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ABSTRACT
The Cognitive Architecture of Temporal Metacognition

Tutku Oztel
Doctor of Philosophy
18™ September, 2024

Metacognition, which is the introspective ability to reason about one’s own cognition, has long
been investigated in perceptual and memory domains. Recent studies have investigated this ability within
metric domains which include time, space and numerosity. While these studies demonstrate the human
capability of keeping track of one’s own cognition as it relates to these metric domains, no study thus far
has investigated the cognitive architecture of this generalized metric error monitoring ability. The present
dissertation investigates the different influences on the temporal error monitoring ability as a special case
of metric metacognition, which includes keeping track of one’s own temporal error magnitude (i.e., the
extend of under or over estimating a target duration) and direction (i.e., under or overshooting the target
duration) under two categories including (1) the exogenous and (2) endogenous factors. Study 1 (Chapter
2) investigates the effect of these two kinds of influences in a complementary way by testing the endogenous
and exogenous feedback on global ability of temporal error monitoring. As a potential exogenous factor,
Study 2 (Chapter 3) investigates whether the diminishing effect of working memory (WM) load
documented previously for the perceptual metacognition applies to the temporal error monitoring ability.
Finally, Study 3 (Chapter 4) investigates different endogenous factors (e.g., motor action, error ownership
and belief of error owning) on the temporal error monitoring ability.

Overall, results of the first study demonstrated no consistent effect of external feedback on trial-
by-trial (online) temporal error monitoring ability while also pointing to the distinction between the online
and global temporal error monitoring ability (i.e., reporting the average bias in the overall timing
performance). Further, the second study pointed to no diminishing effect of WM load on online temporal
error monitoring ability. Finally, the third study demonstrated the differential effect of motor action and
belief of owning the temporal error on confidence and error directionality judgments as the two components
of temporal error monitoring ability. Altogether, the present dissertation (1) demonstrated the distinction
between online and global forms of temporal awareness (2) highlighted differential characteristics of
temporal awareness with respect to the perceptual metacognition and (3) discovered the distinct
characteristics of error magnitude and direction monitoring as two components of temporal error monitoring

ability.



OZETCE
Zamansal Ustbilisin Bilissel Mimarisi
Tutku Oztel
18 Eyliil, 2024

Ustbilis, kisinin kendi bilissel siirecleri iizerine diisiinme yetisi, literatiirde baskin olarak
algisal ve bellek alanlarinda arastirilmaktadir. Son yillarda yapilan ¢aligmalar, bu yetiyi zaman,
mekan ve cokluk gibi metrik alanlarda incelemistir. Bu ¢aligmalar, insanin kendi bilissel
stireclerini bu metrik alanlarda takip edebilme yetenegini gosterse de, bugiline kadar bu
genellestirilmis metrik hata izleme yeteneginin nihai biligsel yapisi lizerine kapsayici bir ¢calisma
yaptlmamistir. Bu tez, metrik istbilisin 6zel bir tlirii olarak zamansal hata izleme yetenegi
tizerindeki farkli etkileri arastirmaktadir. Bu, kisinin kendi zamansal hata biiylikligiinii (yani,
tahminlerin hedef siireden sapma miktar1) ve yoniinii (yani, hedef siirenin altinda m1 yoksa iistiinde
mi kaldigini) (1) digsal ve (2) i¢sel faktorler olmak {izere iki temel kategori altinda incelemeyi
icermektedir. Birinci ¢alisma (Boliim 2), bu iki tiir etkinin etkisini biitiinsel bir sekilde aragtirarak
genel zamansal hata izleme yetenegi iizerinde endojen (i¢sel) ve eksojen (digsal) geri bildirimin
etkisini test etmektedir. Potansiyel bir digsal faktor olarak, ikinci caligma (Bo6liim 3), algisal iistbilis
icin daha dnce gosterilmis olan isler bellek (IB) yiikiiniin azaltic1 etkisinin zamansal hata izleme
yetenegine uygulanip uygulanamayacagini arastirmaktadir. Son olarak, li¢lincii caligma (Bolim
4), zamansal hata izleme yetenegi tizerindeki farkli i¢sel faktorleri (6rnegin, motor eylem, hata
sahipligi ve hata sahipligine yonelik inang) arastirmaktadir. Genel olarak, birinci ¢aligmanin
sonugclari, digsal geri bildirimin deneme bazli (¢evrimigi) zamansal hata izleme yetenegi iizerinde
tutarlt bir etkisi olmadigini gostermis ve ayni zamanda g¢evrimici ve deneyin sonunda genel
zamanlama performansini rapor etmeyi ifade eden genel zamansal hata izleme yetenegi arasindaki
ayrimi isaret etmistir. Ek olarak, ikinci ¢alisma, farkl tiirdeki IB yiikiiniin ¢evrimici zamansal hata
izleme yetenegi ilizerinde azaltict bir etkisi olmadigini gdstermistir. Son olarak, {igiincii ¢alisma,
motor eylem ve zamansal hatanin sahiplenildigi inancinin, zamansal hata izleme yeteneginin iki
bileseni olarak giliven ve hata yonliiliigii yargilar tizerindeki farkl etkilerini gostermistir. Sonug
olarak, li¢ ¢alismada bu tez (1) ¢evrimici ve genel zamansal farkindalik bigimleri arasindaki ayrimi
ortaya koymus (2) zamansal farkindaligin algisal {istbilise gore farkli 6zelliklerini vurgulamis ve
(3) zamansal hata izleme yeteneginin iki bileseni olarak hata biiylikliigi ve yon izleme

ozelliklerinin farkli oldugunu kesfetmistir.
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Attention, Perception & Psychophysics.

Oztel, T., & Balci, F. (2023). Humans can monitor trial-based but not global timing errors:
Evidence for relative judgements in temporal error monitoring. Quarterly Journal of
Experimental Psychology, 76(9), 2155-2163.

Oztel, T., & Balci, F. (2023). Temporal error monitoring does not depend on working memory.

Psychological Reports, 00332941231187121.

Oztel, T., & Balcy, F. (Accepted). Temporal error monitoring: Does ownership of errors matter?

Attention, Perception & Psychophysics



ACKNOWLEDGEMENT

Foremost, | would like to express my sincere gratitude to my thesis co-advisors Prof. Fuat
Balci for always supporting me on my PhD journey, even from far away. Without his support and
guidance since 2015 in my mid-undergraduate, | could not achieve what | achieved today. His
training style and point of view in scientific practice will always be a role model throughout my
career. Having spent nearly a decade together in a supervisor-student relationship, he will always
remain not only an invaluable collaborator and lifelong mentor; but also, an elder brother to whom
| can consistently turn for guidance. Additionally, | would like to thank the rest of my committee

members for their intellectual contributions with their valuable feedback on this dissertation.

I would also like to thank Prof. Sami Giilgoz from Ko¢ University who always made me

feel his support through all the difficult times throughout my PhD journey.

I want to thank my dearest friends from Ko¢ University Psychology graduate program
Hazal Kartalkanat, Gamze Turun¢ Bayrakdar, Demet Ozer and Sura Ertas for all the support,
intellectual (and non-intellectual) contributions, and of course, all the play and laughter. They are
one of my greatest gains from Kog University. I especially want to thank Hazal for making a great
neighbor and for turning my mondays from a syndrome into something to look forward to with
our week-opening morning walks and the deep and not-so-deep conversations we shared. Genuine
thanks go to another dearest ones Zeynep Demirbilek Ak¢ay and Elif Dinek Yilmaz for all the fun
we have had together since 2013, even when we are far away. | feel blessed with having these

great women in my life, I love you guys!

Next, | want to thank my parents and grandmother for their unconditional love and sharing

their wisdom with me in every period of my life. No need to say much, | love you beyond words.

Finally, I want to thank you, my dear fiancé Doruk Engin, for showing your strong
personality while getting along with me with your great calmness and patience, for always being
there to cry and laugh, support and criticize, and for being my ultimate best friend forever. You
are another one from whom | learned a lot about various perspectives of life ranging from sports

to arts, history to celebrity gossip, politics to traveling. I am a big fan of yours.



Vi

TABLE OF CONTENTS

LiSt Of FigUIeS..cciuuiiiiiniiiiiiniiiiiniiiiiietieienstosesssosssssossssssosessssssssssosenssosssnsssssnssnmnns X
List 0f Tables..uciuuieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiititietietiateeciscsaienssssccnscnnes xi
CHAPTER 1: INTRODUCTION....c.tiutiiiuiitiiiiiiiniieiieiitietietiecteentssssscsscnsssssscscncnns 1

CHAPTER 2: Humans can monitor trial-based but not global timing errors: Evidence for
relative judgements in temporal error monitoring........ccevvieiiiiinriiiinnicrinnrcesennrccsnnns 3
2.0 ADSIIACE. ettt e 3
2.2, INETOAUCEION. ...t 4
2.3 MEthOd ..o e 7
B T R oy 5 0310 L 7
2.3.2. SUMUlTE and @PPAraLUS. .. ...viriee ettt 8
2.3.3. ProCedure. .......oueieii e 8
2.4. Analytical approaCh. ... .. ..o 10
B TR 251 10
2.5.1. Temporal reproduction performance. ............ccooviiuiiiiiiiiiiiiieieeeeeans 11
2.5.2. Temporal error monitoring ability in the self-evaluation condition. ................... 12
2.6, DISCUSSION. ...ttt et e e 14
0 A 01031 Te] 11 ] 10 s 17
CHAPTER 3: Temporal error monitoring does not depend on working memory............18
B ADSITACT. . .ot 18
3.2, INOAUCHION. ...t e e e e e 18
33 MEthOd. .o e 22
3.3 L. PartiCIPantS. . ..ottt e 22
3.3.2. Stimuli and APParatUS...........ouiiritiiiie e 22
3330 PrOCEAUIE. ...t e 22
3.4. Analytical APProach.........ooiiiiiii i 24
3.4.1.Data FIltering. . ..o s 24
3.4.2. Definitions of Two Different Working Memory Indices: Sorting Difficulty
Determination and Number of Letters. ........c.oouiviiiiii i 25
30 RIS . et 25

3.5.1. Manipulation Check: WM Accuracy and Reaction Times. ............oeeviuinin... 25



vii

3.5.2. Time Reproductions, Coefficients of Variations and Confidence Ratings............ 26

3.5.3. Hypothesis testing for the effect of WM load on temporal error monitoring.......... 27

306, DISCUSSION. .. ettt et e e e e e ettt e e e 30
3.7 CONCIUSION. ..t 35
CHAPTER 4: Temporal error monitoring: Does agency matter?.........c.ccccovveveiiveseereseenn 35
AN o113 o1 35
4.2, INEOAUCTION. ...ttt e e e e 36
T4 TR =4 011 8 10 24| A N 38
4.3 1. MeEthOd. ... e 39
4.3.1.1. PartiCiPants. ... ..oooiniii i 39

4.3.1.2. SIMuli and AppParatus...........coeeueiniirianiinit i ee e, 39

4.3.1.3. Procedure. . .....o.oinii i 39

4.3.2. Analytical ApProach...........oooiiiii i 42

4.3.2. 1. Data filtering. .. ...ooueini it 42

4.3.2.2. Linear mixed-effects analysis............c.cooviiiiiiiiiiiiiiiiiieieeaen 42

4.3.2.3. Statistical Reporting and Labeling......................oooiiii, 43

433, RESUILS. ettt 43
4.3.3.1. Confidence jJudgment...........co.oiuiiiiiiiiii i 44

4.3.3.2. Short-Long judgment.............ooouiiiiiiiiiiii e 44

4.3.4. INTEITM DISCUSSION. ...ttt ettt ettt et et et e e e e e 45

4.4. Experiment 2: RepliCation.........oouiiuiiiii i e 45
4401 MeEthOd. ... 46

4.4, 1.1, PartiCIPantsS. .. ...veett it ettt et e 46

4.4.1.2. Stimuli, Apparatus, and Procedure.................coooeiiiiiiiiiiiiiin.. 46

4.4.1.3. Analytical Approach...........c.coiiiiiiiiii i 46

A2, RESUILS. . et e 46
4.4.2.1. Confidence judgments. .........coueeiiiiiiiiie i e e aeinenns 46

4.4.2.2. Short-Long Judgments.............cooiiiiiiiiiii e 47

4.4.3. Interim DISCUSSION. ... .ututt ittt e 47

4.5. Experiment 3: Controlling for the motor action................cooiiiiiiiiiiiiiii i, 48

A5 1. MEINOA. . ..o 48



4.5. 1.1, PartiCIPants. ......eeee ittt e e e 48

4.5.1.2. Stimuli, Apparatus and Procedure................coooiiiiiiiiiiiiiii 48

4.5.1.3. Analytical Approach...........ccoviiiiiiiiiii i 49

45,2, RESUILS. .ottt 49
4.5.2.1. Confidence Judgments.............ccooiiiiiiiiiii i 49

4.5.2.2. Short-Long Judgments. .............oooiiiiiiiiiii e 49

4.5.3. INterim DISCUSSION. ... c.uutt ettt e e 50

4.6, EXPOIIMENL 4. ... ettt et e et e et et e et e e et 50
4.6.1. MEthOd. ... e 50
4.6.1.1. PartiCIPants. . .....ouiutiitt ettt et e 50

4.6.1.2. Procedure. ........oouiei i, ol

4.6.2. Analytical Approach and Results............c.oviviiiiiiiiiii e 51
4.6.2.1. Confidence Judgments. ..........ooevueiuiniiiiiiiin e, 51

4.6.2.2. Short-long judgments. ..........c.vuiiiiiiii e 52

4.6.3. INterim DISCUSSION. ... .untt ittt e e eeae 52

T B 4315 411115 1L P PP 52
AT 1. MEthOd. ... 53

A7 1.1, PartiCIPANtS. ... c.eeee ettt e et 53

4.7.1.2. Stimuli, Apparatus and Procedure................ooiiiiiiiiii i 53

4.7.1.3. Analytical Approach............cooviiiiiiiiiii i 53

A.7.2. RESUILS. ..t 53
4.7.2.1. Manipulation Check.............ooiiiiiiii 53

4.7.2.2. Confidence Judgments.............coviiiiiiiiiii e 54

4.7.2.3. Short-Long Judgments. ............cooiiiiiiiiiiii e 54

4.7.3. Interim DISCUSSION. ... .uutttt ittt e 54

T 254311 810 T 4L 55
4.8 1. MeEthOd. .. .o 55
4.8.1.1.1. Participants. Lab experiment................coooiiiiiiiiiiiiiie, 55
4.8.1.1.2.0NHNE StUAY. ...ttt 56

4.8.1.2. Stimuli, Apparatus and Procedure..................ccooiiiiiiiiiiiiiiii .. 56

4.8.1.3. Analytical Approach...........ccooiiiiiiii i 56



48,2, ROSUILS. ..o 56
4.8.2.1.1. Confidence Judgments. Online experiment........................ 56

4.8.2.1.2. Lab eXperiment..........c.oviiiriiiii e 57

4.8.2.2.1. Short-long Judgments. Online experiment.......................... 57

4.8.2.2.2. Lab eXperiment. ...........ooviiiiiiiiii e 57

4.8.3. Interim DISCUSSION. . ...ttt et e et e e e e 60

4.9, GENETal DISCUSSION. ...ttt ettt et et et et et e e e e e e et et et e naeeeeeenans 61
410, CONCIUSION. ...ttt ettt ettt et e et e e e et et et et e e e et e e e et et e e e e eeneanas 66
CHAPTER 5: General CONCIUSION. . cvuieiieiuietiiiernretierarersesnsessssasessssassssssnssssssnssssns 67
] (=] 7 1= N 69

] 1 T3 81



LIST OF FIGURES
Figure 2.1. Schematic representation of a trial in all conditions......................ocoiiiiinnn... 9
Figure 2.2. (a) The mean reproduced durations and (b) CV values across experimental conditions.
The target duration is marked with a black dashed line. In both panels, error bars represent the
standard error (SE) of the estimates, the grey dots depict the individual data points, and the black

squares depict the distribution mean. The asterisk depicts statistical significance at a=0.05

Figure 2.3. The relationship between timing errors (z-score transformed reproductions) and
recoded confidence rating in self-evaluation condition...................coooviiiiiiiiiiinn. . 13
Figure 3.1. Schematic representation of one trial in the experiment......................cevnnen.n. 24
Figure 3.2. The relationship between timing errors (absolute and signed) and temporal error
monitoring indices (confidence and short-long judgements) across the levels of different types of
WM load (N = 48). Each row depicts the different WM load type and each column depicts different

temporal error monitoring indices. Shaded areas depict standard error of the estimates

Figure 4.1. Trial representation of the task. The presentation of the target duration was 1.5 or 3
seconds, depending on the test block. Similarly, the confidence rating and the short-long judgments

were done according to either observed or performed reproduction, depending on the test

Figure 4.2. The relationship between timing errors and subjective timing error judgments across
target durations and experimental conditions for Experiment 1 (most left), Experiment 2 (middle),
and Experiment 3 (most right). In all panels, the shaded area depicts the standard error (SE) of the
] 00 1 45
Figure 4.3. The relationship between timing errors and subjective timing error judgments across
target durations and experimental conditions for Experiment 4 (most left), Experiment 5 (middle)
and Experiment 6 (most right). The experimental conditions depicted in red express “YOUR (in
“belief of agency” condition)” and the blue line expresses “OTHER’S (in “belief of non agency”
condition)” instructions. In all panels, the shaded area depicts the standard error (SE) of the

b1 F: | (o TR 58



Xi

LIST OF TABLES

Table 4.1. Summary of methods in all experiments (Chapter4). ............ccooeviiiiiiiinnn.n. 59



Chapter 1
INTRODUCTION

The error monitoring aspect of metacognition refers to the ability to report and reflect upon
self generated errors without necessitating external feedback (Yeung & Summerfield, 2012).

The error monitoring ability is typically investigated within the composition of
performances in two tasks: In the first order tasks, participants perform a basic discrimination task
which includes distinguishing “signal” (or target) from “noise” (or non-target). In the second order
task, participants report an evaluation of their own performance in the first order task. Gathering
confidence ratings is one of the most popular methods for evaluating first order performance,
where the degree of match between the confidence ratings and actual performance is used to
quantify error monitoring performance. Based on such metrics, previous work has indeed
demonstrated that human participants can match their trial-by-trial confidence ratings to their
categorization accuracy in perceptual decision making (e.g., Fleming et al., 2012b; 2012c; also
see: Fleming et al., 2012a) and memory domains (e.g., Vandenbroucke et al., 2014) in an online
fashion. But virtually in all of these domains, error monitoring performance is investigated in two
alternative forced choice (2AFC) tasks where the decision accuracy is binary (e.g., correct or
incorrect). Thus, this paradigmatic approach falls short of capturing most daily life situations that
involve errors with magnitude and direction. For example, a person can substantially overcook a
dish or slightly undercook it. Both of these outcomes contain an error that has different directions
and magnitudes.

Akdogan and Balc1 (2017), for the first time, investigated whether human participants can
keep track of their timing errors by investigating this ability utilizing two different indices that
captures the metric aspects of their timing errors: the magnitude and direction of the error.
Crucially, this finding has been replicated many times by the subsequent studies (Kononowicz et
al., 2019; see also: Oztel, Eskenazi & Balc1, 2020; Yallak & Balci, 2020) and its scope has been
expanded to include also numerosity (Duyan & Balci, 2018;2019) and line length judgements
(Duyan & Balci, 2020 - for a detailed discussion, see: Yallak & Balci, 2021), composing of a
unitary form of metric error monitoring ability. However, this metric error monitoring ability has
been found to carry distinctive features than the perceptual error monitoring ability, such that these
two kinds of metacognitive processes are not correlated (Yallak & Balct, 2021).



While the differentiation is documented (Yallak & Balci, 2021), one still open question is
how the cognitive architectures are differential for perceptual and metric error monitoring abilities.
The perceptual error monitoring is found to be affected by many different factors such as working
memory load (Maniscalco & Lau, 2015), endogenous and exogenous factors such as (1) motor
actions and (2) psychophysical characteristics of the stimuli, and external feedback (3). Inspired
by the previous literature on perceptual error monitoring, the current dissertation focuses on two
potential guiding factors: (1) exogenous factors in the form of externally presented or (2)
endogenous factors, in the form of internally represented. Overall, in three independent studies,
this dissertation aims to elucidate the cognitive architecture of temporal error monitoring ability
by investigating the effect of these two categories of informational sources on the temporal error
monitoring; as this ability has recently demonstrated to differ from the traditionally investigated
domains of metacognition such as meta-perception and metamemory (Yallak & Balci, 2021).

