™ precision (Exp 1). (A) Latency and concen-
£ ot tration parameters were estimated by fitting

30 :; B 5.0 von Mises distributions to the ‘higher (pur-
- 2 50 > 5 ple) and ‘lower’ (grey) confidence trials for
¥ 20 g % 25 . each participant/condition. The parameter
5 = c ‘© o) differences between ‘higher’ and ‘lower’
(] 2 Of---2&------- ©-------- ¢ ~~~~~~ % 0.0b--- ";f ____________________ ’ _____ confidence give an estimate of meta-

10 2 o » 'g ' cognitive access to attentional latency and

2 > . o overall precision. The figure plots the two
— s -50 . -2.5 ° distributions for a representative participant
-500 -250 0 250 500 Pre-cue Exo Endo Pre-cue Exo Endo for one of the three conditions. (B) The

Error (in ms)

average difference in latency between
‘lower’ and ‘higher’ confidence trials for
each condition. The absence of a significant

difference suggests that confidence is obliv-

ious to attentional latency. (C) The average difference in overall precision between ‘higher’ and ‘lower’ confidence trials. Positive values indicate that confidence has
access to the variability of responses for all conditions, even if there was a lower difference for endogenous orienting compared to pre-cue. Coloured dots correspond
to individual participants in the given condition. Large dots with a black outline represent the mean across participants. Error bars represent across participants +1

SEM.
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2012) did not significantly change the pattern of estimated precision
(see Supplementary Material for a BIC and AIC model comparison).

2.3.1.4. How well does confidence predict pair-wise error difference?. The
previous analyses suggested that participants were oblivious to latency,
but were accurately monitoring the precision of their response across
trials. Furthermore, orienting endogenous attention appeared to induce
a decrease in metacognition of overall precision. These analyses how-
ever give us a broad picture of attention orientation across conditions,
leaving open the question of the relative error estimation between two
trials. A straightforward approach to this question is to assume that
confidence has access to some form of evidence for each trial, which can
be - from the experimenter point of view - related to the difference in
absolute error between trial A and trial B in each pair of trials (that is,
the relative error magnitude). To investigate how metacognition tracked
trial-by-trial errors, we used a logistic regression model to predict con-
fidence judgment from the difference in error magnitude between the
two trials.

Three models were compared. In the ‘simple model’, confidence
choices were predicted from the comparison of absolute error magni-
tude between the two trials (Eq. 1 in Section 2.2.2.). In the ‘centred
model’, given that confidence was not able to access the overall atten-
tional delay within each condition (Section 2.3.1.2. and Fig. 3B), the
deviation from the mean error within the condition was used, instead of
the absolute error (Eq. 2). Finally, in the ‘scaling model’, the comparison
of errors between two trials was divided by the magnitude of both errors
(Eq. 3), a form of scaling observed in perception (Fechner, 1964; She-
pard, 1987).

The total log-likelihood across participants and conditions favoured
the centred model (simple model: —2697; centred model: —2655;
scaling model: —2703). We compared the goodness-of-fit of each model
using a Log-Likelihood Ratio (LLR), all models sharing the same number
of parameters. Model comparison provided evidence for the ‘centred’
model compared to both the ‘simple’ model (LLR = 84.18) and the
‘scaling’ model (LLR = 96.89). We also found greater likelihood for the
‘simple’” model compared to the ‘scaling’ model (LLR = 12.71). We
therefore selected the ‘centred’ model for all subsequent analyses. The
average classification accuracy for this model, estimated as the Area
Under the Curve (AUC) was 62% (chance performance is 50%) across
participants and conditions (overall AUC M = 0.62, 95% CI [0.60 0.64];
pre-cue AUC M = 0.65, 95% CI [0.62 0.68]; exogenous AUC M = 0.61,
95% CI [0.58 0.64]; endogenous AUC M = 0.60, 95% CI [0.57 0.63]).
The pseudo—R2 (McFadden, 1973) for this model was on average, across
participants and conditions, equal to 0.05 (95% CI [0.04 0.06]). It
should be noted that the pseudo-R? is not directly comparable to R?, the
former having considerably lower values than the latter. Pseudo-R>
values of 0.2 - 0.4 are said to represent excellent fits (chapter 15 in
Hensher & Stopher, 2021). However, given the relatively low pseudo-R?
value, the following analyses have to be considered in light of our pre-
vious overall analysis of metacognition (Section 2.3.1.2).