Along with the online/trial-by-trial error monitoring, global error monitoring (i.e., being
aware of average bias) can be regarded as another type of metacognitive process. Different from
the trial-by-trial (online) error monitoring, individuals retrospectively evaluate their own
performance throughout the experiment at the end of the given block or experimental session.
Chapter 2 describes a study that investigated how various online exogenous influences such as
trial by trial feedback as well as confidence and error direction judgements affect the global/overall
monitoring of average error direction in the temporal settings.

Another potential extraneous factor that has been documented for perceptual metacognition
(e.g., Maniscalco & Lau, 2015) is the working memory (WM) that is unique to information
manipulation demand such that increased manipulation demand was detrimental for metacognitive
accuracy. Chapter 3 presents a study which explores whether this detrimental effect can also apply
to the temporal error monitoring ability with three different parameterization of the WM load.

Can metacognitive abilities be guided by the endogenous factors? Previous literature
discusses metacognitive processes are fed by either the stimulus’s psychophysical properties (i.e.,
exogenous cues; e.g., Fleming et al., 2015) or the agent’s internal feedback mechanism that stems
from motor actions (i.e., endogenous cues; Palser et al., 2018). Chapter 4 describes a study that
investigated differential effects of endogenous factors (e.g. motor activation while making a

response) on the two temporal error monitoring indices (confidence and error direction).

Chapter 2



HUMANS CAN MONITOR TRIAL-BASED BUT NOT GLOBAL TIMING ERRORS:
EVIDENCE FOR RELATIVE JUDGEMENTS IN TEMPORAL ERROR MONITORING

2.1. Abstract

Humans can monitor the magnitude and direction of their temporal errors in individual trials.
Based on the predictions of our model of temporal error monitoring that rely on a relative
comparison of internal clock readings, we predict that participants would monitor their timing
errors in individual trials, but not the direction of their global timing errors without external
feedback. One study has indeed found that accurate self-monitoring of average timing biases
required external feedback with directional information. The current study investigates how
different sources of feedback (i.e., internal or external) affect performance in the self-monitoring
of average timing bias. Four groups of participants were tested in a temporal reproduction task.
Participants in the self-evaluation condition evaluated the direction and size of their time
reproduction errors in individual trials. In the accurate feedback condition, participants received
explicit trial-based feedback regarding the direction of their error while participants in the partially
accurate feedback condition received trial-based feedback according to the accuracy of short-long
judgements of another participant in the self evaluation condition. Participants in the control
condition reproduced only the target duration without making any judgements regarding their
reproduction performance or receiving any external feedback about it. Results showed that while
participants accurately monitor timing errors in individual trials, in none of the experimental
conditions were they more accurate than the chance level in terms of evaluating the direction of
their average temporal bias. We discuss these results in terms of the temporal error monitoring
model introduced by Akdogan and Balci. Thus, our findings suggest that external directional
feedback does not have any informational value for global temporal bias judgements above and

beyond internal self-monitoring.
2.2. Introduction

Metacognition refers to “cognition about cognition”/“higher order cognition” (Flavell,
1979), which is considered to be a part of consciousness (Fleming, Dolan, & Frith, 2012; Lau &
Rosenthal, 2011; Lau, 2019). The error monitoring aspect of metacognition refers to the ability to

report and reflect upon self-generated errors without necessitating external feedback (Yeung &



Summerfield, 2012). The current study investigated the effects of different types of feedback (i.e.,
no feedback, fully accurate feedback, partially accurate feedback, and internal feedback by self

evaluation) on the self-monitoring of average error direction in the temporal settings.

The error monitoring ability is typically investigated by the trial-by-trial match between a
decision performance and a corresponding confidence rating regarding the accuracy of that
decision. Thus, a typical error monitoring hypothesis would predict a positive correlation between
the decision performance and the confidence level. Based on such metrics, previous work has
indeed demonstrated that human participants can match their trial-by-trial confidence ratings to
their decision accuracy in perceptual decision making (e.g., Fleming & Dolan, 2012; Fleming,
Huijgen, & Dolan, 2012; also see: Fleming, Dolan, & Frith, 2012) and memory domains (e.g.,
Vandenbroucke et al., 2014). But virtually in all of these domains, error monitoring performance
is investigated in two alternative forced choice (2AFC) tasks where the decision accuracy is binary
in nature (e.g., correct or incorrect). Thus, this paradigmatic approach falls short of capturing most
daily life situations that involve errors with a magnitude and direction. For example, a person can
substantially overcook a dish or slightly undercook it. Both of these outcomes contain an error that
has different directions and magnitudes.

Akdogan and Balc1 (2017), for the first time, investigated whether human participants can
keep track of their timing errors by investigating this ability utilising two different indices that
capture the metric aspects of their timing errors. Participants were tested in a temporal reproduction
paradigm where they were asked to reproduce a previously presented target duration as accurately
as possible. After each trial, participants rated their level of confidence regarding the accuracy of
their temporal reproductions in terms of their proximity to the target duration (i.e., confidence
index). Finally, participants classified their reproductions as being shorter or longer than the target
duration (i.e., error direction index). Results demonstrated a clear trial-by-trial match between the
signed confidence judgements and the signed temporal errors, suggesting a temporal error
monitoring ability. This finding has been replicated many times by subsequent studies (Doenyas
et al., 2019; Kononowicz et al., 2019; Yallak & Balc1, 2021; Oztel et al., 2020b) and its scope has
been expanded to include also numerosity (Duyan & Balci, 2018, 2019) and line length judgements
(Duyan & Balci, 2020—for a detailed discussion see Yallak & Balci, 2021).



Along with online/trial-by-trial error monitoring, global error monitoring can be regarded
as another type of metacognitive process. In the latter, individuals retrospectively evaluate their
overall performance throughout the experiment either at the end of the given block or the
experimental session. A recent study by Rouault and colleagues (2019) found that when no
external feedback was provided regarding their discrimination accuracy, participants reported their
overall performance as being worse than it was in a perceptual discrimination task. In addition, the
external feedback fine-tuned the error monitoring of average accuracy and participants with better
online error monitoring were better at evaluating their overall accuracy. Together, these findings
point to the enhancing effect of internally driven error monitoring and external feedback on the

evaluation of overall performance in perceptual decision making (Rouault et al., 2019).

Thus far, research in the temporal error monitoring domain showed that humans can keep
track of the magnitude and direction of errors in their trial-based timing behaviour. Whether human
participants can also keep track of their average timing performance (i.e., bias) and whether this
ability relies on external feedback are outstanding research questions that are investigated in this
study. A recent study by Riemer and colleagues (2019) investigated the effect of external feedback
on timing bias judgements in a temporal reproduction task. In absolute feedback condition, after
each reproduction participants received non-directional feedback regarding the amount of
deviation between their reproduction and the target duration. In the signed feedback condition, this
feedback was also coupled with information regarding the direction of errors (e.g., early vs. late).
At the end of the experiment, participants reported on average, how much and towards which
direction their reproductions fell in relation to the target duration. Results showed that participants
in the signed feedback condition reported their global temporal bias more accurately compared
with the absolute feedback condition (Riemer et al., 2019). As the trial-by-trial temporal error
monitoring is assumed to take place in all conditions implicitly, the only difference between the
experimental conditions is the nature of the feedback. Authors thus concluded that monitoring of
the overall timing biases (i.e., global error monitoring) does not benefit from the ability to self-
monitor error direction in individual trials. Instead, the effect is due to the fact that global error
monitoring requires external feedback that includes directional information regarding the error that
is committed. Complementing the above-mentioned results, Overbeek and colleagues (2005)
demonstrated that the trial-by-trial external feedback resulted in comparable performance

monitoring signals (i.e., ERN) for obsessive compulsive disorder patients (who normally



demonstrate hyperactivity in the ERN signals, for example, Fitzgerald et al., 2005) compared with
the healthy controls, pointing to the improving effect of feedback on error monitoring. This study

also demonstrates the improving effect of external feedback on error monitoring performance.

As suggested by Riemer and colleagues (2019), the reason that monitoring overall timing
biases requires trial-by-trial directional feedback might be because internal error representations
are subject to memory interference. But it is also possible that metric error monitoring is only
achievable in individual trials due to mechanistic constraints imposed by relative comparisons as
in the model of Akdogan and Balc1 (2017). This model depicts the error monitoring process as a
comparison between the threshold first crossing times of the two independent temporal integrators
for (a) temporal estimation and (b) behavioural action. Hence, if the speed of both clocks changes
towards a direction resulting in an overall bias, although this model still accounts for the relative
comparison, it is blind to this overall bias (for a more detailed discussion see Oztel & Balc1, 2020a).
In line with the null predictions of Akdogan and Balc1’s (2017) model regarding temporal bias
monitoring, we have recently shown that although participants can keep track of their timing errors
on a trial-by-trial basis, they cannot keep track of biases induced by external stimulus
characteristics in the bisection task (Oztel & Balci, 2020a).

The present study investigated the effect of different types of feedback (internally driven
self-evaluation, fully vs. partially accurate explicit feedback, control condition with neither
element) on the timing performance and global monitoring of overall timing biases. At the end of
the experiment, participants reported whether their reproductions were on average shorter or longer
than the target duration. Specifically, based on the model described in Akdogan and Balc1 (2017),
we predicted that participants would only be able to monitor their trial-by-trial temporal errors.
However, this temporal error monitoring ability will not generalise itself in the global monitoring
of the mean timing errors in the absence of feedback. The implicit trial-by-trial temporal error

monitoring is assumed for all conditions.

As metric error monitoring would be assumed in all of these four conditions, any difference
between the no-feedback and self-evaluation condition in terms of the global error monitoring
performance would be attributed to making metric error monitoring explicit. More specifically, we

predicted similar performance in the feedback and self evaluation conditions if explicit metric error



monitoring (via explicit report of trial-by-trial confidence and error direction in the self-evaluation
condition) can take a feedback-like form for the global error monitoring judgements (as in the
directional feedback condition in Riemer et al., 2019). Finally, we predicted that the global error
monitoring performance in the control condition should be diminished compared with the feedback
and self-evaluation conditions as we expect no explicit feedback-like mechanism to be held in the

control condition.

This study expands the recent findings (e.g., Riemer et al., 2019) by investigating the effect
of different feedback types on global error monitoring in a more comprehensive fashion that
addresses internal, in addition to external, influences. Furthermore, this study expands the scope
of the recent findings by becoming grounds for the direct comparison between trial-based and

global monitoring of temporal errors.
2.3. Method

2.3.1. Participants. A total of 168 adults participated in this study; 131 of them were Kog
University undergraduate students who received extra course credit for their participation and 38
were volunteers who responded to our ads on social media. Out of 168, 28 left the experiment
without completing it; 30 were discarded from the formal analyses as their reproduced durations
were shorter than 1s or longer than 4s in more than half of the total experimental trials (the target
was 2 s). These exclusions aimed at preventing any artificial support for the hypothesis that the
participants could correctly report their mean error direction. Thus, 110 were included in the formal
analyses (37 male, Mage = 22.12, SDage = 3.79; 3 did not report age, 5 were left-handed, and 1
reported being ambidextrous). Each condition consisted of 27 (except for the partially accurate
feedback condition which consisted of 29) participants. Note that this study was conducted online
during the COVID-19 pandemic. Thus, the factors behind the relatively high attrition rate might
include internet interruptions, difficulty in paying attention to the task, environmental disruptions,
and feeling extra comfortable with leaving the experiment as they are not accompanied by an

experimenter.

2.3.2. Stimuli and apparatus. The target duration of 2,000ms was presented with a 6.1x6.1cm
red square centered on the screen. The reproduction stimulus was a blue square of the same size.

The experiment was built on Psychopy Builder mode (Peirce et al., 2019). The stimulus



presentation and response recording were controlled via the Pavlovia online experiment platform
(Bridges et al., 2020).

2.3.3. Procedure. The task was temporal reproduction. Participants were randomly assigned to the
four conditions. Before the testing session, participants completed five practice trials to learn the
target duration and how a temporal reproduction would be performed. The testing session started
with presentation of the constant target duration of 2,000ms, which was presented at every 10
trials. Then, participants were asked to start the reproduction with a space button press and
terminate the reproduction by pressing the button again when they thought the elapsed time was

equal to the target duration.

After each time reproduction, participants in the self evaluation condition were asked to
report how confident they were regarding the accuracy of their reproduction compared with the
target duration by pressing 1, 2, or 3 buttons (1=low confidence and 3=high confidence) on their
keyboard. After the confidence rating, participants reported whether they thought their
reproduction was shorter or longer than the target duration by pressing the “S” or “L” buttons (“S”
for shorter and “L” for longer; short—long judgements). In the feedback conditions (fully and
partially accurate), participants received feedback regarding the direction of deviation from the
target duration in the middle of the screen (“Your reproduction was SHORT [LONG] compared

with the target duration” in Turkish); there was no self-evaluation in these conditions.
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Figure 2.1. Schematic representation of a trial in all conditions.

The distinct nature of the feedback provided in fully and partially accurate feedback
conditions was as follows. Participants in the fully accurate feedback condition were provided with
always accurate feedback according to the empirical temporal error direction (i.e., whether the
temporal reproduction in the given trial was shorter or longer than the target duration). Participants
in the partially accurate feedback condition received directional feedback according to the
proportions of the short—long responses given by the participants in the self-evaluation condition
(i.e., short-long feedback probabilities were yoked from another participant’s responses in the self-
evaluation condition). In this way, each participant in the partial feedback condition was matched
with a participant in the self-evaluation condition (i.e., participants that relied on their own internal
and imperfect feedback mechanism) in terms of the accuracy of the feedback that was being
utilised. Thus, this procedure helped us to control for the discrepancy between the fully accurate
feedback condition and the self-evaluation condition in terms of the accuracy of the feedback (i.e.,
external information that provides feedback with perfect accuracy and internal information that
provides feedback with imperfect accuracy due to noise in the information processing; e.g., Kepecs
et al., 2008). Note that fully random feedback would not control for the discrepancy between the



10

fully accurate feedback and self-evaluation conditions (where the feedback was internally driven

from a noisy source) in terms of feedback accuracy.

At the end of the experiment, participants in all conditions were asked to report towards
which direction on average they thought their reproductions deviated from the target duration
throughout the experiment using the “S” and “L” buttons (“S” for “short” and “L” for “long”;
global short-long judgement). We did not provide error magnitude information in any of the
feedback conditions as we assessed the effect of feedback/self-evaluation on only the correct
monitoring of the global error directions without global error magnitudes. In all conditions, the
key mappings were visible to the participant until a response was recorded and participants were
instructed not to count or utilise any kind of chronometric strategy (Rattat & Droit-Volet, 2012).
Each condition consisted of 200 trials. Figure 2.1. illustrates the schematic representation of a trial

in each condition.

2.4. Analytical approach. Before data analysis, we combined confidence ratings with the short—
long judgements in the self-evaluation condition in a way that combines the directional and
magnitudinal information of the temporal errors in a single variable. For example, if the
reproduction was classified as “short” with “low” confidence, the response was coded as —3 (minus
for “short” and 3 for “high amount of temporal error”). On the contrary, if the reproduction was
classified as “long” with “high” confidence, the response was coded as +1 (positive for “long” and
1 for “little amount of temporal error”). Consequently, a signed confidence judgement variable
with six levels ranging between —3 (too short, low confidence) and 3 (too long, low confidence)
was obtained, without the inclusion of zero. Then, we z-score transformed the reproduced
durations and finally, we applied a listwise deletion to reproduced durations that are below —3 and
above 3 SDs. Note that the removal of the outlier trials was applied only for investigation of the
temporal error monitoring performance in the self-evaluation condition (where participants
evaluated their temporal reproduction performance on a trial-by-trial basis). On the contrary, we
did not remove these trials for analysis of the global error monitoring accuracy in any of the

experimental conditions to prevent any biases in this index.

2.5. Results
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2.5.1. Temporal reproduction performance. To investigate whether there was an overall bias in
the timing behaviour in each experimental condition, we investigated whether reproduced
durations in each experimental condition deviated from the target duration. Separate one sample
t-tests revealed that the mean reproduced durations were significantly different than the target
duration only in fully and partially accurate feedback conditions— fully accurate feedback
condition: t(26) = 2.19, M = 2.06, SD = 0.14, p = .04, Cohen’s d = 0.42, Bayes factorio = 1.56,
which demonstrates the data are 1.56 times more likely under the alternative hypothesis than the
null hypothesis; partially accurate feedback condition—t(28)=2.5, M=2.37, SD=0.78, p=.018,
Cohen’s d=0.47, Bayes factori0=2.74, depicting that the data are 2.74 times more likely under the
alternative hypothesis than the null hypothesis. Note that for all Bayes factors we used a default
prior of 0.707 as the scale parameter (r) of a Cauchy distribution. However, when alpha (a) levels
are corrected for the Type | error rate using Holm—Bonferroni correction, these effects disappeared
(where Holm—-Bonferroni corrected a=0.0125 and 0.016 for partially and fully accurate feedback
hypotheses, respectively). Moreover, the mean reproduced durations were not significantly
different from the target duration in either self-evaluation or the control condition (all ps>0.05; all
Bayes factorio<l1). Together, these results reveal that none of the experimental manipulations

resulted in timing bias compared with the target duration.

Furthermore, to investigate whether the timing behaviours in each experimental condition
are comparable, we compared the reproduced durations across four experimental conditions with
a between-subject one-way analysis of variance (ANOVA) and found no difference, Welch’s F(3,
50.94)=1.67, p=.19. This result highlights that the manipulation applied in each condition yielded
similar first-order timing performance. Figure 2.2.a illustrates the mean reproduced durations

across experimental conditions.

Finally, we compared the coefficient of variation (CV, as an index of precision of the
temporal reproductions where lower values depict higher precision) of the reproduced durations
across the experimental conditions. Here, if results point to a diminished timing precision (i.e.,
higher CV) in any of the experimental conditions (coupled with disrupted global error monitoring),
its potential reflection in the global reports of error directions would hint at a mediating mechanism
critical for the effect of our experimental manipulations on the global error monitoring ability. A
between-subject one-way ANOVA revealed a statistical difference between the experimental
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conditions in terms of CV values, Fisher’s F(2,78)=4.58, p=.006. Holm-Bonferroni corrected post
hoc comparisons revealed only higher mean CV value for the partially accurate feedback condition
compared with the control condition, Mpartially accurate feedback=0.499 (0.296), Mcontroi=0.287(0.124),
Games—Howell corrected t(38.06)=—3.54, p=.006; where Holm—Bonferroni corrected 0=0.008.
Figure 2.2b shows the mean CV values across experimental conditions.

*

Mean Reproduced Duration
oefficient of Variation

self evaluation control fully accurate fo partially accurate fo solf ovalation control fully accurate fb partially accurate fb

Experimental Condition Experimental Condition

(a) (b)

Figure 2.2. (a) The mean reproduced durations and (b) CV values across experimental conditions.
The target duration is marked with a black dashed line. In both panels, error bars represent the
standard error (SE) of the estimates, the grey dots depict the individual data points, and the black

squares depict the distribution mean. The asterisk depicts statistical significance at a=0.05 level.

2.5.2. Temporal error monitoring ability in the self-evaluation condition. To evaluate the
temporal error monitoring ability in the self-evaluation condition in a single model, we conducted
a linear mixed effects analysis. We included participants as random intercept and z-scored
reproductions as fixed slope in the model, where the dependent variable was the recoded
confidence ratings. The full model was

Recoded confidence ratings ~ timing error (z-score transformed reproduction) + (1 |

participant)

where ~ stands for “predicted from” and 1|participants stands for “random intercept across
participants.” This model aims to investigate the linear relationship between the timing errors and
the recoded confidence ratings, where a significant positive relationship between the two variables

would point to temporal error monitoring.
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Linear mixed effects model revealed a statistically significant effect of timing error on
recoded confidence ratings (8=0.63, SE=0.03, p<.001). These results point out that participants
could monitor the direction and magnitude of their temporal errors on a trial-by-trial basis, which
is in line with the previous work (e.g., Akdogan & Balc1, 2017; Kononowicz et al., 2019; Oztel et
al., 2020b). Figure 2.3. illustrates this linear relationship between timing errors and the recoded
confidence judgements. Note that we ran the same model using the recoded confidence ratings as
being linearly spaced between 1 (too short, low confidence) and 6 (too long, low confidence). The

results and conclusions remain the same when data are organised in this fashion as well.

Signed Confidence Judgment
o

2 0 2
Timing Error

Figure 2.3. The relationship between timing errors (z-score transformed reproductions) and

recoded confidence rating in self-evaluation condition.

Furthermore, we investigated if the participants’ mere short-long judgement accuracies
were above chance level to determine whether the trial-by-trial temporal error monitoring and
global error monitoring performance are indeed distinct processes as suggested by Riemer et al.
(2019). One sample t-test revealed that on average, participants performed higher than chance
level, 1(26)=5.6313, p<.001, M=0.61(0.10), Median=0.6, demonstrating the directional aspect of

the temporal error monitoring ability in an isolated fashion. Judgement accuracy for overall timing
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biases. We first categorised the accuracy of global judgements in a way that captures the match
between the overall bias judgement and the actual sign of the bias in mean reproduced duration
compared with the target duration. For this, the global bias judgement was categorised as
“accurate” if it matched the sign of the mean reproduced duration and “inaccurate” in case of a
mismatch. We first investigated whether participants in all conditions could make correct global
judgements regarding their mean reproduced durations (pooled across conditions). The proportion
test revealed that participants’ accuracy in global judgements was at a chance level
(proportioncorrect=0.46, p=.8). We further investigated the proportion correct for each condition
separately. In none of the experimental conditions (except for the partially accurate feedback
condition), the proportion of participants who correctly responded to the global error monitoring
judgement question was significantly higher than the chance level (self evaluation:
proportioncorrect=0.30, one-tailed proportion test p=.99; control: proportioncorrect=0.56, p=.35; fully
accurate feedback: proportioncorrect=0.63, p=.12; partially accurate feedback: proportioncorrect=0.38,

p=.9; where alternative hypothesis is proportion>0.5)
2.6. Discussion

Recent work has consistently supported the idea that human online error monitoring ability
extends to metric domains that is reflected in a correct trial-by-trial match between the directional
error magnitude judgements and actual signed deviations from a target. Critically, this online error
monitoring ability does not require external feedback. One study, however, found that monitoring
of the average timing bias required explicit trial-by-trial directional feedback (Riemer et al., 2019).
Based on this finding, Riemer et al. (2019) claimed that feedback provides information above and
beyond internal self-evaluation for monitoring average timing biases. The current study examined
the effect of different types of feedback on global temporal error monitoring judgements with more
conditions than those used in Riemer et al. (2019). Based on the predictions of the model
introduced by Akdogan and Balc1 (2017), we hypothesized that participants would be able to
monitor their temporal errors in an online fashion, but this ability would not translate to the global

monitoring of timing bias directions in the absence of feedback.

None of the experimental conditions resulted in biased temporal processing as reflected in

no difference between the time reproductions and target duration (after correction for multiple
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comparisons). This finding contradicts Droit-Volet and Izaute (2009)’s finding that demonstrates
a rightward shift in bisection point (i.e., slowed down temporal processing) in children receiving
feedback in the temporal bisection task. However, the timing precision was substantially lower in
the partially accurate feedback condition compared with the control condition. The lack of the
effect of consistent feedback on timing precision corroborates earlier work using temporal
bisection with adult participants (Droit-Volet and lzaute, 2009), whereas accurate feedback
reduces the variability in the timing performance (Bader & Wiener, 2021). Thus, the partially
accurate feedback might have misled the internally driven feedback during the implicit temporal
error monitoring, which is assumed to be common in all experimental conditions. The misleading
effect of the partially accurate feedback might have resulted in the imprecise timing performance

in this condition compared with the other conditions.

Consistent with earlier work, our results also demonstrated that participants in the self-
evaluation condition could monitor the direction as well as the magnitude of their temporal errors
on a trial-by-trial basis (e.g., Akdogan & Balci, 2017; Kononowicz et al., 2019; Yallak & Balci,
2021; Oztel et al., 2020b). However, this trial-by-trial temporal error monitoring ability did not
apply to the global monitoring of the temporal bias directions in any of the conditions. Together,
these results suggest that the mechanisms that underlie accurate trial-based error monitoring do

not inform the participants of their overall biases and neither does fully accurate feedback.

In the case of internal and external feedback, what seems to matter with respect to global
error monitoring performance is the accuracy of trial-based error directionality judgements and
interestingly, although not statistically significant, participants in the self-evaluation and partially
accurate feedback conditions tended to perform worse than even the control condition. This finding
shows that self-evaluation might serve as a feedback mechanism, which is detrimental to global
error monitoring performance, presumably due to less than perfect accuracy of trial-based

judgements. Future research is needed to address these interesting trends.

The current study does not rule out the possibility that the global error monitoring ability
simply reflects a mere memory process without necessitating active error monitoring. This
possibility applies also to previous global error monitoring studies (e.g., Riemer et al., 2019). On

the contrary, one can argue that the trial-by-trial online error monitoring also constitutes such a
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memory process that is less prone to the interference/decay effects due to the short delay between
performance and metacognitive judgement (Riemer et al., 2019), instead of relying on the
cumulative record of trial-based performances as in the case of global error monitoring. For
instance, one can reach above chance error monitoring performance when s/he relies on the
comparison of the working memory representation of the already reproduced interval and a random
sample from the reference memory (a possibility inspired by Gibbon et al., 1984). We, however,
argue that any cognitive process that reflects on one’s own decision/ behaviour can be regarded as
a form of metacognitive processing (e.g., performance monitoring). Under this rationale, global
and online error monitoring does not differ phenomenologically. Nevertheless, the current study,
along with that of Riemer et al.’s (2019), suggests that these processes are distinct from one
another. Future studies can also interrogate the perceived global biases in every trial and thus in a
cumulative fashion. Such data would provide richer information about whether participants can
keep track of global errors and the factors that affect the accuracy of such judgements (e.g.,

exponentially weighted history of directional feedback).

The primary explanation for robust trial-based temporal error monitoring but null overall
temporal bias monitoring comes from the temporal error monitoring model described in Akdogan
and Balc1 (2017), which predicts that the monitoring of the timing biases is not possible in the
absence of external feedback. In line with this model’s predictions, in a recent study, Oztel and
Balc1 (2020a) demonstrated that human adults were not able to keep track of the temporal biases
that are induced via the physical properties of the to-be-timed stimuli: participants’ confidence
ratings of the temporal bisection performance matched the stimulus induced leftward shift in the

bisection points.

The inability to keep track of average temporal biases might also stem from the fact that
error directionality information fades away due to overloaded working memory (WM) capacity
(i.e., 200 trials per condition). To this end, Coutinho et al. (2015) found that excessive load in WM
negatively affects uncertainty monitoring performance (see also Maniscalco & Lau (2015)). But
this account does not explain the findings of Riemer et al. (2019), who demonstrated better than
chance error monitoring performance for average timing biases in the signed feedback condition

(with 50 trials per condition).
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The results obtained in the current study are in parallel with this finding for the inherent
temporal biases that are internally induced. However, while contributing to the discussion
regarding the possible distinctions in these two error monitoring processes, current findings
contradict the results obtained by Riemer et al. (2019), which demonstrated a facilitating effect of
signed feedback and by Brocas et al. (2018), which demonstrated inherent temporal bias
monitoring ability. Although the obtained results in the current study seemingly contradict those
obtained by Brocas et al. (2018), it should be noted that their experimental design captured only
the temporal biases that are induced with a monetary payoff scheme without the involvement of
any online influences. This kind of difference between the two studies may have very well led to

the seemingly contradicting results.

One reason why our result seemingly contradicts that obtained by Riemer et al. (2019)
might be because our feedback condition did not include any magnitude information. Thus, it may
be that the improving effect of signed feedback observed by Riemer et al. (2019) occurred via its
combination with the magnitude information. Moreover, the global error direction judgement in
the current study was a 2AFC question where participants could not report the magnitude of their
overall deviation. This may have also led to seemingly contradicting findings to those obtained by
Riemer et al. (2019). Finally, it should be noted that receiving the global error monitoring as
onetime only does not capture the cumulative change in the global error direction judgements
throughout the experiment. Moreover, this kind of measure of global error monitoring might make
the performance vulnerable to working memory overload when asked at the end of the experiment,
which can also introduce noise in evaluation of the temporal errors globally. Although such
memory interference could be reduced with explicit feedback in Riemer et al. (2019), this was not
the case for the current study. The trial-by-trial error monitoring, on the contrary, is less subject to
such interferences introduced by the working memory load, as the evaluation of the timing error

is immediate (as discussed in Riemer et al., 2019).

Another limitation of the current study stems from the fact that the experiment was run
online instead of a strictly controlled laboratory environment. Future studies are needed to

elucidate the critical procedural differences that might have led to these differential findings.

2.7. Conclusion
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Our study demonstrated that none of the trial-by-trial influences resulted in an
improvement in monitoring of the overall timing biases. In addition, the fully consistent external
feedback also did not have an improving effect on the global error monitoring accuracy, which
seemingly contradicts the earlier results of Riemer et al. (2019). We therefore conclude that
although it correctly matches the corresponding temporal error direction and magnitude, online
self-evaluation does not serve as an internal feedback-like mechanism that would result in correct

overall temporal bias judgements.

Chapter 3
TEMPORAL ERROR MONITORING DOES NOT DEPEND ON WORKING MEMORY
3.1. Abstract

Working memory (WM) and metacognition has been documented to be in a reciprocal
relationship. This study aims to address if temporal error monitoring performance can be
diminished with increased working memory load. We hypothesized that if temporal error
monitoring has commonalities with perceptual error monitoring, temporal error monitoring
performance should be diminished by increased working memory load. Participants completed a
temporal error monitoring task in a dual task design in which the secondary task was a letter
alphabetization task. Results revealed no disrupting effect of WM load on either confidence or
short-long judgments as being different metrics of temporal error monitoring ability. These results
demonstrate that unlike perceptual error monitoring, WM and temporal error monitoring have
distinct processing mechanisms. With this result, the current study suggests that temporal and
perceptual error monitoring may partially rely on different mechanisms. Results are discussed
within A Theory of Magnitude (ATOM), pacemaker-accumulator model and temporal error

monitoring frameworks.
3.2. Introduction

Metacognition refers to “cognition about cognition” (Flavell, 1979), and also is argued to
be a part of consciousness (Fleming et al., 2012a; Lau, 2019; Lau & Rosental, 2011).
Metacognition serves as a supporting mechanism for learning (e.g., Schraw et al., 2006) and

behavioral adaptation (e.g., Brown, 1987). The error monitoring aspect of metacognition comes
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from the ability to report and reflect upon self-generated errors without necessitating external
feedback (Yeung & Summerfield, 2014). Working memory (WM) is another high-order cognitive
ability that helps us hold and manipulate a limited amount of information for a limited amount of
time (Frith & Dolan, 1996). Both of these processes are limited in their capacity (De Loof et al.,
2015; Gayet et al., 2016) and thus the interplay between metacognition and WM emerges as an
important mechanistic question. The current study addressed this issue by investigating the effect

of working memory load on temporal error monitoring performance.

The error monitoring ability is often operationalized with the match between objective
performance and subjective confidence ratings. Previous work demonstrated that human
participants can match their confidence ratings to their categorization accuracy in perceptual
decision making (e.g., Fleming & Dolan, 2012b, 2012c; also see: Fleming et al., 2012a) and
memory judgments (e.g., Vandenbroucke et al., 2014). In all of these domains, error monitoring is
investigated in two alternative forced choice (2AFC) tasks where the decision accuracy is binary
in nature (e.g., correct or incorrect). But many daily life situations involve errors that have metric
characteristics: the error that is committed has a magnitude direction. For example, one can
overcook or undercook a dish at different temperatures.

Akdogan and Balc1 (2017) investigated whether human participants can keep track of these
aspects of their timing errors. Participants were tested in a temporal reproduction task where they
were asked to reproduce a previously presented target duration as accurately as possible. After
each trial, participants rated the accuracy of their temporal reproductions in terms of their
proximity to the target duration. Lastly, participants classified their reproductions as shorter or
longer than the target duration. Results demonstrated a clear trial-by-trial match between the
signed confidence judgements and the signed temporal errors, suggesting a temporal error
monitoring ability. This finding was replicated by subsequent studies (Kononowicz et al., 2019a;
Yallak & Balci, 2021; Oztel et al., 2021), and its scope has been expanded to include also
numerosity (Duyan & Balci, 2018, 2019) and line length judgments (Duyan & Balci, 2020 - for a
detailed discussion, see Yallak & Balci, 2021).

Working memory capacity includes active manipulation of information available in the

maintenance storage, which can help increase storage capacity (such as sorting, calculating,
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rotating, comparing - Rypma et al., 1999; 2002; Curtis & D’Esposito, 2003). These information
manipulation strategies seem to share functional characteristics with the error monitoring
component of metacognition, where error monitoring also involves the comparison of maintained
information to the target information (Falkenstein et al., 1990, 2000; Gehring et al., 1993; Coles
et al., 2001; see also: Ullsperger & Von Cramon, 2004) and acting upon it with various
compensatory behaviors (e.g., post error correction, post-error slowing). For example, according
to global workspace theory, metacognition/error monitoring occurs as a result of a comparison
process: one maintains the representation of a target perception (i.e., that is objectively correct) as
well as the executed behavior in WM (Shea & Frith, 2019; see also: Yoo et al., 2020) during a
metacognitive activity. The executed behavior is then subject to a comparison with the target
representation to detect the match (or a possible mismatch) between them. Finally, one is to act
upon the result of this comparison and with a behavioral reflection (such as confidence) and/or
compensation (like slowing down after an error - post-error slowing: e.g., Rabbitt, 1966, and
hypercorrections: e.g., Butterfield & Metcalfe, 2001; Metcalfe & Miele, 2014; for a detailed
discussion: Vidal et al., 2020). Thus, metacognitive processes also involve manipulation of
maintained information in a form of comparison with target and actual behavior (global workspace
theory: Shea & Frith, 2019; mismatch theory: Falkenstein et al., 1990, 2000; Gehring et al., 1993,
Coles et al., 2001; see also: Ullsperger & VVon Cramon, 2004) along with corresponding reflection.
The global workspace theory, thus, brings about the idea that WM can act as a base resource for
metacognition. The above-mentioned overlaps at the algorithmic level are reinforced by overlaps

also at the implementation level (Marr, 1982).

To this end, many studies demonstrated commonalities between metacognition and
working memory at the neural level, including dorsal, and rostral parts of the prefrontal cortex
(PFC). Specifically, functional magnetic resonance imaging (fMRI) studies provide support for
the enhanced activity in rostrolateral and left dorsolateral PFC (Fleming et al., 2012c). In support
of these findings, Rounis and colleagues (2010) demonstrated the causal role of bilateral dIPFC to
perceptual metacognition by utilizing transcranial magnetic stimulation (TMS). Together, the
critical involvement of dIPFC has been documented.

Regarding the neural basis of WM, the active manipulation and monitoring of information
is underlain by the dorsolateral PFC (e.g., Bor et al., 2003; Rypma et al., 2002; Curtis & D’Eposito,
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2003; Rowe et al., 2000, 2001; Postle et al., 1999; dual-task paradigm: D’esposito et al., 1995;
Cohen et al., 1997; but see: Davis et al., 2018). For instance, one direct evidence showed that
disruption of the activity of dIPFC by TMS diminished performance in the alphabetization of the
given letter (Postle et al., 2006; but see: Wang et al., 2018). Taken together these results
demonstrate causal support for the role of dLPFC on information manipulation in the WM, as in
the case of metacognitive processing, raising the commonality of both cognitive mechanisms at

the neural level.

One behavioral manifestation of the neural commonalities between WM and metacognition
was demonstrated by Maniscalco and Lau (2015) in perceptual error monitoring domain. In their
study, Maniscalco and Lau (2015) tested participants in a 2AFC task where participants were
required to classify which side of the screen the target stimulus was presented and rate their
confidence regarding their classification accuracy. At the beginning of each trial, participants saw
a letter array consisting of either one or four letters. Participants were asked to mentally alphabetize
the letters, where they were asked to indicate whether a given letter was assigned a correct
alphabetical order at the end of the trial. Results demonstrated that although a load of passive
maintenance of items (i.e., number of letters to be maintained in the WM) did not affect the
metacognitive performance, the increased difficulty of alphabetization (i.e., manipulation
difficulty) reduced the metacognitive performance (Maniscalco & Lau, 2015; see also: De Loof et
al., 2013, 2015). Taken together, these results demonstrate how different types of WM load can
affect metacognitive accuracy differently and emphasize the possible shared cognitive
mechanisms between WM and metacognition. These behavioral results also align with the
neuropsychological data that point to the involvement of dLPFC in both WM manipulation (e.g.,

Bor et al., 2003) and error monitoring processes (e.g., Shekhar & Rahnev, 2018).

Given the recent finding demonstrating the differentiation between the error monitoring
performance in perceptual decision-making and temporal error monitoring (Yallak & Balci, 2021),
the current study aims at testing whether working memory overload affects temporal error
monitoring performance. While there is no causal role of a specific brain region documented for
this ability as in the case of perceptual error monitoring yet, a recent electroencephalogram (EEG)
study reported temporal error monitoring-related activity of precuneus (Kononowicz et al., 2019a;
2019b), which is also implicated in WM during a delayed matching to sample task (Luber et al.,
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2007). Taken together, these results point to a potential overlap between temporal error monitoring
and WM. In light of these findings, we hypothesized that if WM shares common mechanisms
(Maniscalco & Lau, 2015) such that it acts as a base resource for temporal error monitoring (Shea
& Frith, 2019), the temporal error monitoring performance should be disrupted as a result of
increased WM load. If, on the other hand, the temporal error monitoring and the WM have distinct
mechanisms such that representations that are to be acted upon are not stored in WM (as discussed
in global workspace theory, Shea & Frith, 2019), the temporal error monitoring performance
should remain insensitive to the increases in the WM load. We tested our hypotheses in active

manipulation and passive maintenance of information which are two different WM indices.

3.3. Method

3.3.1. Participants. 95 Kog University undergraduate students completed this online experiment
in return for extra course credit. Data from 47 individuals were discarded due to not completing
the experiment (n = 18) and unreasonable reproduction distributions (i.e., too short reproduction
trends around 2100 milliseconds 700 milliseconds that hints the aim to complete the experiment
earlier than it would normally take, or too long reproduction trends around 3300 milliseconds 600
milliseconds that hints the participant may have left the experimental device, or reproduction
trends that hint explicit counting; n = 29). Forty-eight participants were included for the formal
analysis (32 females, 44 right handed, Mage = 21.58+4.45). Since we collected data in an online
environment, we decided on the number of participants as the double of Maniscalco and Lau’s

(2015) experiment. All the exclusions were decided on before the data analysis was commenced.

3.3.2. Stimuli and Apparatus. The target duration of 2500 milliseconds was presented with a 6.1
X 6.1 red square placed on the center of the screen. The reproduction stimulus was the same as the
target duration stimulus, except that the color of the square was blue. We used all the digits from
one to nine for the WM task in Experiment 1. The experiment was prepared in PsychoPy Builder
(Peirce et al., 2019). All participants completed the experiment on their personal computers. All
the stimulus presentations and response recordings were controlled via the Pavlovia online

experiment platform (Bridges et al., 2020).

3.3.3. Procedure
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We used letter alphabetization as a WM task (also see Maniscalco & Lau, 2015). The task started
with a presentation of the target duration, which was followed by the presentation of a letter array
consisting of either one (low load condition) or four (high load condition) letters randomly chosen
fromF, G, H,J, K, L M,N,P,R,S, T (Maniscalco & Lau, 2015; Q was discarded from the list as
it is not part of the Turkish alphabet). The letter length condition was randomly chosen and
presented with equal probability. The letter array was presented in the center of the screen for 2
seconds and followed by a fixation cross for 500 milliseconds. Participants were instructed to
remember the letter array and mentally alphabetize them. In order to prevent participants from
rehearsing the letter array, the blue square (timing stimulus) appeared immediately after the
fixation cross and participants were instructed to terminate the reproduction by pressing the
spacebar. The participants’ aim was to reproduce the target duration as accurately as possible.
After each reproduction, participants reported their confidence and the direction of deviation from
the target (short-long judgement). Finally, participants were presented with a probe letter along
with a digit from one to four to depict the location of the probe letter in the letter array in that trial.
Participants pressed 1 (no) if they thought the digit did not match the correct alphabetical order of
the probe letter and 2 (yes) otherwise. The correct response was “no” in half of the trials.
Participants received auditory feedback regarding the accuracy of their WM responses (high-
pitched beep sound for correct and low-pitched beep sound for incorrect responses) for 200
milliseconds along with a fixation cross. The target duration was reminded to the participants every
six trials. Participants had a 1-minute mandatory break in every 50 trials. The task consisted of 400
trials in total and took approximately 90 minutes to complete. Figure 3.1. illustrates the

experimental procedure.