The slope (p) of the model gives an estimate of metacognitive ability
(Fig. 4). After Bonferroni correction (alpha = 0.017), the slope was
significantly positive for the three conditions, pre-cue (t(19) =7.58,p <
0.001; M = 0.007, 95% CI [0.005 0.009]; BF19 = 4.43 x 10%), exogenous
(t(19) = 6.40, p < 0.001; M = 0.005, 95% CI [0.003 0.006]; BF1o = 5.24
x 10%) and endogenous condition (t(19) = 5.78, p < 0.001; M = 0.003,
95% CI [0.002 0.004]; BFj, = 1.60 x 10%), showing above chance
metacognitive ability for all conditions at the group level. Importantly, a
comparison of the three conditions using a repeated-measures ANOVA
showed a significant effect of condition (F(1.98,37.66) = 7.57, MSE =
0.00, p = 0.002). After Bonferroni-correction (alpha=0.05/3), we found
a strong evidence for a difference between the pre-cue and the endog-
enous conditions (t(19) = 4.07, p < 0.001; M = 0.004, 95% CI [0.002
0.006]; BF19 = 53.56). However, only little evidence was found for a
difference between pre-cue and exogenous conditions (t(19) =2.15,p =
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Fig. 4. Confidence judgment and the difference in error magnitudes (Exp 1).
(A) The probability of higher confidence for trial B in the pair, as a function of
the error difference between the two trials (A¢) at the group level. For illus-
trative purposes, errors have been grouped by quantiles at the individual level,
and the group average is represented with error bars for each quantile. The
significant decrease in slope between the pre-cue (green) and endogenous
condition (blue) suggests a metacognitive cost during voluntary orienting of
spatial attention. (B) The average correlation coefficient (or slope) for each
condition, used as a measure of metacognitive ability. Coloured dots correspond
to individual participants in the given condition. Large dots with a black outline
represent the mean across participants. Error bars represent across participants
+1 SEM.

0.045; M = 0.002, 95% CI [0 0.004]; BF19 = 1.52) and no evidence for a
difference between exogenous and endogenous conditions (t(19) = 1.64,
p =0.12; M = 0.002, 95% CI [0 0.004]; BF;o = 0.73).

For completeness, we also analysed the intercept of the regression,
which provides an estimate of metacognitive bias in favour of the second
trial in the pair (independently of actual performance). We found
moderate evidence for a bias in the pre-cue condition (t(19) = —2.72, p
=0.014; M = —0.49, 95% CI [—0.86 —0.11]; BF;o = 3.98). We found no
evidence for a bias in the exogenous (t(19) = —1, p=0.330; M = —0.13,
95% CI [-0.41 0.14]; BF;¢ = 0.36) or endogenous condition (t(19) =
—0.99, p = 0.334; M = —0.13, 95% CI [—0.42 0.15]; BF;¢ = 0.36). The
ANOVA showed a significant effect of condition (F(1.98,37.57) = 8.89,
MSE = 0.10, p < 0.001). Bonferroni-corrected t-tests confirmed a
significantly greater bias for the pre-cue condition compared to the
endogenous (t(19) = —3.84, p = 0.001; M = —0.36, 95% CI [-0.55
—0.16]; BF;p = 33.84) and exogenous condition (t(19) = —3.64, p =
0.002; M = —0.36, 95% CI [-0.56 -0.15]; BF1o = 21.91), but no sig-
nificant difference between exogenous and endogenous conditions (t
(19) = 0.009, p = 0.99; M = 0.0008, 95% CI [—0.21 0.21]; BF;o =0.23).
Therefore, there was evidence for a bias in the pre-cue condition only.
The pre-cue average bias log-odds was -0.49, which corresponds to a
12% increase in the probability of selecting the first trial compared to
the second trial in the pair. To rule out a potential effect of the bias on
the estimated metacognitive ability (or slope) found in the pre-cue
condition, we tested the correlation between the value of the bias and
the slope across participants. We found no evidence for a correlation (t
(18) = —0.09,p = 0.93; r = —0.01, 95% CI [-0.26 0.24]; BF1o = 0.47).
We extended such analysis across conditions and participants, with a
similar outcome (t(58) = -0.09, p = 0.93; r = —0.01, 95% CI [-0.26
0.24]; BF10 = 0.29).

2.3.2. RT task

The RT task was designed to probe the metacognitive ability
regarding the timing of a distinct, sensorimotor process, using the same
stimuli as in the clock task. This task included only the pre-cue and
exogenous conditions, which we did not expect to differ. Two partici-
pants were excluded from the analyses due to a technical error (N = 18).
A repeated-measures ANOVA with median response time as a dependent
variable and condition/confidence as independent variables showed an
effect of confidence (F(1,17) = 39.93, MSE = 0, p < 0.001) but no effect
of condition (F(1,17) = 0.95, MSE=0, p = 0.34) and no interaction (F
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(1,17) = 1.41, MSE = 0.0, p = 0.25). Participants were therefore able to
discriminate between fast and slow response times, and, as expected,
condition did not significantly affect this ability. For all subsequent
analyses, we therefore combined both conditions together.

We tested whether our results for metacognition in the main atten-
tion task could be a general ability that extends to the timing of another
cognitive and sensorimotor process (i.e., metacognition in the RT task),
by evaluating across participants the correlation between metacognitive
abilities in the attention and sensorimotor domain. A lack of correlation
here would suggest that metacognitive ability in our main task does not
necessarily reduce to sensorimotor uncertainty, and might thus be
related to another process, probably linked to the state of spatial
attention.

We found no evidence for a correlation between the metacognition in
the RT task (i.e. the difference in median RT between lower and higher
confidence trials) and the metacognition in the clock task (i.e. the dif-
ference in kappa between higher and lower confidence trials), for any of
the conditions (correlation with the pre-cue condition: t(16) = 0.19,p =
0.85; r = 0.05, 95% CI [—0.43 0.50]; BF;o = 0.54; exogenous: t(16) =
0.16,p = 0.88; r = 0.04, 95% CI [—0.43 0.50]; BF1¢ = 0.5; endogenous: t
(16) = —0.47,p = 0.64; r = —0.12, 95% CI [—0.55 0.37]; BFo = 0.33).

In a similar vein to the first task, we evaluated how pair-wise, sec-
ond-order comparison judgments (here, RT comparisons) could be
predicted from the difference in first-order performance between the
two trials (here, the difference in RTs), using a logistic regression. We
then compared the simple model (ART, log-likelihood: —1458.66) to the
scaling model (48, log-likelihood: —1454.09) using the likelihood ratio.
Contrary to the first task, we found evidence in favour of the scaling
model over the simple model (LLR = 9.14). We did not use the centred
model for this analysis, given the nature of the task. Indeed, participants
had to select the trial in which they were the fastest, not the trial in
which the RT was closest to the mean RT in the condition. This result
suggests a potential difference in the nature of the metacognitive evi-
dence used in each task. We therefore used the scaling model in all
subsequent analyses (group-level average pseudo-R? = 0.10; 95% CI
[0.07 0.013]). Metacognitive ability (the p in the model) was signifi-
cantly positive at the group level (t(17) = 6.83, p < 0.001; M = 5.47,
95% CI [3.78 7.16]; BF1p = 6.79 x 103), and we found no significant
evidence for a metacognitive bias (the intercept in the model, t(17) =
-1.72,p = 0.10; M = —0.38, 95% CI [-0.84 0.09]; BF;o = 0.83).

We then tested the correlation of the confidence slope (beta) between
the clock task and the RT task. We found no strong evidence for a cor-
relation, for any of the conditions (correlation with the pre-cue condi-
tion: t(16) = 2.34, p = 0.033; r = 0.50, 95% CI [0.05 0.79]; BF1¢ = 2.85;
exogenous: t(16) = 1.62, p = 0.12; r = 0.38, 95% CI [-0.11 0.72]; BFqo
= 1.23; endogenous: (t(16) = 0.21, p = 0.84; r = 0.05, 95% CI [—0.42
0.51]; BFyp = 0.50) using Bonferroni correction (alpha=0.05/3).

In sum, given the lack of evidence for a strong correlation between
sensorimotor and temporal selection metacognition, and given the
different models for these two domains (with the scaling model best
fitting the RT task but not the main task data), our data suggest that
metacognition of errors in the first task and metacognition of RT in the
second task are relying on — at least partially — distinct sources of second-
order evidence.

3. Experiment 2

In Experiment 1, we did not find any significant difference in pre-
cision between the pre-cue and endogenous condition, but we found
significantly lower metacognition for the endogenous condition. How-
ever, this effect could be in principle mediated by the difference in visual
features between conditions rather than attention per se. A similar
argument can be made about the apparent latency blind spot. In
particular, the ‘pre-cue’ condition in Exp 1 is a hybrid of both exogenous
and endogenous conditions, and might benefit from their respective
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features. To rule out this possibility, we conducted a second, online,
between-subjects experiment where we equated as much as possible the
visual characteristics of each condition. In particular, we decoupled the
temporal cue from the spatial cue. The moment to be remembered was
indicated in the exact same way for all conditions, by flashing all the
clocks at once. The clock to be reported was indicated by a red spatial
cue. Hence, the pre-cue condition was virtually the same as the endog-
enous condition at flash onset. Moreover, only the colour of the temporal
cue was differing in the exogenous condition, to allow for the peripheral,
automatic capture of attention. We also equated fixation dot and central
cue features across conditions.

3.1. Material & methods

3.1.1. Participants

123 adult volunteers were recruited via the Prolific online platform
(age M + SD = 30.5 + 8 year-old, 57 females). They all provided
informed electronic consent prior to the experiment. Participants were
compensated 10 € for their time, plus a bonus of 1.75 € for the 50% best
performing participants. An a priori <80% accuracy cut-off in catch
trials was set to ensure covert orienting of attention (see below).
Following this rule, one participant (60% accuracy) was excluded. Two
other participants were discarded based on their written feedbacks at
the end of the experiment: one admitting to try different screen orien-
tations during the course of the experiment and another having repeti-
tive display problems. The experiment consisted in one session (duration
M + SD = 57.1 + 13.6 min). The experimental procedure was approved
by the ethics review board of the Paris School of Economics (PSE).

3.1.2. Overview

Participants were randomly assigned to one of three treatment
groups, corresponding to the three conditions from Experiment 1. The
experiment consisted in 220 trials in total, including 20 catch trial pairs,
where a catch target appeared on first, second, or both trials (see below).
These 20 pairs were discarded from analyses. In 8 participants, a tech-
nical error led to the loss of 2 trials (out of the 180 trials kept for further
analyses).

Participants were instructed to fixate the centre of the screen during
the whole trial period. To ensure participants were compliant, 9% of
trials were ‘catch trials’, where a letter target was briefly presented at
the fixation point. The target was nearly impossible to discriminate
without foveal fixation, but was very easy to recognize with foveal fix-
ation, as assessed beforehand in a small pilot study. Participants were
informed that the target letter was meant to check their fixation
compliance during the task, and that failure to accurately report it would
disqualify them from getting a bonus. All but one participant performed
very well during these catch trials, confirming that they were fixating
the centre of the screen during the experiment (average accuracy M +
SD = 0.97 £ 0.04). Outliers with a circular IQR on clock reproduction
error above/below 1.5 times the treatment group IQR were excluded: 8,
4 and 2 in the pre-cue, exogenous and endogenous group, respectively,
leaving 107 participants for further analysis. For these outliers, the
distribution of the angular errors was resembling a uniform distribution.
Individual raw error plots for all participants, including these outliers,
are provided in the Supplementary Material.