24

Presentation of the target duration

(2500 milliseconds)

————— Letter array presentation (2 seconds)

= Fixation cross (500 milliseconds)
s Reproduction (self terminated)

e Confidence judgement (self paced)

O
Ny

s Short-long judgement (self paced)

—— Alphabetization question (self paced)

——— Auditory feedback (200 milliseconds)

Figure 3.1. Schematic representation of one trial in the experiment
3.4. Analytical Approach
3.4.1. Data Filtering

We first discarded all reproductions that were shorter than half of the target duration (1750
milliseconds) and longer than twice the target duration (5000 milliseconds). We then z-score
transformed the remaining reproduced durations (i.e., (temporal reproduction in the nth trial - mean
of the temporal reproductions throughout the experiment)/ standard deviation of the temporal
reproductions throughout the experiment, will be hereafter referred to as “signed timing error”).
Before performing any statistical analyses, we applied listwise deletion to all trials that are above
3 standard deviations in reproduced duration as these trials could artificially confirm our
hypothesis regarding the temporal error monitoring ability (e.g., participants could reproduce very
long or very short durations on purpose to correctly match the subsequent confidence and short-
long judgements about these extraordinarily short-long reproductions). Based on this filtering
method, 13.7% of the whole data is discarded from the dataset for the formal analyses in total.
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3.4.2. Definitions of Two Different Working Memory Indices: Sorting Difficulty

Determination and Number of Letters

The working memory load was quantified with two different indices. The first one was the mere
number of the letters that the letter array contained (either one or four, will be hereafter referred to
as “letter number conditions™). This metric aimed to test the effect of mere working memory
maintenance demand on temporal error monitoring performance. The second metric was the
alphabetization/sorting difficulty of the given letter array. This metric aimed to test the effect of
working memory manipulation, in addition to the maintenance demand on the temporal error

monitoring performance.

The sorting difficulty level was determined only for the four letters condition where an
alphabetization took place. Before the formal analyses, the letter array was divided into three
consecutive substrings so that letter stimulus was paired with the subsequent letter stimulus. After
this division, the letter pairs were checked to see if they were alphabetized. For each pair of
substrings that are not alphabetized, the alphabetization difficulty was increased by one difficulty
point. As a result of this, four difficulty points were established, from very easy (0, which depicted
a letter string stimulus that was fully alphabetized) and very hard (3, which depicted a letter string
stimulus that was fully non-alphabetized), which was then divided into “easy” and “hard” sorting
difficulty conditions. For example, given a letter string stimulus of “TKFL”, the sorting difficulty
would be determined as follows: the first pair of substrings “TK” is not alphabetized (“K” comes
earlier than “T”), which would increase the sorting difficulty by one point. The second pair of
substrings “KF” is again not alphabetized, which would again increase the sorting difficulty by
one point. The final pair of substrings “FL” is alphabetized, which would not result in any increase
in the sorting difficulty level. In total, the sorting difficulty point of the given letter array can be
determined as 2 (hard sorting difficulty).

3.5. Results

3.5.1. Manipulation Check: WM Accuracy and Reaction Times. We first compared the mean
WM accuracy levels across the letter number conditions to test if the four-letter condition indeed
induced a higher WM load than the one-letter condition. A paired sample t-test revealed that

participants were more accurately responded the WM question in the one letter condition compared
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to the four letters condition (t(47) = 8.01, p <.001, Cohen’s d = 1.16; Mone letter = 0.79 (0.18); Mrour
letters = 0.57 (0.13), note that accuracy in both one letter and four letters condition was statistically
higher than chance level (one letter: t(47) = 11.28, p <.001, Cohen’s d= 1.63; four letters: t (47) =
3.91, p=.0003, Cohen’s d = 0.56).

We also compared the mean WM accuracies across the levels of WM sorting difficulties.
A paired sample t-test revealed a significant difference between high load-easy and high load-hard
conditions in terms of WM accuracy (t (47) = 2.30, p=.03, Cohen’s d = 0.33; Mhigh load-easy = 0.59
(0.14), Mhigh 10ad-hard = 0.56 (0.13)). This result demonstrates that the WM load manipulation was

effective.

We also investigated whether the effect of WM load manipulation on accuracy also
translated to the letter sorting reaction times. A paired sample t-test revealed a significant
difference between the letter number conditions (t (47) = 2.94, p = .005) in terms of mean letter
sorting reaction times (will be referred to as WM RTs hereafter), demonstrating a higher median
RT for the four-letter condition (Mone tetter = 1.54 (0.71); Mtour letters = 2.27 (1.95)). Finally, we
compared the WM RTs across the sorting difficulty levels. However, this result did not apply to
mean WM RTs (p = .36).

3.5.2. Time Reproductions, Coefficients of Variations and Confidence Ratings

We further investigated the biasing effect of WM load on time reproductions. A paired sample t-
test revealed a significant difference across the letter number conditions (i.e., either one or 4 letter
conditions; t (47) = 2.0549, p = 0.045, Cohen’s d = 0.3; Myour letters = 2.73 (0.3), Mone letter = 2.69
(0.31)) but no significant difference between sorting difficulty conditions for the high load
condition (i.e., four letters, t (47) =0.29, p=0.77, Cohen’s d = 0.04). This result demonstrates the
biasing effect of the increased number of letters on the reproduced durations.

We also compared the coefficient of variations (CV) of the reproductions across different
manipulation conditions. We calculated CV by dividing the standard deviations of reproductions

by thEir means as in the fOIIOWing equation: CVreproduction = SDreproduction/Mreproduction.

This calculation is widely used as an index of temporal precision where smaller values

indicate higher temporal precision (e.g., Lewis & Miall, 2009). There was no significant difference
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in reproduction CVs between different conditions (letter number conditions: t (47) =0.97, p = .34,
Cohen’s d = 0.14; sorting difficulty conditions: t (47) = 0.57, p = .57, Cohen’s d = 0.08),
demonstrating that the different indices of WM did not lead to a change in temporal precision. This
result also applied to confidence ratings (letter number conditions: t (47) = 1.87, p = .07, Cohen’s
d = 0.27; sorting difficulty conditions: t (47) = 0.51, p = .61, Cohen’s d = 0.07). Descriptive
statistics for reproductions, CVs and confidence ratings are provided in the Supplementary Online
Material (SOM).

3.5.3. Hypothesis testing for the effect of WM load on temporal error monitoring. We
investigated the effect of different WM load on confidence and short-long judgements in an
isolated fashion. To investigate the effect of WM load on temporal error monitoring ability with
three different load indices (i.e., letter number, sorting difficulty conditions and WM accuracy) in
a single model, we ran three different linear mixed model analyses as depicted below:

Model 1. Confidence judgement ~ absolute timing errors (absolute of z-score transformed
reproductions) * number of letters +1|participant where in all models, “l|participant” reads as

“random intercept across participants”

All models included all lower terms. Additionally, (absolute) timing errors were level 1 and the
number of letters was level 2 variables in all models. We performed the hypothesis testing analyses
for both the complete (N = 77) and individual based filtered data (N = 48). For the individual based
filtered data, linear mixed effects revealed a significant main effect of absolute timing errors (3 =
0.103, SE = 0.008, p < .001, R? conditional = 0.36) and number of letter conditions (Mone letter - four
letters = 0.046, SE = 0.015, p = .002) on isolated confidence judgements. However, the interaction
between the two independent variables was not statistically significant (p = .13). Similar results
were obtained for the complete dataset (B = 0.10, SE = 0.007, R? conditional= 0.37, p < .001;
Mecorrect-incorrect = 0.053, SE = 0.013, p <.001; the interaction term p = .15). These results demonstrate
a biasing effect of WM load such that the one letter condition followed a higher confidence
judgement than the four letter condition, but this effect did not reflect itself on the diminished
temporal error monitoring performance as indexed with the match between timing errors and
confidence judgements. The first row of the left panel in Figure 3.2. depicts the relationship

between the absolute timing error and confidence judgement across the levels of number of letter
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condition. To investigate the effect of WM accuracy on the confidence judgements, we ran Model
2:

Model 2. Confidence judgement ~ absolute timing errors * WM accuracy +1| participant.

For the individual based filtered data, a similar pattern was observed for the effect of WM accuracy
on the confidence judgements in isolation. Overall, participants could correctly match their
subjective confidence judgements to the magnitude of their temporal errors (3 =0.102, SE = 0.008,
p < .001, R? conditional = 0.36), demonstrating a temporal error monitoring ability regardless of
the WM accuracy. Moreover, participants were more confident in their temporal reproductions
when accurate on the letter sorting task (Mcorrect-incorrect = 0.03, SE = 0.016, p = .045). However, this
effect did not apply to the interaction between the absolute timing errors and WM accuracy (p =
.75), revealing no modulating effect of WM accuracy on the temporal error monitoring
performance as indexed with the confidence judgements in isolation. A similar pattern was
observed for the complete dataset (B3 = 0.103, SE = 0.007, p < .001; Mcorrect-incorrect = 0.03, SE =
0.014, R? conditional = 0.37, p = .04; interaction term p = .98). Second row of the left panel in
Figure 3.2. depicts the relationship between the absolute timing error and confidence judgement

across the levels of WM accuracy.

Finally, we investigated the effect of sorting difficulty on confidence judgements with the

following model:
Model 3. Confidence judgement ~ absolute timing errors * sorting difficulty +1| participant.

Note that in this model, we discarded all 1-letter trials as no mental alphabetization was
made in those trials. Such a discard results in a sorting difficulty with two levels (high load-easy
and high load-hard). For the individual-based filtered data, although an overall temporal error
monitoring ability was observed (B = 0.093, SE = 0.011, p < .001, R? conditional = 0.37), Model
3 revealed no biasing effect or interaction effect for the WM load indexed with the sorting
difficulty (all ps > 0.05). The same pattern was observed for the complete data (3 = 0.096, SE =
0.009, p <.001, R? conditional = 0.38; all other ps > 0.05). The third row of the left panel in Figure
3.2. depicts the relationship between the absolute timing error and confidence judgement across

the levels of sorting difficulty. We ran the logistic versions of the models depicted above for the
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short-long judgements. Except instead of the absolute values, we used the signed timing errors to

keep the directionality information for the short-long classifications.

For the individual-based filtered data, a similar scenario was observed in short-long
judgements. For Model 1, logistic mixed effects model revealed only the main effect of signed
temporal errors (8 = 0.45, exp(B) = 1.57, SE = 0.019, p < .001, R? conditional = 0.34) on short-
long judgements, revealing a higher probability of “long” response as the reproduced durations
prolonged with respect to the mean reproduced durations. The main effect of letter conditions and
the interaction between the signed temporal errors and letter conditions were not statistically
significant (p > .05). A similar pattern was observed for the complete dataset (3 = 0.09, SE = 0.003,
p <.001, R? conditional = 0.24; all other ps > 0.05). The first row of the right panel in Figure 3.2.
depicts the relationship between the signed timing error and short-long judgement across the levels
of the number of letter condition.

For both WM accuracy (Model 2) and letter sorting (Model 3) models with the individual-
based filtered data, only the main effect of the signed temporal error was significant (Model 2: 3
= 0.46, exp (B) = 1.58, SE = 0.02, p < .001, R? conditional = 0.34; Model 3: B = 0.43, exp (B) =
1.53; SE =0.027, p <.001, R? conditional = 0.36; all other ps > 0.05). A similar effect was observed
in the complete data as well (Model 2: B = 0.085, SE = 0.003, p < .001, R? conditional = 0.24;
Model 3: 8 = 0.08, SE = 0.004, p < .001, R? conditional = 0.24, all other ps > 0.05). The second
and third rows of the right panel in Figure 3.2. illustrate the relationship between the signed timing
error and short-long judgement across the levels of WM accuracy and sorting difficulty,

respectively.
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Figure 3.2. The relationship between timing errors (absolute and signed) and temporal error
monitoring indices (confidence and short-long judgements) across the levels of different types of
WM load (N = 48). Each row depicts the different WM load type and each column depicts different

temporal error monitoring indices. Shaded areas depict standard error of the estimates (SE).
3.6. Discussion

This study investigated the effect of working memory load on temporal error monitoring
performance. If temporal error monitoring ability has common domain characteristics with
perceptual error monitoring, we hypothesized a diminished temporal error monitoring ability for a
high WM load condition as in the case of Maniscalco and Lau’s (2015) study. If, on the other hand,
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these two metacognitive abilities demonstrate domain-specific characteristics, we predict the

metric error monitoring performance might be insensitive to the different WM load conditions.

Our manipulation check analyses revealed that the accuracy in the low load condition, as
indexed with the number of letters (i.e., low WM maintenance load) was higher compared to the
high load condition. While pointing to an effective manipulation of the WM load, the exact source
of this effect cannot be disentangled as both the number of letters and the sorting difficulty vary at
the same time in such a comparison. As a result, it is not known whether the effect of manipulation
here stemmed from (a) the mere number of letters, (b) the sorting difficulty, or (c) the additive
effect of the two. Nevertheless, the comparison across the sorting difficulty levels in four-letter
conditions revealed that the WM manipulation was effective even when the number of letters was

controlled for.

Although the difference in the accuracy levels across the number of letter conditions was
observed in the corresponding RTs, such a difference was not observed in the sorting difficulty
RTs. This result is in line with Maniscalco and Lau (2015). While the observed difference in the
accuracy across the difficulty levels might represent the interference in the memory trace with the
increased difficulty, the RTs might instead represent the search in the memory traces. Thus, as the
given task does not require a differential search in the memory traces across difficulty levels,

comparable RTs might be expected.

We found a biasing effect of an increased number of letters on the reproduced durations.
This finding is in line with A Theory of Magnitude (Walsh, 2003) that predicts all sensory
information with metric characteristics (time, space and number) are processed by a shared
common mechanism which results in a more A-more B-like perceptual pattern. For example, in
line with this prediction, Oliveri et al. (2008) observed that numerical magnitudes altered time as
a linear function of the numerical value resulted in temporal overestimation in a way that
demonstrates a “more A-more B” like pattern, as predicted by ATOM (Bueti & Walsh, 2009;
Walsh, 2003). Similar to Oliveri et al. (2008), we found that reproduced durations were
significantly longer in the four-letter condition than in the one-letter condition, pointing to a more
A (i.e., number of letters in the current study)-more B (i.e., longer reproduced durations), which

supports ATOM’s prediction.
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The temporal disruption manifested as biased temporal reproductions as a result of WM
load is also in line with pacemaker-accumulator model (Church, 1984; Gibbon, 1977; Treisman,
1963). According to the Scalar Timing Theory, temporal information is represented as pulses
generated by a pacemaker. These pulses are transferred to an accumulator that sends the
accumulated pulses to the WM. The number of pulses transferred to the WM is then compared

with the reference memory. Overloading WM resources can, thus, result in temporal distortions.

The linear mixed-effects models that aim to investigate the effect of WM load on temporal
error monitoring ability replicated the previous results highlight the temporal error monitoring
ability of human participants (e.g., Akdogan & Balci, 2017; Kononowicz et al., 2019a).
Furthermore, we could not find the diminishing effect of WM load on temporal error monitoring
for either indices (i.e., confidence and short-long judgements), which contradicts previous findings
(Maniscalco & Lau, 2015). This result points to the dissociation between the perceptual and metric
error monitoring domains which is in line with the previous findings (Yallak & Balci, 2021).
Furthermore, these results contradict global workspace theory, which argues that the target and
behavioral representations to be compared for metacognition to emerge are held in WM. This
contradiction also emphasizes the distinction between metacognition in perceptual and metric

domains.

The parallel results that are obtained for the two different temporal error monitoring indices
(i.e., confidence and short-long judgements) are in line with Akdogan and ~ Balc1’s (2017) model
for temporal error monitoring. According to this model, temporal error monitoring occurs as a
result of a comparison of the threshold crossing time of two internal timers. These two timers
simultaneously integrate temporal evidence for (a) time estimation and (b) motor action. The
increased amount of discrepancy between the two internal timers manifests itself as a decreased
confidence judgement regarding the temporal decision. The direction of the time that it takes for
the motor action to occur with respect to the temporal estimation manifests itself as a short-long
judgement such that if the motor action timer hits the threshold earlier than the estimation timer,
the reproduction will be classified as “shorter” than the target duration. The two clocks that process
temporal information simultaneously are thus seemingly insensitive to an exogenous WM load to
the same extent, which is in parallel with the temporal error monitoring model predictions of
Akdogan and Balc1 (2017).
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Although in parallel with the temporal error monitoring model predictions, this result
contradicts a recent finding from our laboratory that points to distinct sensitivities for confidence
and short-long judgements to the endogenous motor information that is discussed to guide error
monitoring ability (e.g., Palser et al., 2018, Oztel and Balc1, submitted): In a series of experiments,
we recently demonstrated that confidence judgements are mainly guided by the agency of the error
(i.e., correctly reflects the error amount only that belongs to the agent that commits the error),
whereas owning the error introduces noise to the short-long judgements by disrupting the correct
classification of the error direction to some extent compared to the errors that are committed by
others. This result indicates that confidence and short-long judgements are sensitive to the
endogenous influences to a different extent. On the other hand, the current study demonstrates that
neither index of temporal error monitoring is sensitive to external influence (as induced by the

WM load manipulation).

Taking the possibility that temporal and perceptual error monitoring have different neural
mechanisms into account, temporal error monitoring might also be sensitive to a specific domain
of the working memory load. Hence, the type of task that we used to induce a working memory
load (mental alphabetization) might have fallen short of affecting both temporal error monitoring
indices (i.e., confidence and short-long judgements) simultaneously. An example of such a
working memory load can be mental arithmetics, which is demonstrated to be correlated with IPS

and dLPFC activity (Belkacem et al., 2020). This possibility can be investigated in future studies.

This study has several limitations. The first limitation is that the study was conducted
during the pandemic and in an online environment, thus it may not be directly compared to the
obtained results by Maniscalco and Lau’s (2015) experiment. Further, although earlier work
demonstrates the diminishing effect of increased WM load on perceptual metacognition
(Maniscalco & Lau, 2015), a replication of this diminishing effect on perceptual metacognition
needs to be established in an online environment for a more valid and direct comparison between
the two studies. In addition to the possibility that perceptual and metric error monitoring have
different processing mechanisms (Yallak & Balci, 2021), another reason why the current study
found no effect of WM load on temporal error monitoring can be the difficulty of the dual task
paradigm: It might be that the mental alphabetizing task was too difficult so that participants gave
up on it and focused completely on the temporal error monitoring task. This might have resulted
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in dual task turning into a single task and thereby hindering the intended cognitive load effect of

mental alphabetizing on temporal error monitoring.

This interpretation of the current data also aligns with the attentional gate model of interval
timing (Zakay & Block, 1995) reflected in the prolonged temporal reproductions in high WM load
conditions. The attentional gate model introduces a dynamic attention component to the classical
pacemaker-accumulator model. This component serves as a gate between the pacemaker and the
accumulator components by transferring the number of pulses emitted by the pacemaker as a
function of attention paid to the to-be-timed duration. The model predicts that if the attention is
diverted from the to-be-timed duration, it would be perceived as shorter than it actually is because
some of the emitted pulses get lost due to attention diversion. Oppositely, if the attention is fully
paid to the to-be-timed duration, it would be perceived as longer because none of the pulses would
be lost. In the current study, we observed prolonged reproductions as a result of WM load increase,
which can be explained with attention paid less to the to-be-timed duration during testing with

increased dual task difficulty.