The tasks were coded in javascript using the jsPsych library (de
Leeuw, 2015). The visual angle values indicated in the following para-
graphs assume an average 60cm distance from screen.

3.1.3. Stimuli

The experiment was presented in fullscreen mode, and exiting the
mode during course of the experiment was systematically reversed in the
next trial. Each trial started with a central fixation dot (0.6°) presented
on a light grey background for 500ms. Six black arrows (length: 0.6°)
were systematically presented around the fixation dot, each pointing to
six possible clock locations (Fig. 5). Then six, equally-spaced clocks
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(black outline, 4° diameter, 0.2° thick) were presented at 5°-eccentricity
around the fixation point. Each clock had a black dot (diameter 0.2°) at
the centre. The hand was a line starting 0.2° from the clock's centre
(length: 1.6°). Each clock rotated for 5s, at a fixed speed of 1 revolution
per second, starting from a random onset phase.

At a random time uniformly drawn between 2s and 3s after clocks'
onset, all clocks were briefly flashed in mid grey for 80ms. This temporal
cue was complemented with a spatial red cue specific to the treatment
group. In the pre-cue group, the cue was one of the central arrows,
indicating during the whole trial and with 100% validity the clock to be
remembered at flash onset. In the exogenous group, the clock of interest
was flashed in red instead of mid grey, making it distinguishable from
the other clocks. In the endogenous group, the central arrow pointing to
the clock of interest briefly turned red for 80ms. Each clock was probed
with probability 1/6.

3.1.4. Procedure

Following a consent form, participants were presented with a stan-
dard visual adjustment procedure, in order to adapt the experiment to
the characteristics of their screen. 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 standardised units.
Following the procedure, participants were presented with instructions,
followed by 8 practise trials, 4 trials in slow motion (half the speed), and
4 trials at full speed. Participants were instructed to fixate the centre of
the screen, to monitor all clocks (exogenous/endogenous group) or only
the pre-cued clock (pre-cue group), and to register the phase of the
probed clock at flash onset (Fig. 5). The mouse cursor was systematically
hidden during the stimuli phase. Participants had to report the phase at
the end of the trial using the mouse cursor. The display of the clock’s
hand during the report period was initiated by the participant’s mouse
click. To validate their response, participants were required to click on
the fixation point, which turned blue following participant’s response.
This approach was used to get the cursor centred before each trial. Every
two trials, participants were asked to select which of the two previous
responses they felt more confident about being correct, by clicking on
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Fig. 5. Experimental protocol for Exp 2. On
each trial, the stimuli consisted in 6 clocks
rotating for 5 seconds, at 1 revolution per
second but with random starting phases.
After a variable delay, all clocks were briefly
flashed, and one of the clocks was cued,
either peripherally (‘exogenous’ group) or
centrally (‘endogenous’ group). A third
(‘pre-cue’) group was presented with a cen-
tral pre-cue through the whole trial, indi-
cating with 100% validity which clock had
to be monitored. At the end of the trial,
participants had to reproduce the phase of
the clock at flash onset. Every two trials,
participants had to indicate the best of their
two preceding responses. In 9% of trials,
participants had to also report the identity of
a letter (‘A’ vs. ‘X’) presented at fixation
during flash onset.

9% catch trials

one of two squares (2°x2°) displayed at 1.4° eccentricity on each side of
the fixation point, flanked by ‘1’ and ‘2’ (for first or second trial in the
pair). Once the trial was selected, the fixation dot turned blue, allowing
participants to click on it. Based on this report, for each pair of trials, one
trial was labelled as ‘higher confidence’ and the other one as ‘lower
confidence’. Participants were not instructed to make speeded re-
sponses. They were informed that some of the trials were catch trials,
during which a target letter (‘A” vs. ‘X’, 0.4°) was presented for 80ms
within the fixation point, at the same time as the cue. At the end of these
catch trials, participants were requested first to report the phase of the
clock, and then the target letter using the mouse cursor. A feedback on
the letter discrimination task was given immediately after their
response. Catch targets were randomly interleaved within the course of
the experiment, occurring at first, second or on both trials in a given
pair. At the end of each block that lasted about 4min, participants had
the opportunity to take a 20s break. Participants were informed that
accuracy in both clock reproduction, letter report and confidence
judgements will be considered for extra rewards calculation, and that
failure to accurately report the target letter was eliminatory. At the end
of the experiment, participants had the opportunity to provide a written
feedback on the task.

3.2. Analyses

We applied the same approach in Exp 2 than in Exp 1. Please refer to
Section 2.2. for details.

3.3. Results

3.3.1. Spatial orienting of attention and temporal selection

We compared our 3 groups (pre-cue, exogenous, endogenous) in
terms of the latency and overall precision of participants’ distribution of
responses (Fig. 6).

The latency profile (Fig. 6B) was strikingly similar to Exp 1, despite
the experiment being ported online, and the timing characteristics/vi-
sual features being adapted. A repeated-measures ANOVA revealed a
main effect of condition (F(2,103) =203.68, MSE = 2415.26ms, p <
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Fig. 6. Latency of attention and temporal
selection (Exp 2). (A) Distributions of errors
for three representative participants. The
distribution of responses represents the
angular error (reported phase minus objec-
tive phase) converted in milliseconds. The
pre-cue, exogenous and endogenous condi-
tions are represented in green, red and blue,
respectively. (B) The average latency for
each condition. (C) The average concentra-
tion for each condition, with no evidence for
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0.001). Bonferroni corrected t-tests (alpha=0.017, corrected for 3 tests)
gave very strong evidence for lower latency in the pre-cue condition
compared to both the exogenous condition (t(63.89) = —6.53, p <
0.001; M = -70.42ms, 95% CI [-91.95 —48.89]; BF1¢ = 5.66 x 10°) and
endogenous condition (t(65.13) = —20.5, p < 0.001; M = —229.41ms,
95% CI [-251.76 —207.06]; BF1o = 3.00 x 10%), as well as lower la-
tency for the exogenous condition than for the endogenous condition (t
(71.93) = —-12.84, p < 0.001; M = -159.00ms, 95% CI [—183.68
—134.30]; BFqo = 9.52 x 10').

Similar to Exp 1, overall precision was assessed using a second
ANOVA with concentration as a dependent variable, but this time
showed no significant effect of condition (F(2,103) = 1.07, MSE = 1.54,
p = 0.345). Therefore, no evidence was found for a difference in overall
precision between the three groups (Fig. 6C).

3.3.2. Metacognition of attentional effects

We then evaluated metacognitive ability, analysing the location and
concentration parameters separately for the ‘higher’ and the ‘lower’
confidence trials (Fig. 7A), according to the confidence forced-choice
response within each condition. Two distinct ANOVAs tested how
location and concentration depended on confidence, the attentional
condition, and the interaction between these two factors (Fig. 7B and C).

For latency (Fig. 7B), the ANOVA indicated a main effect of condition
(F(2,103)=200.54, MSE=4900.51ms, p < 0.001), a significant effect of
confidence (F(1,103) = 19.61, MSE = 255.46ms, p = 0.009), and no
confidence x condition interaction (F(2,103) =0.14, MSE = 255.46ms, p
= 0.87). In the same vein as for Exp 1, confidence seems oblivious to the
large delays induced by the spatial orienting of attention (i.e. pre-cue vs.
endogenous/exogenous conditions). The significant effect of confidence
suggests that in Exp 2, participants were on average able to introspect a
small portion of their latency. However, and importantly, we found no
evidence for an interaction.
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spond to individual participants in the given
condition. Large dots with a black outline
represent the mean across participants. Error
bars represent across participants +1 SEM.

Pre-cue Exo Endo

Regarding overall precision (Fig. 7C), we found no significant main
effects of condition (F(2,103) = 1.40, MSE = 4.11, p = 0.251), but an
effect of confidence (F(2,103) = 164.96, MSE = 0.75, p < 0.001). As for
Exp 1, we observed a condition x confidence interaction (F(2,103)=
7.83, MSE=0.75, p < 0.001). These results also replicated Exp 1 findings
that trials labelled with higher confidence were associated with higher
overall precision compared to lower confidence trials. Bonferroni-
corrected t-tests (alpha=0.017, corrected for 3 tests) confirmed a
greater precision for higher confidence trials for both pre-cue (T(31) =
871, p < 0.001), exogenous (T(35) = 660, p < 0.001) and endogenous (T
(37) = 735, p < 0.001) conditions. Corrected paired tests on the dif-
ference in concentration between higher and lower confidence trials
(alpha=0.017) also showed a significant difference between the pre-cue
and the endogenous condition (T(68) = 871, p = 0.002), and, in contrast
to Exp 1, the difference between the exogenous and the endogenous
condition also reached significance level (T(72) = 909, p = 0.015). As
for Exp 1, we found no evidence for a difference between pre-cue and
exogenous condition (T(66) = 700, p = 0.13). Together these results
show that confidence computation has access to the overall precision of
responses. Furthermore, they show that metacognitive ability is signif-
icantly greater for the pre-cue and exogenous conditions compared to
endogenous condition, confirming the interaction between the deploy-
ment of voluntary attention and overall metacognitive ability found in
Exp 1.

3.3.3. Trial-by-trial variability of precision

As for Exp 1, we performed an additional analysis to probe the po-
tential variability in precision from trial to trial, which might not be
detectable from the overall empirical distribution of errors. We found
evidence for a between-trials variability in encoding precision in the pre-
cue group, and to a less extent in the exogenous group (see Supple-
mentary Material). We did not find any evidence for such variability in

Fig. 7. Metacognition of latency and overall
precision (Exp 2). (A) Plot of the two dis-
tributions of ‘higher’ (purple) and ‘lower’
(grey) confidence for a
o participant in one of the three conditions.
(B) The average difference in latency be-
tween ‘lower’ and ‘higher’ confidence trials
for each condition. The absence of a signif-
icant difference between conditions con-
firms the latency blindness observed in Exp

C

representative

1. (C) The average difference in overall
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Endo precision between ‘higher’ and ‘lower’ con-
fidence trials. Positive values confirm that
confidence has access to the variability of
response precision for all conditions, despite

the significant metacognitive cost for

Pre-cue Exo

endogenous compared to pre-cue and exogenous conditions. Coloured dots correspond to individual participants in the given condition. Large dots with a black
outline represent the mean across participants. Error bars represent across participants +1 SEM.
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the endogenous group. This suggests that despite overall response
variability being seemingly matched between conditions, the trial-by-
trial fluctuation of internal precision level might be differentially
distributed between the pre-cue/exogenous and the endogenous con-
ditions (see Section 4. below for a discussion).