We also acknowledge that the percentage of data that did not satisfy the predetermined
inclusion criteria was relatively high (49% of the whole dataset). It should be noted that the current
study was conducted during the COVID-19 pandemic in an online environment. The high rejection
rate of participants is somewhat typical for online studies. For example, Burns et al. (2014) could
use only 47.67% of the data collected from the MTurk platform. 40% of the unused data were
discarded due to inattentiveness. Previous studies reported a high careless response rate (up to
45.9% Brithlmann et al., 2020) and dropout rates (up to 69%, Sauter et al., 2020; Gagne &’
Franzen, 2021) for online experiments that might be due to nonpresence of the experimenter (Al-
Salom & Miller, 2019; Hardre et al., 2012), lack of motivation, distraction and technical limitations
(e.g., problems with internet connections or hardware related issues that cannot be standardized;
Gagne & Franzen, 2021 " ). These factors might have led to the relatively high rate of data discard
due to dropout/bad quality data in the current study. In any case, the fact that similar results were
gathered without data exclusion shows that our exclusion criteria did not bias the results.
Moreover, we could not perform a power analysis as we used linear mixed effects for the formal
analyses, which requires post hoc power analysis from an obtained effect. Thus, the two times
larger sample size than Maniscalco and Lau (2015) could be problematic without formal power
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analysis. Note that we obtained the null effect of WM indices on temporal error monitoring even
with a rather large sample size, which seemingly points to no effect of WM load on temporal error

monitoring.
3.7. Conclusion

This experiment aimed to test if the observed detrimental effect of WM load on perceptual
metacognition also applies to the metric error monitoring performance in the temporal domain.
Results demonstrated that WM load did not affect the temporal error monitoring indices. Although
these results seemingly contradict those obtained by Maniscalco and Lau (2015), they are predicted
by the findings of Yallak and Balc1’s (2021) study, which demonstrated a differentiation between
perceptual metacognition and metric error monitoring abilities. While this study is in need of
replicating Maniscalco and Lau’s (2015) study in an online environment, its preliminary results
suggest that the WM load has differential effects on temporal error monitoring ability and thus has
a distinct processing mechanism with perceptual metacognition. This possibly distinct
characteristic may lend itself to neural processing that is unshared with perceptual metacognition,

which should be addressed by future studies.
Chapter 4
TEMPORAL ERROR MONITORING: DOES AGENCY MATTER?
4.1. Abstract

Error monitoring is the ability to report one’s errors without relying on feedback. Although error
monitoring is investigated mostly with choice tasks, recent studies discovered that participants
parametrically keep track of also the magnitude and direction of their temporal, spatial, and
numerical judgment errors. We investigated whether temporal error monitoring relies on internal
generative processes that lead to the to-be-judged first-order timing performance. We hypothesized
that if the endogenous processes underlie temporal error monitoring, one can monitor timing errors
in emitted but not observed timing behaviors. We conducted six experiments to test this
hypothesis. The first two experiments showed that confidence ratings were negatively related to
error magnitude only in emitted behaviors, but error directionality judgments of observed

behaviors were more precise. Experiment 3 replicated these effects even after controlling for the
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motor aspects of responding. The last three experiments demonstrated that belief of agency (i.e.,
believing that the error belongs to the self or someone else) was critical in accounting for the
confidence rating effects observed in the first two experiments. The precision of error
directionality judgments was higher when participants did not have agency on the observed
behavior. These results show that confidence is sensitive to belief, and short-long judgment is
sensitive to the actual agency of timing behavior (i.e., whether the behavior was emitted by the

self or someone else).
4.2. Introduction

“Cognition about cognition” is arguably the simplest definition of metacognition (Flavell,
1979), which plays a role in learning (e.g., Schraw, Crippen, & Hartley, 2006) and behavioral
adaptation (e.g., Brown, 1987). The error monitoring component of metacognition involves self-
evaluating one’s errors (e.g., reporting low confidence after errors; Yeung & Summerfield, 2012).
What guides the correct matching of confidence ratings to the actual performance is unknown. We
investigated whether self-monitoring of error magnitude and direction (i.e., metric error
monitoring) relies on the endogenous generative processes that lead to the first-order timing
performance or on the exogenous factors that are merely observational cues. We further

investigated how the belief in the agency of observed behavior mediated this relationship.

The error monitoring component of metacognition is often operationalized via the match
between the objective performance (i.e., first-order performance accuracy; Fleming & Lau, 2014)
and the subsequent confidence rating (second-order judgment) regarding performance accuracy.
Within this framework, previous research exhibited correct (i.e., better than chance) monitoring of
perceptual (e.g., Fleming, Huijgen, & Dolan, 2012) and memory judgment (e.g., Flavell &
Wellman, 1975) errors in individual trials. Regarding the information-processing basis of error
monitoring, one view asserts that the motor actions carry critical importance for accurate
metacognitive processing (for review see: Anzulewicz et al., 2019). For example, Siedlecka et al.
(2016) found lower metacognitive accuracy when confidence judgments were made before
compared to after making a decision. The speed of motor actions also predicts confidence
judgments about perceptual decisions (Palser et al., 2018); faster motor actions are followed by

high confidence. This finding corroborates the negative relation between confidence ratings and
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response times (Rahnev et al., 2020). Finally, Gajdos and colleagues (2019) found that
subthreshold motor activity lead to overconfidence bias while maintaining metacognitive accuracy
intact (see also Charles et al., 2020; Filevich et al., 2020). Together, these findings support the
contribution of the response-related signals to the metacognitive judgments about memory and

perceptual decision-making performance.

Many of the studies mentioned above were conducted using two-alternative forced choice
(2AFC) tasks where the to-be-evaluated performance is either correct or erroneous (binary nature
of accuracy). However, errors in real-life actions often have metric attributes (e.g., magnitude and
direction). Such quantitative characteristics of the errors are especially critical when achieving a
“goal” necessitates the magnitude estimation (e.g., judging whether it is safe to cross the road
depending on the distance and speed of an approaching vehicle). Relatedly, a recent line of
research demonstrates that participants can correctly evaluate the accuracy of their magnitude
judgments and reproductions. For example, Akdogan and Balc1 (2017) asked participants to
reproduce a target duration, after which participants rated their confidence level regarding the
proximity of their reproduction to the target (i.e., timing error). Finally, participants were asked to
judge whether their time reproduction was shorter or longer than the target. They found that signed
confidence ratings tracked the timing errors’ amount and direction (i.e., under vs. over-
reproduction). Subsequent work supported this conclusion in temporal (Kononowicz, Roger &
Wassenhove, 2018; Doenyas et al., 2019; Oztel, Eskenazi & Balc1, 2020), numerical (Duyan &
Balci, 2018; 2019) and spatial judgments (Duyan & Balci, 2020), which constitutes a general
metric error monitoring ability (Yallak & Balci, 2021).

The current study, for the first time, investigates the extent to which metric error
monitoring relies on endogenous processes that lead to first-order timing performance and the role
of belief of agency in this relationship. We also investigated whether this presumed reliance of
metric error monitoring on endogenous generative processes differs for confidence vs. error
directionality judgments. For this reason, instead of utilizing unitary response variables to assess
the temporal error monitoring ability (e.g., continuous rating scheme that unifies error direction
and magnitude in a single response variable as in Oztel & Balc1, 2023), we assessed the ability to
monitor the temporal error magnitude and direction in separate variables (i.e., confidence and error

direction judgments, respectively). We hypothesized that a) if the temporal error monitoring ability
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relies on endogenous instead of exogenous cues (e.g., one as the observer of own or someone else’s
behavior), error monitoring performance would be superior for monitoring committed compared
to observed timing responses. On the other hand, if the temporal error monitoring relies on
exogenous observational cues, one would expect similar error monitoring performance irrespective
of the error agency. b) If what differentiates the error monitoring performance for committed and
observed timing behaviors is differential belief in agency, then we expected better metric error
monitoring performance when the participants believed that the observed performance belonged
to them. Finally, c) if the two indices of temporal error monitoring ability (error directionality and
confidence) are independent, we expected differential sensitivity for these indices to the

endogenous and exogenous influences.

In support of our primary hypotheses, Bates et al. (2005) showed differential brain signals
during self-committed and observed errors using 2AFC paradigms. This procedural detail is
important because, given the dissociation between the perceptual and temporal error monitoring
abilities (i.e., absence of correlation between the temporal and perceptual error monitoring abilities
as demonstrated in Yallak & Balci, 2021, along with the correlation between temporal, spatial and
numerical error monitoring abilities), these results do not readily apply to temporal error
monitoring. Thus, we investigated how a) committed vs. observed temporal errors, b) motor
involvement, and c) belief about the agency of temporal errors affected the error monitoring
performance. The first two experiments compared the temporal error monitoring performance for
committed vs. observed timing performance. The third experiment tested the same question while
controlling for the motor aspects of responding that are an integral part of committed responses.
In the fourth and fifth experiments, we examined how the induced belief of agency about observed
first-order performance (thus also controlling for motor involvement) affected the temporal error
monitoring performance. In the sixth experiment, we examined whether the effect of agency belief
depends on the design characteristics due to attentional and prediction-based differences
(randomized across trials instead of blocks: Pfabigan et al., 2014). Each participant was tested in

only one of the six experiments.

4.3. Experiment 1
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The first experiment tested whether the temporal error monitoring ability relies on internal
or external factors by evaluating error monitoring in self-performance vs. observed timing

behaviors.
4.3.1. Method

4.3.1.1. Participants. Twenty-seven of the thirty participants were Ko¢ University students who
received one extra course credit for their participation. Data from twenty-one participants were
included in the formal analyses (18 female, 19 right-handed, Mage = 20.7 +1.63, 1 participant did
not specify age). Two participants were discarded from the dataset due to unreasonable
reproduction distributions (i.e., too short or too long reproductions or clear signs of explicit
counting such as reproductions too closely distributed around the target duration with very little
variance). Six participant did not complete the experiment. One participants were excluded due to
clear signs of attentional distraction (e.g., emailing the experimenter during the experiment).
Informed consent was obtained from each participant. This study was approved by Kog¢ University
Institutional Review Board (IRB, protocol number: 2020.113.IRB3.053).

4.3.1.2. Stimuli and Apparatus. The timing stimulus was a blue square placed at the center of the
screen (height x width = 0.2 x 0.2 proportion of the screen size that adjusts according to the screen
size). The short and long durations were 1500 and 3000 milliseconds. The experiment was
programmed in the Builder mode of PsychoPy (Peirce et al., 2019). The stimuli were presented,
and responses were recorded via the Pavlovia online experimentation platform, which has been
tested to have under four milliseconds of reaction time precision in all web browsers under the

optimized conditions (Bridges et al., 2020).

4.3.1.3. Procedure. The experiment was conducted in a 2 (experimental condition: self-
reproduction vs. observation) or x 2 (target duration: short or long) full factorial within-subject
design. The experimental conditions were randomized across the four blocks, and each participant
completed the experimental conditions in a different order. Participants were instructed not to
count or use any strategy to help them estimate the durations throughout the experiment (Rattat et
al., 2012).
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Each trial began with the presentation of the target duration, which was constant within the
test block as in Akdogan & Balc1 (2017) to avoid any potential temporal context effects (e.g.,
Bausenhart et al., 2014; Gu & Meck, 2011; Jazayeri & Shadlen, 2010). In the self-reproduction
condition, participants reproduced the target duration at any time they liked. The reproduction
began with a space button press and terminated with a second space button press. Participants saw
the identical blue square in the center of the screen throughout their reproduction. After each
reproduction, participants were asked to rate how confident they were regarding their
reproduction’s accuracy (i.e., closeness to the target duration) with 1, 2, and 3 response keys for
low, middle, and high confidence, respectively. Finally, participants were asked to classify their
reproductions as shorter or longer than the target duration with V and N response buttons,
respectively. No feedback was provided. The reason why participants were always asked to make
a confidence judgements before the short-long judgements were two fold: (1) the confidence
judgements aimed to evaluate the reproduction accuracy instead of short-long judgements and for
this reason, (2) asking confidence judgements after short-long judgements could introduce a
confusion for participants. Figure 4.1. illustrates the trial representation of the task. Crucially, the
online data collection (2021-2022) approach is expected to improve the generalizability of the
obtained results by providing a more naturalistic environment for participants to complete the

experiment compared to the highly controlled laboratory experiments.
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Figure 4.1. Trial representation of the task. The presentation of the target duration was 1.5 or 3
seconds, depending on the test block. Similarly, the confidence rating and the short-long judgments
were done according to either observed or performed reproduction, depending on the test block.

The observation condition was the same as the self-reproduction condition, except that
participants did not reproduce the target duration and saw the reproduced duration of another
participant instead (tested in Akdogan and Balc1 (2017) - Experiment 4). After observing each
reproduction, participants were asked to judge how confident they were about the accuracy of the
observed reproduction. Finally, participants were asked to classify the observed reproduction as
shorter or longer than the target duration. All the response-key mappings were visible until a

response was recorded.

Participants took one minute break between each test block. At the beginning of each test
block, participants were informed whether the upcoming test block would be an “observation” or
“self-reproduction” condition. At the beginning of each test block, participants completed two

training trials to practice the conditions of the corresponding block. In the training trials of the
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“observe” condition, participants saw a normally distributed random duration with the mean and
standard deviation of the previous participant’s reproduced durations. Each test block consisted of
60 trials. Thus, the experiment consisted of 4 x 60 = 240 trials, which took around 40 minutes to
complete. The data from Akdogan and Balc1(2017) is available as part of the Confidence Database

(Rahnev et al., 2020). All experiments in this study were run in Turkish.
4.3.2. Analytical Approach

4.3.2.1. Data filtering. Before the data analysis, we z-score transformed the time reproductions
(will be hereafter referred to as “signed timing error”). Trials that were three standard deviations
above the mean of the reproduced durations in self, and observed reproductions separately for
short and long target durations were excluded from the data analysis (i.e., smaller than -3 z score
or larger than 3 z score). The reason for this filtering method was to avoid any artificial support
for the temporal error monitoring hypothesis since these reproductions would be too easy to
monitor in terms of their magnitude and direction. Note that although this criterion was not
preregistered, it is a more conservative approach to data analysis and it was applied before the data
analysis. As a result of this filtering method, 1.1% of the data were discarded from the whole

dataset.

Our participant inclusion criteria were solely based on the following rules about the
reproduction performance: a) unimodally distributed reproductions, b) no apparent drift in the
reproductions over the course of the test session, and c) clustering of reproductions around the

target interval (e.g., as opposed to very short intervals).

4.3.2.2. Linear mixed-effects analysis. In order to capture all data in a single model, we tested
our hypothesis in a linear mixed-effects model. For the confidence judgments, we used absolute
timing error (i.e., the absolute value of the signed timing errors), the target duration (i.e., short or
long) to be reproduced, and the experimental condition (i.e., self-reproduction or observation) as
fixed effects on the regression slope. We introduced random intercept across the participants. The

full model formula is as depicted below:

Model 1: Confidence judgments ~ absolute timing error * target duration * experimental condition

+ (1|participant) where ~ refers to “predicted from” and 1|participant refers to “random intercept
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across participants.” This model was performed to investigate how closely participants could
match their and others’ error magnitude irrespective of the error direction to their confidence

judgments.

For the short-long judgments, we tested our hypothesis in a logistic mixed effects model,
which was as follows: Model 2: Short-long judgments ~ signed timing error * target duration *
experimental condition + (1|participant). The short-long judgments in the model involved the raw
short or long classification of the reproduction with respect to the target duration, regardless of its
accuracy. We ran this model to investigate how precisely participants could classify their own and
others’ error direction. These models were used for hypothesis testing in all experiments and
included all lower terms. For all categorical comparisons, we used repeated contrast scheme in
Jamovi; which calculates the difference between the two subsequent levels of the categorical
variable (see also: https://gamlj.github.io/rosetta_contrasts.html).

We did not have any a priori expectation for the temporal error monitoring ability to be
different for participants with different mean confidence and short-long judgments. Moreover, the
high complexity of random effect structures often results in convergence and singular fit issues.
Thus, to avoid unnecessarily complex random effect structures and keep the models as
parsimonious as possible, we did not include random slopes for the experimental conditions in any
of our mixed effects models. Nevertheless, to capture the variability induced by all cluster variables
(for a more detailed discussion, see Barr et al., 2013), we attempted to fit all models with an
additional random slope component. As expected, all the models that we attempted to fit with more
complex random effect structures either raised singular fit issues (potentially due to overfitting) or
failed to calculate the model R? value, which we presented in Supplementary Online Materials
(Table S1.3.).

For simplicity, we only report the results that are critical for our hypotheses in the main

text. The remaining results are reported in Supplementary Online Materials (SOM).

4.3.2.3. Statistical Reporting and Labeling. For the sake of simplicity, we deliberately omit the
name of the continuous variables from the 3 labeling, which depict slope difference for all relevant

interaction terms.
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4.3.3. Results

4.3.3.1. Confidence judgment. Linear mixed effects model revealed a statistically significant
three-way interaction effect of absolute timing errors, target duration, and experimental condition
on confidence judgments (Bshort-long * self reproduction-observation = 0.16, SE = 0.07, p = 0.015); the negative
slope that depicts the relationship between the absolute timing errors and confidence judgments
was steeper for the self-reproduction condition; and that this negative slope difference was
significantly different for short and long target durations. Simple slopes revealed a significant
negative relationship between absolute timing error and confidence judgment for all conditions
except for the long duration- observation condition (Biong observation = -0.014, SE = 0.03, p = 0.67;
for all remaining simple slopes ps <0.001). This result revealed that participants demonstrated
overall temporal error monitoring ability in all conditions, except for the observation condition
with a long target duration. Figure 4.2.A and 4.2.B in the left column illustrates the relationship
between absolute timing error and confidence judgments across the experimental conditions for

long and short target durations, respectively.

4.3.3.2. Short-Long judgment. Logistic mixed effects model revealed a statistically significant
three-way interaction between signed timing errors, target duration, and experimental condition (8
short - long * self reproduction - observation = -0.36, exp(B) = 0.70, SE = 0.16, p = 0.024). This result
demonstrates that the difference in the steepness of the logistic curve between self-reproduction
and observation conditions is significantly lower for the short target duration. Simple slopes
demonstrated that participants could correctly classify their temporal error direction in both
experimental conditions (Bself reproduction = 0.85, exp(B) = 2.38, SE = 0.057, p < 0.001; Bobservation =
0.93, exp(B) = 2.54, SE = 0.055, p < 0.001). However, the two-way interaction between the
experimental condition and signed timing error was not statistically significant (p = 0.29). Figures
4.2.C and 4.2.D in the left column illustrate the relationship between signed timing error and short-
long judgments across the experimental conditions for long and short target durations,

respectively.
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Figure 4.2. The relationship between timing errors and subjective timing error judgments across
target durations and experimental conditions for Experiment 1 (most left), Experiment 2 (middle),
and Experiment 3 (most right). In all panels, the shaded area depicts the standard error (SE) of the

estimates.
4.3.4. Interim Discussion

Participants could not correctly match their confidence judgments to the observed timing
errors only in the observed-long target duration condition. This result demonstrates that confidence
judgments are guided more by endogenous than exogenous factors. Finally, a steeper logistic
function that depicts the relationship between timing error and short-long judgments for the
observation condition compared to the self-reproduction condition suggests that endogenous cues
might have a disruptive effect or additional information provided in the observation condition
would have an enhancing effect on the precision of directional error judgments. However, this

result was driven mainly by the target duration.
4.4. Experiment 2: Replication

Experiment 2 aimed to test whether the effects we observed in Experiment 1 are replicable
with a different set of stimuli. Furthermore, the observed patterns that are differential across target
durations in Experiment 1 could be due to the fact that the production of short and long target
durations was gathered from different participants in Akdogan and Balc1’s (2017) Experiment 4

data). To control for this difference, we used the same participants’ reproductions of both short
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and long duration in the self condition of Experiment 1 in the “observed” condition of Experiment

2.

The third objective of Experiment 2 was to test whether the effects obtained in Experiment
1 could be generalized to different sets of observed temporal reproductions, which would also

improve the ecological validity of the obtained results.
4.4.1. Method

4.4.1.1. Participants. 59 Kog University undergraduate students participated in this study in return
for one extra course credit. 44 of them completed this study. 21 individuals were included in the
formal analysis (17 female, all right-handed, Mage = 21.71 + 4.47). Other participants were
excluded due to unreasonable reproduction distributions (as in Experiment 1) or several other
reasons such as participating in Experiment 1 before, completing the experiment more than once,
and other technical reasons (e.g., internet connection problems, software crashes, non-Turkish

speakers etc.).
4.4.1.2. Stimuli, Apparatus, and Procedure

All stimuli, apparatus, and procedure remained the same as in Experiment 1, except that in
the observation condition, the reproduced durations were matched to the participants’ reproduced

durations in Experiment 1.
4.4.1.3. Analytical Approach

We applied the same data filtering method as in Experiment 1 before the analyses. This

resulted in no data loss for Experiment 2.
4.4.2. Results

4.4.2.1. Confidence judgments. The interaction between the absolute timing error and
experimental condition on isolated confidence judgments revealed a statistically steeper negative
slope for the self-reproduction than the observation condition (Bself reproduction-observation = -0.20, SE =
0.04, p<0.001). The simple slopes of the self condition were statistically significant for both target

durations in the self condition (Bself reproduction, short = -0.204, SE = 0.035, p< 0001, Bser reproduction, long
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=-0.20, SE = 0.033, p < 0.001), whereas for the observation condition, the simple slopes were not
significant (Bobservation, short = 0.034, SE = 0.036, p = 0.345; Bobservation, long = -0.033, SE = 0.036, p =
0.360). This result indicates that participants could not monitor the magnitude of the observed
timing errors. Figure 4.2.A and 4.2.B in the middle column illustrates the relationship between
absolute timing error and confidence judgments across the experimental conditions for long and

short target durations, respectively.

4.4.2.2. Short-Long Judgments. The interaction between the experimental condition and signed
timing error was statistically significant (Bseif reproduction-observation = -0.48, exp(l3) = 0.62, SE = 0.09;
p < 0.001), revealing an overall steeper logistic function for the observation condition.
Additionally, as in Experiment 1, simple slopes demonstrated that participants could correctly
monitor the direction of their temporal errors in both experimental conditions (Bseif reproduction = 0.73,
exp(B) = 2.07, SE = 0.055, p < 0.001; Bobservation = 1.21, exp(B) = 3.34, SE = 0.065, p < 0.001).
Figures 4.2.C and 4.2. D in the right column of the panels illustrate the relationship between signed
timing error and short-long judgments across the experimental conditions for long and short target

durations, respectively.
4.4.3. Interim Discussion

Experiment 2 demonstrates a higher precision in error direction classification for the
observed timing errors than self-performed ones. In Experiment 2, this difference in observed and

self-performed errors did not depend on the target durations (cf. Experiment 1).