3.3.4. How well does confidence predict pair-wise error difference?

Using the same approach as for Exp 1, we employed a logistic
regression model to estimate how the difference in error magnitude
within a pair of trials was predictive of confidence (Fig. 8). We compared
the three model candidates used previously (see Section 2.2.2 and
2.3.1.4).

The total log-likelihood across participants and conditions favoured
the centred model (simple model: -5951; centred model: -5828; scaling
model: -5964). Once again, a model comparison provided evidence for
the ‘centred’ model compared to both the ‘simple’ model (LLR = 246.45)
and the ‘scaling’ model (LLR = 271.18). We also found greater likeli-
hood for the ‘simple’ model compared to the ‘scaling’ model (LLR =
24.73). The ‘centred’ model was kept for all subsequent analyses. The
average classification accuracy for this model was nearly the same as for
Exp 1, namely 63% across participants and conditions (overall AUC M =
0.63, 95% CI [0.62 0.64]; pre-cue AUC M = 0.65, 95% CI [0.63 0.671;
exogenous AUC M = 0.64, 95% CI [0.62 0.66]; endogenous AUC M =
0.60, 95% CI [0.58 0.62]). The pseudo—R2 (McFadden, 1973) for this
model was on average, across participants and conditions, equal to 0.06
(95% CI [0.051 0.069]).

Following our approach in Exp 1, we considered the slope of the
model () as a measure of metacognitive ability. After Bonferroni
correction (alpha = 0.017), the slope was significantly positive for the
three conditions, pre-cue (t(31) = 10.33, p < 0.001; M = 0.006, 95% CI
[0.005 0.007]; BF19 = 6.30 x 108), exogenous (t(35) = 10.59, p < 0.001;
M = 0.005, 95% CI [0.004 0.006]; BF1p = 4.60 x 10%) and endogenous
condition (T(37) = 735, p < 0.001), showing above chance meta-
cognitive ability for all conditions at the group level. A repeated-
measures ANOVA showed a significant effect of condition (F(2,103) =
3.71, MSE = 0.00, p = 0.03). After Bonferroni-correction (alpha=0.05/
3), we once again found evidence for a difference between the pre-cue
and the endogenous conditions (T(68) = 851, p < 0.001). However,
we found no evidence for a difference between pre-cue and exogenous
conditions (t(59.1) = 1.63, p = 0.10; Mpre.cue = 0.006, Mgy, = 0.005,
95% CI [0 0.01]; BF;¢ = 0.78) and no evidence for a difference between
exogenous and endogenous conditions (T(72) = 840, p = 0.09). There-
fore, contrary to the significant difference found in metacognition of

A

-150 -500 50
Ag (ms)

150 Pre-cue Exo Endo

Fig. 8. Confidence judgment and the difference in error magnitudes (Exp 2).
(A) The probability of higher confidence for trial B in the pair, as a function of
the error difference between the two trials (A¢) at the group level. Errors have
been grouped by quantiles at the individual level, and the group average is
represented with error bars for each quantile. (B) The average correlation co-
efficient (or slope) for each condition, used as a measure of metacognitive
ability. Coloured dots correspond to individual participants in the given con-
dition. Large dots with a black outline represent the mean across participants.
Error bars represent across participants +1 SEM.
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overall precision (Section 3.3.2), here the difference between exogenous
and endogenous conditions did not reached significance.

We finally tested the intercept of the model, a proxy for the meta-
cognitive bias in favour of the second trial in the pair. Contrary to Exp 1,
we found no evidence for a bias in neither the pre-cue condition (t(31) =
—-1.37,p=0.18; M = —0.15, 95% CI [-0.36 —0.07]; BF19 = 0.44), nor
the exogenous condition (T(35) = 226, p = 0.09), but a significant bias
in the endogenous conditions (t(37) = —3.04, p = 0.004; M = -0.31, 95%
CI [-0.52 —0.10]; BF1¢ = 8.52). However the ANOVA showed no sig-
nificant effect of condition (F(2,103) = 1.06, MSE = 7.09, p = 0.35).
Interestingly, the prevalence of a bias in the pre-cue condition in Exp 1
was not found in Exp 2, where a bias was, on the contrary, detectable for
the endogenous condition. This difference in bias (pre-cue only for Exp
1, and endogenous only for Exp 2), despite the effect on the beta being
similar in the two experiments, rules out the role of bias in solely driving
the observed difference in metacognitive ability (i.e. in § parameter).