The significant negative relationship between error magnitude and the confidence ratings
was only observed for errors committed by the participants themselves and not for observed error
magnitudes. This result partially corroborates the results of Experiment 1, which demonstrated a
null effect only for the “long” target duration in observed timing errors. Thus, consistent with the
conclusion of Experiment 1, the accurate matching of confidence judgments to the temporal error

magnitudes seems to be guided more by the endogenous than the exogenous factors.

The reason why the results of Experiment 2 did not fully match those of Experiment 1

might be because the observed durations of Experiment 1 were gathered from a between-subject
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design in Akdogan and Balc1 (2017) experiment while the observed durations of Experiment 2

were gathered from the same participants (within-subject design during Experiment 1).
4.5. Experiment 3: Controlling for the motor action

In two experiments, the results that pointed to differential temporal error monitoring
performance might be because of a) motor action that is emitted during the error commitment
and/or b) the agency (i.e., owning the error or not) across experimental conditions. Experiment 3
aimed to control for the motor involvement during the error commitment in two experimental
conditions. To address this, instead of passively observing others’ temporal reproductions,
participants in Experiment 3 mimicked the previous participants’ reproductions (i.e., “mimicked
observation” condition instead of mere “observation” condition). On the other hand, if it is the
agency that caused the differential error monitoring ability across conditions in Experiments 1 and
2, their results should be replicated in Experiment 3.

For the sake of experimental and analytical simplicity, we included only the long target
duration in the experimental procedure from Experiment 3 forward. Note that testing a single test
duration (3000 ms) in the rest of the experiments yielded a one less predictor for the linear mixed
effects models.

45.1. Method

4.5.1.1. Participants. 79 Kog¢ University undergraduate students participated, and 56 completed
this study. Due to various reasons listed in Experiment 2, 27 of them were included in the formal
analysis (21 females, 3 left-handed, Mage = 20.66 + 1.62).

4.5.1.2. Stimuli, Apparatus and Procedure. The procedure was the same as in the first two
experiments. In the self-reproduction condition, participants reproduced the target duration
themselves (both short and long durations, in a blockwise randomized order) and made confidence
and short-long judgments regarding their own reproductions (motor-self blocks). Participants were
asked to mimic a previous participant’s reproduction in the mimicked reproduction condition.
Upon the beginning of the reproduction, participants pressed the spacebar (as if they initiated the
reproduction). Upon the termination of the reproduction (i.e., the disappearance of the stimulus
that represents the reproduction), participants pressed the spacebar the second time (as if they
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terminated the reproduction themselves). If the participants pressed the space button before the
blue square disappeared from the screen or later than 500 milliseconds upon its disappearance,
they received a warning on the screen (“Please do not press the space button before you see that
the blue square disappeared from the screen” and “You should be faster”, respectively). The
reproductions mimicked in this condition were gathered from the “self-reproduction” conditions
of Experiment 1. Finally, as in the case of self-reproduction condition, participants reported their
confidence and short-long judgments regarding the reproductions they mimic with respect to the
target duration. Note that discarding the short durations from the experimental design in the rest
of the experiments yielded one less predictor for the linear mixed effects models compared to the

first two experiments.
4.5.1.3. Analytical Approach

Prior to the analyses, we applied the same data filtering method as in the previous
experiments. Additionally, the trials where participants failed to mimic the observed reproductions

were also discarded. This filtering resulted in a 1.1% discard of the whole dataset.
4.5.2. Results

4.5.2.1. Confidence Judgments. There was a significant interaction between the absolute timing
error and the experimental condition (Bself reproduction-mimicked reproduction = -0.23, SE = 0.046, p < 0.001),
pointing to a steeper slope for the self-reproduction compared to the mimicked reproduction
condition. Simple slopes demonstrated that participants could correctly match their confidence
judgments to the amount of their timing error only in the self-reproduction condition (Bseif reproduction
=-0.189, SE = 0.03, p < 0.001) but not in the mimicked condition (Bmimicked reproduction = 0.044, SE
=0.035, p = 0.202). These results replicate the results obtained in the first two experiments, even
after equating the motor demands of the two conditions. Figure 4.2.A in the right-most column of
panels illustrates the relationship between absolute timing error and confidence judgments.

4.5.2.2. Short-Long Judgments. The two way interaction between the signed timing errors and
the experimental conditions was statistically significant (Bself reproduction-mimicked reproduction = -0.236,
exp() = 0.790; SE = 0.105, p = 0.024), pointing to a more precise classification of the mimicked

reproductions compared to the self-performed reproductions (simple slopes: Bseif reproduction = 0.748,
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eXp(B) =2.1 12, SE = 0066, p < 0001, Bmimicked reproduction = 0983, eXp(B) = 2673, SE = 0083, p <
0.001). Figure 4.2.B in the right-most column of panels demonstrates the relationship between the

signed timing error and short-long judgments.
4.5.3. Interim Discussion

In three experiments, we demonstrated that participants could only correctly match their
own temporal error magnitudes to their confidence ratings. However, this ability did not generalize
to monitoring someone else’s timing temporal error magnitude as an observer. This effect reversed
for the temporal error direction monitoring such that participants could better categorize someone
else’s error directions than the direction of self-made errors. Experiment 3 demonstrates that
agency, instead of motor involvement, is the critical factor that led to the difference across

experimental conditions in terms of temporal error monitoring ability.

Although the motor action was controlled in the “mimicked observation” condition in
Experiment 3, the obtained results might have occurred due to a) actual agency or b) mere belief
of agency. Experiment 4 complemented Experiment 3 by eliminating motor response from both

experimental conditions to directly test the “belief of agency” on temporal error monitoring.
4.6. Experiment 4

Experiment 4 used participants’ own reproductions in both “belief of agency” and “belief
of non agency” conditions, and no response was emitted for the first-order task during testing
(observation only). Resultantly, participants made metacognitive judgments for their own temporal
errors throughout the experiment but on the random half of the blocks, they were told that the
reproduction belonged to a previous participant (i.e., “belief of non agency” condition). If the
experimentally induced sense of agency guides the temporal error monitoring ability, one should

observe similar results as in the first three experiments.
4.6.1. Method

4.6.1.1. Participants. 54 Kog University undergraduate students participated in Experiment 4 for
one extra course credit (40 completed the experiment). Out of 40, 14 were discarded before the

formal analyses due to various reasons, as in the previous experiments. Resultantly, data from 26
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participants were used in the formal analysis (22 female, one did not specify gender, none reported
left-handedness, Mage = 21.24+1.56).

4.6.1.2. Procedure. The experiment included three main phases. In the training phase, participants
saw the target duration of 3000 milliseconds five times after which they were asked to reproduce
the target duration five times. Each reproduction was demarcated by two successive space button

presses.

In the second phase, participants reproduced the target duration a hundred times
(reproduction part). They were shown the target duration upon each reproduction. In the third
phase, participants were shown with their own time reproductions (random order) recorded during
the second phase. Thus, participants observed their own durations without any motor action. At
the end of each observation, participants first rated how confident they were (by pressing 1, 2 and
3 buttons on the keyboard where 1- low confidence, 2- medium confidence, 3-high confidence)
regarding the proximity of the reproduction they observed to the target duration in two belief
conditions (i.e., “belief of agency” condition, where instruction was “YOUR reproduction” and
“belief of non agency” condition, where instruction was “OTHER’S reproduction”). The
experimental conditions were presented in blocks and their order was randomized across
participants. After the confidence judgments, participants reported the direction of the
reproduction they observed with respect to the target duration (the reproduction was S- shorter, L-
longer than the target duration). Note that participants did not emit motor responses for the first-
order task in either experimental condition (controlling for the motor involvement). Participants
took a one-minute break in the middle of both self-reproduction and the observation blocks. The

experiment took approximately 35 minutes to complete.
4.6.2. Analytical Approach and Results

Prior to the data analysis, we followed the same filtering method and mixed effects models
as in the previous experiments; 1.2% of the whole dataset was discarded before the formal analysis.

4.6.2.1. Confidence judgments. The simple slopes for both experimental conditions were
statistically signiﬁcant (Bbelief of non agency = -0.12, SE = 0036, p< 0001, Bbelief of agency = '0.23, SE =
0.037, p <0.001). On the other hand, the significant interaction between the absolute timing error
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and the experimental condition (Bbelief of agency-belief of non agency = -0.11, SE = 0.05, p = 0.036) pointed
to a steeper negative slope for the “belief of agency” compared to the “belief of non agency”
condition, which revealed a stronger temporal error monitoring ability in the self condition. The
leftmost column of Figure 4.3.A illustrates the relationship between absolute timing error and

confidence judgments across experimental conditions.

4.6.2.2. Short-long judgments. The main effect of the experimental condition and the interaction
between the experimental condition and signed timing error on short-long judgments were not
significant (main effect: Mboelief of agency - belief of non agency = 0.050, SE = 0.10, exp(B) = 1.050, p = 0.61;
interaction: Bhbelief of agency - belief of non agency = -0.03, SE = 0.15, p = 0.86). The leftmost column of
Figure 4.3.B illustrates the relationship between signed timing error and short-long judgments

across experimental conditions.
4.6.3. Interim Discussion

The slope differences showed that participants were better at monitoring the error amount
when they believed the observed reproduction belonged to themselves. This result suggests that

the confidence judgments are sensitive to the belief of agency.

This effect was not present in the short-long judgments. Participants could equally report
the error direction regardless of the belief of agency. This could be simply due to the elimination
of the response component; in other words, responding might be a source of variability for the

short-long judgments (e.g., due to sensory-motor system variability).
4.7. Experiment 5

Experiment 5 aimed to replicate Experiment 4 again by using two different instructions. In
the observation condition of Experiment 5, we used simulated data as a normally distributed
random variable drawn from a distribution with parameter values estimated (i.e., the mean and the
standard deviation (SD)) from the corresponding participant’s empirical performance. This
approach helped us to control for the differential reproduction distributions in terms of their
precision, which we quantify with the coefficient of variation (CV) of the reproduced durations.
The CV of the reproductions were calculated as follows: CV = SDreproduction / Mreproduction. This

resulted in a 2 (instruction) x 2 (source of data) factorial design: belief of agency-empirical
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reproduction, belief of agency-simulated reproduction, belief of non-agency-empirical

reproduction, and belief of non agency-simulated reproduction.
4.7.1. Method

4.7.1.1. Participants. 52 Kog¢ University students participated in Experiment 5 for one extra credit.
Eight did not complete the experiment. Out of 44, 19 of them were excluded before the formal
analysis due to not completing the experiment, reproducing subsecond durations throughout the
experiment, or too high CV that rendered matching the CV for the “simulated reproduction”
condition difficult and other technical reasons. Resultantly, data from twenty-five participants

were included in the formal analyses (21 females, Mage = 20.7+1.31).

4.7.1.2. Stimuli, Apparatus and Procedure. All stimuli, apparatus and procedures were kept the
same as in Experiment 4. Except instead of showing participants their own, we simulated the
reproductions in the “other” condition such that they matched the participants' mean reproduction
and CV. This resulted in a 2 x 2 within-subject-blocked design where the reproductions either
belonged to the participants (i.e., empirical reproduction) or not (i.e., simulated reproduction), and
the instruction was either “YOUR” or “OTHER’S”. Empirical reproductions were presented in a

randomized order.
4.7.1.3. Analytical Approach

Prior to the data analysis, we applied the same trial-by-trial filtering method as in the
previous experiments. This filtering method resulted in 0.9% discard of the whole dataset.
Additionally, we discarded all participants whose CV was above 0.3 as higher than these values
that are driven by the high standard deviations that resulted in unreasonable values in the
distributions of simulated data for the “other” condition that we aimed to match to participants’
CV. We performed the same linear mixed-effects models separately for confidence and short-long

judgments as in the previous experiments.
4.7.2. Results

4.7.2.1. Manipulation Check. To test whether the simulated reproductions indeed matched the

empirical reproductions in terms of the statistical parameters (i.e., the mean and the standard
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deviation), we compared the distributions of empirical and simulated reproductions. Linear mixed
effects model revealed no statistically significant difference between the empirical and simulated
reproductions (Msimulated reproduction-empirical reproduction = 0.014, SE = 0.018, p = 0.43; Bayesian paired
sample t-test BFo1 = 2.951, error % = 0.027, prior defined as Cauchy distribution), which reveals
an overall match between the distribution of two types of reproduction. The non-difference of two
distributions was supported by Kolmogorov-Smirnov test results (K-S test output and descriptive
statistics associated with the two distributions can be found in Supplementary Online Materials;
Table S2.12., S2.13. and Figure S2.1.).

4.7.2.2. Confidence Judgments. Simple slopes that depict the relationship between the absolute
timing error and confidence judgments in both instruction types were statistically significant (Bpelief
ofagency = -0.20, SE = 0.02, p < 0.001; Bpetief of non agency = -0.13, SE = 0.02, p < 0.001). Importantly,
the significant interaction between the instruction type and the absolute timing error on confidence
judgments (Bbelief of non agency-belief of agency = 0.07, SE = 0.03, p = 0.03), pointed to a better temporal
error monitoring when participants believed that the reproduction they observed belonged to
themselves (belief of agency); regardless of the actual source of the data (empirical vs. simulated).
The middle column of Figure 4.3.A illustrates the relationship between absolute z-score

reproduction and confidence judgments across experimental conditions.

4.7.2.3. Short-Long Judgments. Simple slopes revealed that participants could correctly classify
the observed reproductions as “long” in both reproduction type conditions (Bempirical reproduction =
1.11, SE = 0.06, exp(3) = 3.03, p < 0.001; Bsimulated reproduction = 1.39, SE = 0.06, exp(B) = 4.01, p <
0.001). The significant interaction between the source of data and the signed timing error revealed
a more sensitive classification of the observed reproductions as “long” when they were simulated,
regardless of the belief condition (Bsimulated reproduction-empirical reproduction = 0.28, SE = 0.09, exp(B) =
0.086, p = 0.001). All remaining effects were not statistically significant (all ps > 0.05). The middle
column of Figure 4.3.B illustrates the relationship between signed timing errors and short-long

judgments across experimental conditions.
4.7.3. Interim Discussion

Experiment 5 demonstrated that the confidence judgments were susceptible to the belief of

agency. The worsening rather than elimination of error monitoring performance in the belief of
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non-agency condition of Experiment 5 (compared to the results of the earlier experiments) can be
attributed to potential deviations in the CVs of first-order performance used for different
reproduction conditions and the elimination of the motor component in Experiment 5.
Interestingly, short-long judgments were more sensitive when the observed reproduction was
simulated instead of owned irrespective of the belief conditions. Briefly, consistent with
Experiment 4, the current results deem belief of agency as a critical factor in metric error
monitoring performance in terms of confidence ratings. Experiment 5 also supported the idea that
confidence and short-long judgments are dissociative indices of metric error monitoring ability

with sensitivity to different error-related factors (i.e., agency on the errors or belief of agency).
4.8. Experiment 6

In all five experiments, we randomized the experimental conditions across the blocks
instead of the trials. Thus, the effect of the blockwise randomization approach on the obtained
results is not clear. Experiment 6 addressed this possibility. Experiment 6 aimed to test to what
extent the blocking trials by the experimental condition previously shown to affect
electrophysiological markers of error monitoring altered the obtained results. For instance,
Pfabigan et al. (2014) found more distinct feedback-related negativity (FRN) peaks, larger effect
sizes, and significant relation between FRN amplitudes and behavioral task performance measures

in blocked vs. trial-based experimental design (critical manipulation being feedback).

Motivated by the differential effect by different predictability regarding the stimulus and
experimental instructions in the blocked versus trial-based experimental design, we aimed to test
how manipulating beliefs on a trial basis would change the obtained findings. We predicted that
the effect of experimental manipulations (i.e., belief of agency on errors) would exert a weaker
effect in trial-based manipulations. In Experiment 6, we tested our hypotheses in both lab and

online environments (analyzed separately).
4.8.1. Method

4.8.1.1.1. Participants. Lab experiment. 32 Kog¢ University undergraduate students participated in

the laboratory counterpart of this study. Data from five participants were discarded from the formal
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data analysis due to unrealistic reproduction distributions. Thus, data from 27 participants were

included in the formal analysis. (14 females, none reported left-handedness Mage = 19.96+1.09).

4.8.1.1.2. Online study. 44 Kog¢ University undergraduate students participated in the online
version of the study for one extra course credit. Thirty-three of them completed the study. Out of
33, 5 were discarded due to unrealistic reproduction distributions, and five were discarded due to
technical problems. Data from 23 participants were included in the formal data analysis (Mage =

20.5+1.57, 17 females, one did not specify gender).

4.8.1.2. Stimuli, Apparatus and Procedure. Experiment 6’s procedure was similar to Experiment
4 except that the experimental conditions were randomized across trials instead of across blocks.
Thus, participants randomly received “YOUR” or “OTHER’S” instructions throughout the
experiment according to the experimental condition. The experiment took approximately 35
minutes to complete. The experiment was run simultaneously in the lab and online setting. All
stimuli presentations and response recordings were done in Pavlovia online experimentation
platform during the online experiment. The lab experiment was done in PsychoPy on Windows 10
PC.

4.8.1.3. Analytical Approach

We applied the same data filtering method as in previous experiments for online and lab
counterparts of Experiment 4 separately prior to the formal analyses; 1.2% and 1.6% of the whole
datasets were discarded for online and lab data, respectively.

4.8.2. Results

4.8.2.1.1. Confidence Judgments. Online experiment. Neither the main effect of the belief
condition on confidence judgments nor the interaction between the belief condition and absolute
timing error were statistically significant (main effect of belief condition: Moelief of agency - belief of non
agency= 0.040, SE = 0.044, p = 0.36; interaction: Byelief of agency - belief of non agency= 0.026, SE = 0.052, p
= 0.61; simple slopes: Bpelief of agency = -0.32, SE = 0.04, p < 0.001; Bhelief of agency = -0.34, SE = 0.04,
p <0.001). Together, these results indicate that participants could keep track of the amount of their
timing errors even when they believed that they were rating confidence about someone else’s

temporal errors.
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4.8.2.1.2. Lab experiment. The interaction between the experimental condition and absolute timing
error was not statistically significant (Bbelief of agency - belief of non agency= -0.050, SE = 0.053, p = 0.35;
simple slopes: Bhoelief of agency = -0.24, SE = 0.04, p < 0.001; Bpelief of agency = -0.19, SE = 0.04, p <
0.001), revealing that the temporal error monitoring ability did not change across the belief
conditions as in the online counterpart of the experiment. The right-most column of Figure 4.3.
illustrates the relationship between absolute timing errors and confidence judgments across belief

conditions (lab setting: Panel A and online setting: B).

4.8.2.2.1. Short-long Judgments. Online experiment. There was no interaction between the belief
condition and signed timing error and the main effect of belief conditions on long judgment
probability (main effect of belief condition: Moelief of agency - belief of non agency = 0.18, SE = 0.10, exp($3)
=1.20, p = 0.085; interaction: Bhelief of agency - belief of non agency = 0.064, SE = 0.15, exp(B) = 1.07, p =
0.68; simple slopes: Boelief of agency = 1.45, SE = 0.11, exp(B) = 4.28, p < 0.001; Byelief of non agency =
1.39,SE=0.11, exp(8) =4.01, p < 0.001).

4.8.2.2.2. Lab experiment. Neither the main effect of the belief condition nor the interaction effect
was statistically significant (main effect of belief condition = Melief of non agency - belief of agency = -0.050,
exp(B) =0.10, SE = 0.10, p = 0.62; interaction: Bbelief of agency - belief of non agency = -0.13, exp(B) = 1.14,
SE =0.16, p = 0.41; simple slopes: Byelief of agency = 1.80, SE = 0.12, exp(3) = 6.08, p < 0.001; Bpelier
of non agency = 1.94, SE = 0.12, exp(B) = 6.94, p < 0.001). The right-most column of Figure 4.3.
illustrates the relationship between signed timing error and short-long judgments across belief
conditions (lab setting: Panel C and online setting: D). Table 4.1. summarizes the procedural

differences across all six experiments.
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Figure 4.3. The relationship between timing errors and subjective timing error judgments across

target durations and experimental conditions for Experiment 4 (most left), Experiment 5 (middle)
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“belief of agency” condition)” and the blue line expresses “OTHER’S (in “belief of non agency”

condition)” instructions. In all panels, the shaded area depicts the standard error (SE) of the

estimates.
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Table 4.1. Summary of methods in all experiments.

4.8.3. Interim Discussion

Experiment 6 revealed that the temporal error monitoring ability did not depend on the

belief of agency when induced trial-by-trial. Thus, whatever effect we observed regarding the

effect of agency belief is particular to block-based designs. This is in line with our predictions

derived from the differential predictability of instructions in block-based and trial-based

manipulations (Pfabigan et al., 2014).
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Overall, in experiments where the participants are not acting, the nature of agency turns
into “error ownership”. Thus, in experiments where participants merely observe and assess the
performance (Experiment 3 to Experiment 6), any difference between self-made and other-made
errors could be attributed to error ownership effects; which is introduced by the agency in the

baseline blocks in Experiment 3 to Experiment 6.
4.9. General Discussion

This study aimed to examine the effects of different endogenous factors, such as producing
the timed response and belief of agency on temporal error monitoring. In all six experiments, we
observed a generally robust temporal error monitoring ability (at least for the self-performance
conditions) replicating previous findings (Oztel, Eskenazi and Balci, 2020; Akdogan & Balci,
2017; Yallak & Balec1, 2021).

We found a dissociation in terms of the sensitivity of confidence ratings and short-long
judgments to experimental manipulations: confidence judgments were sensitive to the belief of
agency whereas the short-long judgments were sensitive to the actual agency (more precise

categorization in non agency condition).

Critically, these observed patterns were beyond the mere involvement of motor action.
Thus, by showing their different sensitivities to different influences, this study demonstrates that

these two indices of temporal error monitoring are disassociated.

Below, we discuss our findings at various levels of explanation: 1) information processing level,

2) phenomenological and neural levels and 3) attentional level.

Information processing level. One potential difference between the two temporal error monitoring
indices might stem from their potentially differential underlying sources of information. In
Akdogan and Balc1’s (2017) model of temporal error monitoring, the directional (i.e., short-long
judgments) and magnitude (i.e., confidence judgments) monitoring results from the comparison of
threshold crossing times of two clocks that keep perceptual time vs. motor action (by a second
stage decision process). The order of the threshold crossings determines the error direction
judgment such that earlier threshold crossing of the motor clock results in a “shorter than target”

error judgment. Further, the amount of discrepancy between the threshold crossing times between
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the two clocks informs the confidence ratings - larger discrepancy leading to larger deviation
generated by a second stage decision process. If participants do not engage their motor clock in
the “other” conditions (even through emulation), this would disrupt the generation of the deviation
metric, which in turn leaves confidence ratings unguided. That being said, participants can still
compensate for the lack of a second clock engagement, simply by using the time interval between
the threshold crossing of their perceptual time and the “observed reproduction” as a proxy for
confidence ratings, which might be less robust and less automatic than an endogenous comparison
process (e.g., due to lack of an informative scale). On the other hand, the extraction of error
direction judgments based on such a proxy would be easier (not requiring a scale either) since it
would only rely on temporal order. In fact, using a proxy for error directionality judgments instead
of an endogenous comparison process might even improve the precision of the error directionality
judgments by eliminating non-timing related variability (e.g., variability of t0).

It is also possible that more precise error direction judgments in the “observed” condition
are due to the use of an additional source of information (i.e., observed time reproduction) to help
decide the error direction judgment. Under this rationale, the participants would be assumed to use
both the sensory and motor clock as in the “self” conditions but would also integrate the observed
reproduction to inform the error direction judgment further. For instance, if the motor clock hits
the threshold earlier than both the sensory clock and the observed reproduction, this would provide
stronger evidence for “shorter than target” error judgments while the evidence would be equivocal
if the threshold crossing of the motor clock is demarcated by the observed reproduction and the

threshold crossing of the sensory clock.

A similar explanation for the obtained results at the information processing level could be
that the motor command led to time compression compared to the conditions where no motor
action was taken for error commitment, which yielded the observed difference in the temporal
error monitoring ability. However, the differential temporal error monitoring ability was replicated
even when the motor action taking was controlled, eliminating this possibility. Future studies are

needed to investigate these possibilities.

Phenomenological and neural levels. What can be the phenomenological distinction between the

two indices of temporal error monitoring? The leading distinction might be that short-long
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judgments have an absolute accuracy (i.e., temporal order), but confidence judgments capture
continuous subjective states regardless of the actor that made the decision/error. When the errors
belong to another individual, the observed durations are merely classified as short or long without
any introspective component that brings about metacognitive processing (see earlier discussions).
Under this rationale, the error direction classification turns into a first-order processing that relies
on objective perceptual cues without the involvement of subjective feelings (e.g., comparison of
the subjective timing and other’s timing behavior). This might exempt the short-long judgments
from any additional noise introduced by the introspective processing during second-order decision-
making (i.e., metacognition - Maniscalco & Lau, 2014) that targets another individual’s
performance. Accordingly, the errors that do not have agency attribution are classified more
precisely according to their directions with respect to the target. This may also underlie the
differential sensitivity of two temporal error monitoring components to experimental
manipulations. On the other hand, the fully subjective characteristics of confidence judgments
render them tacitly or phenomenologically introspective. Thus, the belief of agency might be
sufficient per se to guide subjective confidence. Note that the phenomenological account outlined
above does not differentiate between those cases that involve a motor response vs. not and only

refers to the nature of the second order judgment.

Critically, the above mentioned phenomenological differences can also reflect itself at the
implementational (neural) level. For example, error direction monitoring could be mainly encoded
in the medial frontal and motor cortices (see Schie et al., 2004), dorsal and rostral parts of the
anterior cingulate cortex (ACC, Shane et al., 2008); as these areas were found to suggest shared
common neural markers for observed and performed errors in the MFC (including ACC) and
motor cortex (“your mistakes are mine”, Kang et al., 2010; see also: Bates et al.,2005; Spinelli et
al., 2018; Cochin et al., 1999; Miltner et al., 2004). Similarly, the confidence judgments might be
encoded in the dACC, OFC, TPJ and dmPFC areas due to their documented involvement in
self/other distinction (e.g., Walton et al., 2004; Jiang et al., 2022). Neuroimaging and/or
neuromodulation studies would help determine the possible implementational level differences
that might explain the differential sensitivity of different indices of temporal error monitoring to

agency manipulations.
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Finally, the differentiation between the confidence and short-long judgments in the current
study could have been a result of “intentional binding”, which refers to temporal constriction for
the durations between motor action and its physical consequences (Haggard et al., 2002).
Accordingly, the intentional binding would predict short response bias for the self-made
reproductions in short-long judgments. While this is indeed the case for several experiments
(Experiments 2, 3, and 5), it is not persistent in all experiments. Although this inconsistency could
be a result of methodological differences between the experiments, the persisting steeper slope for
“other” conditions in short-long judgments renders the intentional binding an insufficient
explanation for the current results. Furthermore, the potential intentional binding effect is mainly
attributed to the overall response bias; instead of the metacognitive ability. Taken together,
regardless of potential intentional binding effects; the main finding of the current study reveals a
distinction between the error magnitude (i.e., as operationalized with the confidence judgments)

and directionality monitoring (i.e., short-long judgments).

Attentional level. An additional possibility is that participants may have paid less attention to
someone else’s performance (believed to), which would diminish their ability to monitor them
correctly. If this were the case, however, one would expect to see a similar diminishing effect for
the error direction monitoring ability as well (i.e., as indexed with the short-long judgments),
where the precision of error direction classification ability was improved for someone else’s
performance. Thus, while this alternative explanation could hold for the error magnitude
monitoring ability (i.e., indexed with the confidence ratings), it does not apply to the error direction
monitoring ability where the reverse effect was found. Thus, the obtained difference between the
two error monitoring indices could not be directly attributed to the differential attentional

allocation to self-made versus other-made errors.

However note that the disassociation between error direction and confidence was unique
to the blocked designs. We attribute this difference to the differential attentional factors induced
by the experimental designs (instead of self/other distinction): Manipulating agency belief in a
trial-by-trial manner is much more sensitive to attentional effects since it requires participants to
pay attention to the constantly changing trial conditions throughout the experiment. Participants
could overcome this cognitive load by not paying attention to the instructed conditions of the trials
and treat them all as attention requiring.
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Block-based manipulation would be exempt from this kind of diminished effect of
manipulation since the manipulation is constant across all trials within a block. Thus, the induction
of the belief would be sufficient for the effect of the manipulation to persist until the end of that
block.

Given methodological approaches in the six experiments, the current study does not allow
us to come up with any mechanistic explanations on how the discrimination of the agency takes
place in the error direction judgments in Experiment 5. We think that this is most likely due to
distributional differences between empirical and simulated data or a statistical fluke. However, our
K-S test comparisons of the empirical and simulated RTs showed that in the majority of the cases
(80% of these cases), these two datasets were not discriminable. It is likely that the differences in
the source distribution types (e.g., inverse Gaussian vs. Gaussian) might be an informative source
of information (S2.12). Future research is required to directly test the dependence of our results on

such possible differences.

We had a relatively high rate of data discard due to response distributions of first-order
timing performance that fall below the acceptable data quality in the current set of experiments.
All of these exclusions were realized prior to data analysis. There can be many different reasons
for this, which can be listed as differential motivation for completing the study across different
dates of periods in experimentation (e.g., beginning and end of the semester), and uncontrollable
attentional distractions during online experimentation. Nevertheless, the data discarding method
that we followed was based on the reproduction distributions; rather than the temporal error
monitoring ability. Thus, our exclusion does not favor (in fact may disfavor) the temporal error
monitoring hypothesis. Further, this ability has also been validated in samples with less discard
rate (e.g., Yallak & Balci, 2021). Briefly, the effects obtained in the current study cannot be
attributed to the relatively high discard rate in the current study. Nevertheless, as for any other

scientific work, the further replication of our studies would benefit the robustness of our findings.

Overall, the current study demonstrated distinctive features (in terms of sensitivity) of the
error magnitude and direction monitoring components of metric error monitoring, which can be
addressed at different levels. Future studies utilizing neuromodulation methods (e.g., transcranial

magnetic stimulation (TMS), transcranial direct current stimulation (tDCS)) would help elucidate
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the causal roles of different brain areas in different components of metric error monitoring and
their modulation by the belief of agency. For instance, these studies can target supplementary
motor area, left cerebellum, right posterior parietal cortex, and/or right extrastriate body area that
have been implicated in the sense of agency (e.g., Yomogida et al., 2010). Regarding the
independence of confidence and error directionality judgments as two core components of MEM,
our recent research using tDCS shows that precuneus and anterior prefrontal cortex might be
involved in confidence judgments but not error directionality judgments (Yallak, Cigek, Eskenazi
& Balci, in preparation). Coupling this work with the functional magnetic resonance imaging
(FMRI) could help reveal the underlying cognitive and neurological underpinnings of the observed

distinction between confidence and short-long judgments.

Our research utilized explicit interrogation of timing errors (but see Yallak & Balci, 2022
for evidence for metric error monitoring using implicit tasks) and it is possible that there are also
latent signatures of temporal error monitoring that can be gathered from response times and key
press pressure. Monitoring the state of skeletal muscles with electromyography (EMG) while
performing the temporal errors might also help parse out the potential contribution of the motor

preparation in a more granular and parametric fashion.
4.10. Conclusion

This study demonstrates that the critical factor determining the temporal error magnitude
monitoring (in the form of subjective confidence) is the subjective belief of agency (i.e., whether
the performance belongs to the participant). This factor exerts an effect on temporal error
monitoring performance irrespective of motor involvement. Specifically, participants were better
at matching their subjective confidence ratings to error magnitude when they had a belief of agency
on the errors (i.e., absolute distance from the mean reproductions in standard deviation units)
irrespective of the actual source of performance). For error direction monitoring, the actual source
of the error appears to be more critical such that the direction of others’ errors is precisely classified
compared to one’s own performance, particularly when there is a motor component to self-
performance. Together, this study highlights the two aspects of metric error monitoring that
possibly stem from separate read-out mechanisms with differential sensitivities to tacit beliefs and

sensorimotor noise. However, these effects are also potentially sensitive to different attentional
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allocation strategies as observed absence in trial-based manipulation suggests, which should be

investigated in future studies.
Chapter 5
5. General Conclusion

Given the documented distinction between perceptual and metric error monitoring (Yallak
& Balci, 2021), investigating whether the factors that affect the perceptual error monitoring ability
also affect the metric error monitoring ability is an important question to investigate the cognitive
architecture for metacognitive processes in the metric domains. This dissertation addressed this
question in the temporal domain in three distinct studies.

Overall, the current dissertation demonstrated that temporal error monitoring ability is
seemingly robust to exogenous influences, while it is differentially sensitive to different forms of
endogenous influences. The differential sensitivity to endogenous and exogenous factors further
highlights the distinctive cognitive architecture of temporal error monitoring abilities with respect
to perceptual error monitoring. The main reason for this differential sensitivity to the exogenous
factors for the perceptual and temporal error monitoring abilities might be lying in the differential
error characteristics such that timing performance (in the currently investigated form) consist of
motor components (i.e., reproduction) whereas perceptual performance does not. This being said,
the current dissertation cannot posit an ultimate conclusion that temporal error monitoring is fully
insensitive to exogenous factors since only a limited number of such factors has been tested. There
might be other exogenous factors that are not considered by the current dissertation which could
change the temporal error monitoring ability.

The current dissertation, for the first time, demonstrated the magnitude and error
directionality components of the temporal error monitoring ability. While this reveals (partially)
distinct components of metacognition, the current dissertation cannot directly explain in what
aspect these two components exactly differ. For this reason, this distinction is subjected to further
investigations at multiple levels including information processing, neural, phenomenological and
psychophysical levels to further elucidate their unique characteristics. The analytical and
methodological importance of this distinction lies within that these two components need to be

accounted for by separated measures and statistical approaches to fully capture their idiosyncratic



68

characteristics with respect to one another. In practice, this distinction carries crucial importance
in away that it could prevent potential increase in error magnitude that might be caused by inability
to monitor the magnitude even in the case of correct error direction monitoring. For example, being
aware of the error direction but not the magnitude may potentially end up with hypercorrections
which may ultimately result in doubled error magnitudes. These insights carry crucial importance
to develop potential training programs for improving performance at various sports branches in
which keeping track of the time is of critical importance (e.g., swimming, athletics, horseback
riding, synchronized swimming etc.).

Taken together, the current dissertation exhibits the differential effects of endogenous and
exogenous factors on temporal error monitoring ability such that different types and components
are affected from different factors differentially. Finally, the obtained results, so far, validated the
idea that temporal error monitoring has a distinctive mechanism that may not be shared with the
perceptual error monitoring (Yallak & Balci, 2020). Together, these results of the current
dissertation provide important insights regarding the cognitive architecture of the metric error
monitoring ability.

The results presented in the current dissertation may not be directly applicable to the other
metric domains that are not covered here. While previous studies demonstrated metacognitive
correlation between three metric domains (Yallak & Balci, 2021), the idiosyncratic features of
each metric domain should be taken into account given that the metric commonality is assumed to
be partial (e.g., A Theory of Magnitude (ATOM), Walsh, 2006). For this reason, future studies
should still explicitly validate the commonality across three main metric domains (i.e., time, space
and numerosity) in the metacognitive level as well by replicating the studies that are presented in
the current dissertation in spatial and numerosity domains.

While this dissertation has investigated the cognitive architecture of temporal error
monitoring ability, its exact neural underpinnings are vastly unknown. There are a number of
electroencephalography (EEG) studies which point to precuneus for the potential region of
interests (Rol, e.g., Kononowicz et al., 2019; Kononowicz & van Wassenhove, 2019; for a detailed
discussion: Oztel & Balci, 2024). Still, given the limited spatial resolution of EEG and the inability
to establish the causal role of an area of interest and temporal error monitoring performance, future

studies could benefit from utilizing fMRI and TMS methods, respectively. These methodological
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improvements could also be utilized to exhibit the possible neural distinction between confidence

and short-long judgements.
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8. Appendix

8.1. Supplementary Online Materials (Chapter 2)

Descriptives

Variable N Mean Median SD SE
Confidence in Low Load 48 21102 2.0913 0.4267 0.0616
Confidence in High Load 48 2.0856 2.0806 0.4424  0.0639
Confidence in High Load-Easy 48 2.0882 2.0763 0.4480 0.0647
Confidence in High Load-Hard 48 2.0826 2.0697 0.4397 0.0635
Reproductions in Low Load 48 2.69407 2.66223 0.30598 0.04416
Reproductions in High Load 48 2.72542 2.73407 0.29841 0.04307
Reproductions in High Load-Easy 48 2.72432 2.73910 0.30474 0.04399
Reproductions in High Load-Hard 48 2.72860 2.76795 0.30165 0.04354
CV in Low Load 48 0.24972 0.24965 0.07073 0.01021
CV in High Load 48 0.24656 0.25084 0.06810 0.00983
CV in High Load-Easy 48 0.24728 0.25786 0.06875 0.00992
CV in High Load-Hard 48 0.24459 0.23183 0.07101 0.01025
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Table 1. Descriptive statistics of confidence, reproductions and coefficient of variation (CV)

values of reproductions across different working memory load conditions.
8.2. Supplementary Online Materials 1 (Chapter 4)

8.2.1. Comparison between Experiment 1 and Experiment 2. We investigated whether the
reproductions in the observed condition differ across Experiment 1 and Experiment 2. To this end,
we used the target normalized reproductions (i.e., reproduction / (divided by) target duration) as
the dependent variable and experiment number (i.e., Experiment 1 or 2) and target duration as
independent variables. We included the participants as random intercept. Linear mixed effects
model revealed a significant interaction between the experiment number and target duration
(MExperiment 1- Experiment 2 * long-short = 0.23, SE = 0.014, p < 0.001). There was also a significant main
effect of experiment number (Mexperiment 1- Experiment 2 = -0.12, SE = 0.0296, p < 0.001) and target
duration (Miong-short = -0.089, SE = 0.007, p < 0.001), which reveals that the reproductions in the

observation condition in two experiments were significantly different.
8.3. Experiment 1

8.3.1. Confidence judgment. There was a correct overall match between the absolute timing
errors to the confidence judgments (3 =-0.12, SE = 0.02, p < 0.001; intercept = 2.21, SE = 0.06, p
< 0.001), pointing to a temporal error monitoring ability. The main effect of the experimental
condition on confidence judgments was also significant (Mself reproduction-observation = 0.19, SE = 0.03,
p < 0.001). This result demonstrates an overall higher confidence in the participants’ timing
reproductions. The interaction between the absolute timing errors and the experimental condition
was also significant, revealing a steeper negative slope for the self-reproduction condition than the

observation condition (Bself reproduction-observation = '0.09, SE = 003, p= 0006)

8.3.2. Short-long judgment. Logistic mixed-effects showed that the probability of reporting
“long” reproduction increased with increasing signed timing errors (B = 0.89, exp(B) =2.44, SE =
0.04, p <0.001; intercept = 0.062, exp(B) = 1.064, SE = 0.11, p = 0.58). There was also a general
bias towards reporting “long” regardless of the target duration when the reproduction was
performed by the participants (self-reproduction) compared to observing others’ reproduction
(Mself reproduction-observation = 0.15, exp(B) = 1.67, SE = 0.06, p = 0.014).



83

8.4. Experiment 2

8.4.1. Comparison of Coefficient of Variation (CV) of the Reproduced Durations Across
Conditions. We first investigated whether the participants’ timing performances matched the
durations in the observation condition. To this end, we used the coefficient of variation (CV) to
index the participants' timing precision (i.e., lower values indicate higher precision) and compared
it with the observation condition. Mixed ANOVA results revealed no significant interaction
between target duration (i.e., short or long) and experimental condition (i.e., self reproduction or
observation) on the CV of the reproductions (F(1,40) = 0.04, p = 0.84). This null effect also applied
to the main effect of target duration (F(1,40) = 0.01, p = 0.91) and self-reproduction condition
(F(1,40) = 1.71, p = 0.2). Together, these findings demonstrate no difference across the
experimental and target duration conditions regarding their mean CV values (i.e., scalar property;
Gibbon et al., 1997), thus pointing to an overall match across conditions regarding timing
performance. Note that this analysis could not occur in Experiment 1 as the reproduced durations
used in the observation condition were obtained in a between-subject design (i.e., as gathered from
Akdogan & Balci, 2017).

8.4.2. Confidence Judgments. Linear mixed-effects model demonstrated a significant overall
temporal error monitoring ability (i.e., negative relationship between absolute timing error and
confidence judgments; 8 = -0.10, SE = 0.02; p < 0.001; intercept: 2.14, SE = 0.07, p < 0.001),
target duration (Mshort-long = 0.10, SE = 0.03; p = 0.001) which reveals an overall higher confidence
judgment for short compared to the long target duration and experimental condition (Msei reproduction-
observation = 0.15, SE = 0.03; p < 0.001) pointing to overall higher confidence when the self performs
the reproduction. Moreover, the interaction between the target duration and experimental condition
on confidence judgment (Mshort-long*self reproduction - observation = 0.15, SE = 0.06; p = 0.013) showed that
the mean confidence judgment difference across target durations was larger when the participant
themselves made the reproduction. Furthermore, no interaction was observed between the target
duration and absolute timing errors (p = 0.4). Finally, the three-way interaction was not statistically

significant (p = 0.31).