4. Discussion

Our results shed light on three aspects of attention orientation that
we will discuss in turn. The first is the time taken by the orienting
process, which appeared to be different across conditions but relatively
constant within each condition. The second element is the seemingly
oversight of delay: metacognition appeared to be strongly bound to
attention, to the point of making confidence blind to the temporal cost of
attentional deployment. Yet, such a confidence-attention bound still
allowed confidence to discriminate between different levels of error
magnitude. Finally, confidence judgments appeared to be degraded
during (or immediately after) the deployment of voluntary attention,
revealing a novel constraint on the metacognitive system.

4.1. Timing voluntary and involuntary attention, and their effect on
temporal selection

Our data fit well with the results from both the attention and time
perception literature. First, our results replicated previous studies that
have found exogenous and endogenous attention to affect the perceived
phase of moving clocks (Carlson et al., 2006; Chakravarthi & VanRullen,
2011; Hogendoorn et al., 2010). These results are also consistent with
the observation that the reported time of visual events is directly
affected by their relative distance from the attentional locus (Jovanovic
& Mamassian, 2019, 2020).

A canonical experimental design in the spatial attention literature
involves a location-specific pre-cue followed by a target, with a cue-to-
target delay known to maximise attentional effects and target discrim-
ination (e.g., 300ms for endogenous attention). These paradigms how-
ever can overlook the variability of the orienting process from trial to
trial: sometimes attention is allocated earlier, sometimes later (Hogen-
doorn et al., 2010; Zivony & Eimer, 2020). In our paradigm, the orien-
tation of attention is expected to occur either at the beginning of the trial
(pre-cue condition) or at the very moment the observer needs to register
the phase of the clock (exogenous and endogenous condition).

The current experimental design allowed us to measure the time cost
of attentional deployment for the exogenous and endogenous condition
compared to the pre-cue (or ‘sustained attention’) condition: we found
that on average the reported phase was strongly delayed, in accordance
with the known average latency for each attention type. Importantly,
even if our paradigm led to very reasonable delay estimations for
exogenous (101ms in Exp 1 and 135ms in Exp 2) and endogenous
(262ms and 294ms) attention, the absolute value of these mean errors in
milliseconds is not necessary directly interpretable, as the use of
temporally autocorrelated stimuli is known to increase perceived lag
compared to decorrelated ones (Callahan-Flintoft, Holcombe, & Wyble,
2020; Sheth, Nijhawan, & Shimojo, 2000). In other words, temporally
autocorrelated features widen the latency of information sampling,
leading to less moments being sampled in a given time range. It is mainly
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for this reason that they should be interpreted relatively to the pre-cue
condition, where attention is pre-allocated at the correct location.

On the other hand, we found no strong evidence for a difference
between conditions regarding the overall variability of temporal selec-
tion. Notably, average responses precision in the pre-cue and endoge-
nous condition was approximately matched in both experiments,
suggesting that the deployment of attention takes a relatively fixed time
in this task, and that the precision we measured mostly reflects the
average quality of encoding. This allowed for a systematic analysis of
confidence with approximately equated average performance across
attention conditions.

In the between-subjects design of Exp 2, we found evidence for a
difference in the cognitive process involved when comparing the pre-
cue/exogenous condition to the endogenous condition. In the latter,
errors appeared more homogeneous, leading to a very stable encoding
precision between trials. On the contrary, for the pre-cue and exogenous
conditions, the overall precision was better explained with a mixture of
fluctuating encoding precisions at the trial level, the nature of the
mixture being, however, equivocal (see Supplementary Material, and
Fig. S6 for a schematic diagram). Such a difference might be partly
explained by the sustained nature of the pre-cue condition, which could
favour spontaneous fluctuations of the overall attentional level, but the
difference between exogenous and endogenous attention remains
interesting.

4.2. Metacognition ignores attentional latency but tracks the precision of
temporal selection

Participants appeared fully oblivious to the delay of both exogenous
and endogenous attention (Figs. 3B & 7B). In Exp 1 there was no dif-
ference in average delays regarding confidence. In Exp 2, there was a
small but consistent subjective latency difference (10ms on average) but
importantly this difference was the same across conditions. In compar-
ison, both experiments showed a strong difference in objective report
latency between conditions (Figs 2B & 6B). For metacognition to be
sensitive to attentional delay, one should have observed at least a pro-
portional increase of both objective and subjective latencies. Therefore,
the constant delay found in Exp 2 (Fig. 7B)- also present during sus-
tained attention (i.e. in the pre-cue condition) — is more likely to be
related to non-attentional processing, like the general arousal level.

The inability to monitor the delay of spatial attention mirrors what
has been recently found for temporal attention (Recht et al., 2019), as
well as previous results on executive control (Corallo, Sackur, Dehaene,
& Sigman, 2008; Marti, Sackur, Sigman, & Dehaene, 2010). These
studies, using dual-task paradigms, showed that metacognition ignores
the delay in temporal attention induced by the Attentional Blink (Recht
et al., 2019) or the delay in response times induced by the Psychological
Refractory Period (Corallo et al., 2008; Marti et al., 2010). The present
study provides evidence for a new ‘metacognitive blind spot’, namely,
the delay of spatial attention. It also confirms that the introspective
blindness about the timing of certain cognitive processes is generalisable
to single task paradigms, thought to involve lower cognitive load.

However, the inability to monitor the average timing of cognitive
events needs not preclude a fine-grained introspection of other aspects
of processing, like the variability of temporal selection (or relative error
magnitude). Participants in our study were able to discriminate between
error magnitudes, giving higher confidence judgments to more precise
trials for all conditions (Figs. 3C & 7C, and Figs. 4 & 8). They were also
able to discriminate between larger and shorter reaction times in our RT
task of Exp 1. We note that in a similar vein, observers have been shown
to be metacognitively aware of some of the processing stages during
visual search and implicit spatial shifts of attention (Reyes & Sackur,
2014, 2017).
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4.3. Allocating voluntary attention in space weakens metacognition

Voluntary attention takes time to be allocated, and requires cognitive
control to be maintained (Carrasco, 2011). Our results are suggestive of
a metacognitive cost of endogenous attention orientation in space.
During voluntary orienting, the sensitivity of confidence to overall
precision drops compared to pre-allocated, sustained attention (Exp 1
and 2), and compared to transient, exogenous orienting of attention
(Exp 2). The weakening was confirmed in Experiment 2, where the vi-
sual characteristics of the pre-cue and endogenous conditions were
strictly matched, ruling out a feature-based explanation. The cost was
also observable when analysing confidence sensitivity to the within-pair
difference in error magnitude for both experiments: a comparable
change in confidence required a much larger error difference in the
endogenous compared to the pre-cue condition (Figs. 4 & 8). In both
experiments, a metacognitive cost is found despite overall selection
variability remaining relatively spared by attentional orienting. There-
fore, it is possible that a bifurcation occurs at some stage between the
stream of evidence used for perceptual report and the evidence used for
metacognitive judgment. The relationship between first-order (here,
phase reproduction) and second-order (here, confidence judgment) de-
cisions is the subject of ongoing debates: the account of confidence using
only the first-order decision evidence (e.g. Kiani & Shadlen, 2009) is
challenged by empirical dissociations between subjective and objective
performance (e.g. Rahnev et al., 2011; Recht et al., 2019) and the ex-
istence of changes of mind (e.g. Resulaj, Kiani, Wolpert, & Shadlen,
2009). At first glance, the ability to assess the magnitude of self-made
errors might seem paradoxical: if the participant knows about the size
of the estimation error, why not correct for this error in the first place?
Such comment has often been made in the context of error detection, but
also in confidence studies (Yeung & Summerfield, 2012): an influential
account solves this contradiction by distinguishing between the evi-
dence used for perceptual decision and the evidence used by metacog-
nition (see Fleming & Daw, 2017 for a review). Our results support such
distinction, and suggest that the process of deploying voluntary atten-
tion has a direct effect on confidence. Interestingly, participants’ ability
to introspect on their reaction times in Exp 1 did not particularly
correlate with their metacognition of temporal selection, suggesting that
each type of metacognitive ability was driven by (partially) distinct
sources of second-order evidence.

Yet, the results from our model comparison also raise the interesting
possibility that first-order evidence itself might have a different flavour
during — or immediately following - endogenous orienting, despite
overall performance being relatively spared. When comparing models
for Exp 2 (see Supplementary Material), we found evidence for a trial-to-
trial variability (or ‘mixture’) of internal precision levels in the pre-cue
and exogenous groups, but no evidence for variable precision in the
endogenous group. Regarding the pre-cue group, sustained attention
could facilitate error discriminations precisely via spontaneous fluctu-
ations in attentional focus, leading to more marked error types. How-
ever, we also found that metacognition was lower in endogenous
compared to exogenous group (Exp 2), with evidence for a mixture of
precision levels during exogenous orienting as well, and despite of the
latter being transient. These elements suggest that it is the voluntary
nature of the orienting process that impairs metacognitive ability, rather
than sustained attention solely boosting it.

The current finding that the process of allocating endogenous
attention elicited a metacognitive impairment might also suggest that
the top-down, frontal mechanisms needed for both voluntary orienting
of attention and metacognition could share certain central resources. For
example, the neuroanatomical and functional bases of visual attention
have been located within a large fronto-parietal network involving,
amongst other areas, the frontal-eye-field (Buschman & Kastner, 2015),
while the neural bases of visual metacognition are proposed to be mostly
residing within the dorsolateral and anterior parts of the prefrontal
cortex (Fleming & Dolan, 2012; Fleming, Ryu, Golfinos, & Blackmon,
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2014; Fleming, Van Der Putten, & Daw, 2018; Shekhar & Rahnev,
2018). All of these regions have a strong implication in top-down
cognitive control, biasing incoming signals from early visual cortices
and monitoring perceptual selection and decision-making (Gilbert & Li,
2013; Rahnev, 2017). Further work is needed to address how the timing
of attention and metacognition interact at the functional level, to better
understand the neural underpinnings of the metacognitive cost observed
in the present study.

5. Conclusion

Metacognition allows individuals to reflect on the quality of their
perceptual decisions. Yet, our results demonstrate that metacognition
can be oblivious to the latency of spatial attention, an important
modulator of perceptual accuracy. Furthermore, our experiments tap
into the computational limitations of metacognition: the very process of
voluntary deploying attention in space seems to weaken metacognition
of temporal selection. Together, our results provide critical information
to our understanding of metacognition and its relationship with spatial
attention.
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