8.4.3. Short-Long Judgments. There was a significant positive relationship between the signed

timing error and short-long judgments (3 = 0.97, exp(B) = 2.63, SE = 0.04; p < 0.001; intercept =
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0.07, exp(B) =1.07, SE = 0.10, p = 0.49), revealing an increased probability of reporting “long” as
the signed timing error increased. The main effect of the experimental condition was also
statistically significant (Mseif reproduction-observation = -0.35, exp(B) = 0.71, SE = 0.06; p < 0.001), which
points to a “short” response bias for the reproductions performed by the participants themselves.
This finding contradicts Experiment 1, which pointed to a reverse effect. The interaction between
target duration and experimental condition was statistically significant (Mshort-long*self reproduction-
observation = -1.05, exp(B) = 0.35, SE = 0.13; p < 0.001). However, the interaction between target
duration and signed timing error was not statistically significant (p = 0.49). Similarly, the three-
way interaction between target duration, experimental condition, and signed timing error on the

short-long judgment was not statistically significant (p = 0.55).
8.5. Experiment 3

8.5.1. Confidence Judgments. We investigated the temporal error monitoring ability for
confidence judgments as in the first two experiments. There was a significant negative relationship
between the absolute timing error and the confidence judgments (3 = -0.07, SE = 0.023, p = 0.002;
intercept = 2.28, SE = 0.07, p < 0.001). Moreover, there was a significant main effect of the
experimental condition on the confidence judgments (Mseif reproduction-mimicked reproduction = 0.26, SE =
0.04, p < 0.001), pointing to higher confidence for the temporal errors that belong to the

participants themselves compared to the mimicked ones.

8.5.2. Short-long judgements. We investigated the relationship between the signed temporal
errors and the short-long judgments in isolation from the confidence judgments. Logistic linear
mixed effect analysis demonstrated a significant positive relationship between the signed temporal
errors and the short-long judgments (3 = 0.866, exp(3) =2.376; SE = 0.053, p < 0.001; intercept =
0.27, exp(B) = 1.31, SE = 0.14, p = 0.06). This result demonstrates an overall accurate temporal
error classification regardless of the experimental conditions. Moreover, mimicked reproductions
were classified to be longer than the reproductions that are performed by the participants (Mseit
reproduction-mimicked reproduction = -0.411, exp(8) = 0.663; SE = 0.083, p < 0.001).

8.6. Experiment 4



85

8.6.1. Confidence judgments. As in all previous experiments, the linear mixed effects model
revealed a negative relationship between the absolute timing error and confidence ratings (B = -
0.18, SE = 0.03, p < 0.001; intercept = 2.15, SE = 0.05, p < 0.001), demonstrating an overall
temporal error monitoring ability regardless of the experimental condition. However, there was no
main effect of the experimental condition on confidence judgments (p = 0.61), which demonstrated

no biasing effect of the experimental manipulation on the mean confidence level.

8.6.2. Short-long judgements. For the short-long judgments, the generalized mixed effects model
revealed only a significant positive relationship between signed timing error and short-long
judgments (B = 1.60, SE = 0.08, exp() = 4.94, p < 0.001; intercept = 0.42, SE = 0.13, exp(B) =
1.52, p < 0.001), which demonstrates an overall correct short-long classification of the observed

durations.
8.7. Experiment 5

8.7.1. Confidence judgments. Linear mixed effects model showed a significant negative
relationship between absolute timing error and confidence judgments (3 = -0.17, SE = 0.02, p <
0.001; intercept = 2.08, SE = 0.07, p < 0.001), revealing an overall temporal error monitoring
ability as reflected in the correct match between temporal error magnitude and corresponding
confidence. Furthermore, there was a main effect of instruction type on confidence judgments
(Mbelief of non agency-belief of agency = -0.10, SE = 0.03, p = 0.0017), which points to an overall higher
confidence rating when participants believed that the reproduction belonged to themselves (i.e.,
belief of agency) compared to another participant (i.e., belief of non agency). The remaining

effects were not statistically significant (all ps > 0.05).

8.7.2. Short-long judgments. The generalized mixed model revealed a significant positive
relationship between signed timing error and the short-long judgments (3 = 1.25, SE = 0.05, exp(B)
= 3.48, p < 0.001; intercept = 0.23, exp(B) = 1.26, SE = 0.13, p = 0.07), revealing an overall
temporal error monitoring ability. The main effect of the source of data was also statistically
significant (Msimulated reproduction-empirical reproduction= 0.14, SE = 0.07, exp() = 1.15, p = 0.03), which
demonstrates an overall tendency to classify the observed reproductions that are simulated as
“long” with higher probability. Moreover, there was a significant interaction between the source

of data and instruction type on short-long judgments (Msimulated reproduction-empirical reproduction* belief of non
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agency- belief of agency = -0.37, SE = 0.13, exp(B) = 0.69, p < 0.01). Bonferroni corrected post hoc
comparisons revealed a significant difference between the agency-congruent (i.e., both the
reproduction belonged to the participant and the instruction was “YOUR”) and non agency-
incongruent (i.e., the reproduction did not belong to the participant but the instruction was
“YOUR”) in terms of “long” classifications (exp(l3)empirical reproduction&belief of agency - simulated
reproduction&belief of agency = 0.72; SE = 0.067, Poonferoni = 0.003), suggesting that probability of
responding “long” was higher for the empirical reproduction compared to simulated reproduction

when participants were simply instructed to have agency.
8.8. Experiment 6

8.8.1.1. Confidence Judgments. Online experiment. As in the first three experiments, we
investigated the relationship between absolute timing error and confidence ratings across the
experimental conditions. Linear mixed effects model revealed a significant negative relationship
between absolute timing error and confidence ratings (B = -0.33, SE = 0.026, p < 0.001; intercept
= 2.29, SE = 0.065, p < 0.001), which points to an overall temporal error monitoring ability
regardless of the experimental condition.

8.8.1.2. Lab experiment. The linear mixed-effects model revealed a significant negative
relationship between the absolute timing errors and confidence ratings (8 = -0.21, SE = 0.03, p <
0.001; intercept = 2.09, SE = 0.05, p < 0.001), pointing to an overall temporal error monitoring
ability as reflected in correct error magnitude reports. Unlike the online experiment, there was a
significant main effect of the experimental condition (Mbelief of agency - belief of non agency = 0.14, SE =
0.04, p = 0.002), revealing higher confidence ratings in the belief of agency condition. This result

is in line with the first three experiments that were conducted as online experiments.

8.8.2.1. Short-long Judgments. Online experiment. We investigated the relationship between the
signed timing errors and short-long judgments across the belief conditions. As in the case of
confidence ratings, the linear mixed model revealed only the significant relationship between
signed timing error and short-long judgments (3 = 1.42, SE = 0.08, exp() = 1.20, p < 0.001;
intercept = 0.67, exp(B) = 1.95, SE = 0.18, p < 0.001). Moreover, belief conditions had no
significant main effect on long judgment probability (all ps > 0.05).
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9.7.2.2.Lab experiment. The generalized mixed model revealed only the significant relationship
between signed timing error and short-long judgments (3 = 1.87, SE = 0.09, exp() = 6.50, p <
0.001; intercept = 0.93, exp(B) = 2.52, SE = 0.21, p < 0.001).

8.9.1. Combined Analyses

To test the robustness of the obtained interaction terms (Brysbaert, 2019%), we combined the data
associated with experiments with similar methodological approaches and re-ran the linear mixed

effects models.

8.9.1.1. Experiment 1 and 2 combined: Confidence Judgments. As a result of combining the
data associated with the first two experiments, linear mixed effects model revealed an overall main
effect of the absolute timing error (8 =-0.107, SE = 0.012, p < 0.001; intercept = 2.18, SE = 0.047,
p < 0.001), main effect of experimental condition (Mseif reproduction - observed = 0.17, SE = 0.021, p <
0.001), main effect of target duration (Mshort - 1ong = 0.081, SE = 0.021, p < 0.001) on confidence
judgments. Moreover, the interaction between the absolute timing errors and the experimental
condition was statistically significant (Bself reproduction - observed = -0.143, SE = 0.024, p < 0.001),
demonstrating a steeper negative slope for self condition compared to the other condition.
Critically, this interaction did not change across target durations (Bself reproduction - observed * short-long =
0.047, SE = 0.048, p = 0.033). While all the simple slopes for the self condition was statistically
significant in the negative direction (13 seif reproduction, short = -0.16, SE = 0.025, p < 0.001; Bseif
reproduction, long = -0.192, SE = 0.024, p < 0.001), this was not the case for the simple slopes for the
other condition (Bobserved, short = -0.045, SE = 0.024, p = 0.064; Bobserved, long = -0.026, SE = 0.024, p
=0.28).

8.9.1.2. Experiment 1 and 2 combined: Short-long Judgments. The combination of the data
from the first two experiments yielded an overall significant main effect of signed timing errors
on short-long judgments (3 =0.91, SE = 0.029, exp(B) = 2.48, p < 0.001; intercept = 0.061, SE =
0.074, exp(B) = 1.06, p = 0.41). The main effect of the experimental condition on short-long
judgments was also statistically significant (Msef reproduction - observed = -0.091, SE = 0.044, exp(B) =

0.91, p = 0.037). However, the main effect of target duration on short-long judgments was not

! Bryshaert, M. (2019). How many participants do we have to include in properly powered experiments?
A tutorial of power analysis with reference tables. Journal of Cognition, 2(1).
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significant (Mshort-long = 0.023, SE = 0.044, exp(8) = 1.023, p = 0.598). There was a significant
interaction between the signed timing error and experimental conditions (Bself reproduction - observed = -
0.254, SE = 0.057, exp(B) = 0.78, p < 0.001), pointing to a steeper slope for other condition.
Similarly, the interaction between the experimental condition and target duration was statistically
significant (Mseif reproduction - observed*short-long = -0.51, SE = 0.088, exp() = 0.6, p < 0.001). However,
the three-way interaction between target duration, experimental condition and the signed timing
error was not statistically significant (Bself reproduction - observed*short-long = -0.12, SE = 0.11, exp(B) =
0.89, p = 0.31). All simple slopes were statistically significant (Bself reproduction, short = 0.76, SE =
0.055, exp(B) = 2.14, p < 0. 001; Bself reproduction, tong = 0.80, SE = 0.055, exp(8) = 2.23, p < 0.001;
Bobserved, short = 1.07, SE = 0.061, exp(B) = 2.92, p < 0.001; Bobserved, long = 0.999, SE = 0.057, exp(B)
=272, p <0.001).

8.9.1.3. Experiment 4 and 6 combined: Confidence Judgments. The combined model revealed
a significant main effect of absolute timing error (8 = -0.24, SE = 0.02, p < 0.001; intercept = 2.17,
SE =0.33, p <0.001) and experimental condition on confidence judgments (Mseif reproduction - observed
= 0.067, SE = 0.026, p = 0.009), revealing higher confidence for the self made errors. However,
the interaction between the absolute timing errors and the experimental condition was not
statistically significant (Bself reproduction - observed = -0.045, SE = 0.0301, p = 0.14). The simple slopes
were statistically significant in the negative direction for both experimental conditions (Bseif

reproduction = '0.26, SE = 0022, p < 0001, Bobserved = -0.21, SE = 0021, p < 0001)

8.9.1.4. Experiment 4 and 6 combined: Short-long Judgments. The combined generalized
linear mixed effects model revealed a significant main effect of signed timing errors on short-long
judgments (8 = 1.62, SE = 0.047, exp(B) = 5.056, p < 0.001; intercept = 0.66, SE = 0.10, exp(B) =
1.94, p <0.001). However, neither the main effect of experimental condition (Mself reproduction - observed
= 0.09, SE = 0.058, exp(B) = 1.094, p = 0.12) nor the interaction between the experimental
condition and signed timing error was statistically significant (Bself reproduction - observed = -0.025, SE =
0.090, exp(B) = 0.98, p = 0.778). Simple slopes revealed significant positive slope for both
experimental conditions (Bself reproduction = 1.61, SE = 0.065, exp(B) = 4.99, p < 0.001; Bobserved = 1.63,
SE =0.064, exp(8) =5.12, p < 0.001).

8.10. Descriptive Statistics



Table S1.1.

Descriptive statistics for reproductions for all experiments across conditions

Experiment Target Experimental Mean SD
duration condition
Experiment  Short (1.5 Self reproduction 1.76579 0.50055
1 Secs)
Observation 1.41754 0.30136
Long (3.0 Self reproduction 2.91717 0.77155
Secs)
Observation 2.91506 0.62318
Experiment  Short (1.5 Self reproduction 1.69227 0.41382
2 Secs)
Long (3.0 Self reproduction 3.07072 0.68997
Secs)
Short (1.5 Observation 1.76579 0.50055
secs)
Long (3.0 Observation 2.91717 0.77155
Secs)
Experiment  Long (3.0 Self reproduction 2.93184 0.74731

3 Secs)
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(3.0

(3.0
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(3.0
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Belief of agency
(Instruction:
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Belief of non agency
(Empirical
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Belief of agency
(Simulated

reproduction)

Belief of non agency
(Simulated

reproduction)

Belief of agency
(Instruction:
“YOURS”)

2.94213

3.13100

3.12104

3.11343

3.09059

3.05290

3.11565

3.25998

0.80205

0.72508

0.75059

0.63541

0.63555

0.70929

0.71439

0.89804
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Long (3.0 Belief of non agency 3.27537 0.97408
Secs) (Instruction:
“OTHER’S”)
Experiment  Long (3.0 Belief of agency 3.15583 0.63327
6 (online) secs) (Instruction:
“YOURS”)
Long (3.0 Belief of non agency 3.16572 0.68805
Secs) (Instruction:
“OTHER’S”)
Table S1.2.

Descriptive statistics for reproductions for all experiments across short-long judgements

Experiment Short-long Target duration Mean SD
judgement
Experiment 1 Short Short .5 1.46937 0.40514
Secs)
Long (3.0 secs) 2.67436 0.61215
Long Short (15 1.71163 0.45582
Secs)
Long (3.0 secs) 3.14893 0.70211



Experiment 2

Experiment 3

Experiment 4

Experiment 5

Experiment

(laboratory)

Experiment 6 (online)

Short

Long

Short

Long

Short

Long

Short

Long

Short

Long

Short

Short (1.5

secs)

Long (3.0 secs)

Short (1.5

Secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

Long (3.0 secs)

1.54549

2.74524

1.90686

3.24438

2.68320

3.16221

2.80202

3.37017

2.81192

3.33992

2.73579

3.56811

2.84748

0.38225

0.72111

0.46042

0.66191

0.69997

0.73403

0.73056

0.64328

0.61976

0.62360

0.69224

0.92347

0.59611
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Long Long (3.0 secs) 3.36196 0.62167

Table S1.3.

Linear mixed effects models with complex random effect structures. All models included the

highest interaction term as random slope across participants as random effect structure

Experiment

Number

Dependent Variable

Issue Encountered

1

1

Confidence judgments

Short-long judgments

Confidence judgments

Short-long judgments

Confidence judgments

Short-long judgments
Confidence judgments
Short-long judgments
Confidence judgments

Short-long judgments

cannot be computed due to too complex random effect structure

ar fit (possibly due to overfitting caused by too complex random
effect structure)

cannot be computed due to too complex random effect structure

ar fit (possibly due to overfitting caused by too complex random
effect structure)

ar fit (possibly due to overfitting caused by too complex random
effect structure)

cannot be computed due to too complex random effect structure
cannot be computed due to too complex random effect structure
cannot be computed due to too complex random effect structure
cannot be computed due to too complex random effect structure

ar fit (possibly due to overfitting caused by too complex random
effect structure)

6 onfidence judgments (lab) cannot be computed due to too complex random effect structure

6 short-long judgments (lab) ar fit (possibly due to overfitting caused by too complex random

effect structure)

6 idence judgments (online) cannot be computed due to too complex random effect structure
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6 rt-long judgments (online) ar fit (possibly due to overfitting caused by too complex random
effect structure)

Figure S1.1.

An example of discarded individual data due to unrealistic reproductions
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Figure S1.2.

An example of discarded individual data due to unrealistic reproductions
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Figure S1.3.

A representation of data distributions for confidence (most left) and short-long judgements
(middle) and reproduced durations (most right). Data presented in the figure are associated with
an individual participant tested in Experiment 2.
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Figure S1.4
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The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 1.
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The relationship between signed timing error and short-long judgements across experimental

conditions for per participant in Experiment 1.
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The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 2.
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The relationship between signed timing error and short-long judgements across experimental

conditions for per participant in Experiment 2.
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The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 3.
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The relationship between signed timing error and short-long judgements across experimental

conditions for per participant in Experiment 3
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The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 4.
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The relationship between signed timing error and short-long judgements across experimental
conditions for per participant in Experiment 4.
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Figure S1.12.

The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 5.
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The relationship between signed timing error and short-long judgements across experimental
conditions for per participant in Experiment 5.

Experiment 5 Short-Long Judgements
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Figure S1.14.

The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 6 (in lab setting).
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The relationship between signed timing error and short-long judgements across experimental

conditions for per participant in Experiment 6 (in lab setting).

Experiment 6 Short-Long Judgements [lab]
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Figure S1.16.

The relationship between absolute timing error and confidence judgements across experimental

conditions for per participant in Experiment 6 (in online setting).

Experiment 6 Confidence Judgements [onling]

Participant 1 Participant 2 Participant 3
8 B3 g3
5 & 5
2 22 o 2
£ £ £ —|
8 81 81
3 [1] 1 2 3 [1] 1 2 3
absolute timing error absolute timing error
Partici 5 Participant 6
3 83 B3
5 5 5
o o2 - D2 | - =
E £ E ___...----"'
8 81 81
3 [1] 1 2 3 i} 1 2 3
absolute timing error absolute timing error absolute timing error
83 Participant 7 %3 Participant 8 3 Participant 9
5 5 5,
] ZEM‘Q a2 mee s 4 B of— .
2 2 \ E
81 81 81
[1] 1 2 3 [1] 1 2 3 [1] 1 2 3
absolute timing error absolute timing error absolute timing error
Participant 10 . Particif 11 Particij 12
3 3 g3
5 5 5
D2 e — - . ] T —— - f e — —
E E E
81 81 81
[1] 1 2 3 [1] 1 2 3 [1] 1 2 3
absolute timing error absolute timing error absolute timing error
Participant 13 Participant 14 Participant 15
33 £ 83 2 33 P2
5 5 5
el T —— . . . o2 , o2
£ E £
81 81 81
[1] 1 2 3 [1] 1 2 3 [1] 1 2 3
absolute timing error absolute timing error absolute timing error
Participant 16 Particif 17 Particij 18
g3 B3 g3
5 & 5
D2 ==slET T Zmaee & . 2= T .
£ E £
81 81 81
[1] 1 2 3 [1] 1 2 3 [1] 1 2 3
absolute timing error absolute timing error absolute timing error
Participant 19 P; 20 P i 21
B3 8 B3
5 — g 5
e T TR O ofam - - anr Dl oy - . .
E £ E pe———
81 81 81
1] 1 2 3 [1] 1 2 3 i} 1 2 3
absolute timing error absolute timing error absolute timing error
Participant 22 Participant 23
33 2 33 2
=4 C n
[ ] = belief of agency
%ZK % — = belief of non agency
81 81
[1] 1 2 3 [1] 1 2 3

absolute timing error absolute timing error



110

Figure S1.17.

The relationship between signed timing error and short-long judgements across experimental

conditions for per participant in Experiment 6 (in online setting).

Experiment 6 Short-Long Judgements [onlineg]
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9.10. Supplementary Online Materials 2 (Chapter 4)

Table S2.1. Model results for confidence judgments in Experiment 1

Model Info
Info
10206.1
AlC 0990
10271.2
BIC 4970
LogLikel. 5093.05
493
R-squared 0.01826
Marginal
R-squared
Conditional L g

Fixed Effects Parameter Estimates

111

95%
Confidence
Interval
Names Effect B SE Lower Uepe df t p

2214 0.062 2.091 2337 3524 <.00
(Intercept) (Intercept) 69 85 59 87 22.58 02 001
absolute absolute ~0.016 i ~ 4966. <00
. o 0.108 0.141 0.075 6.412
timing error timing error 6 93 76 4 63 7 001
target 0.058 0.030 ~0.118 4963. 1.941 0.052
duration1 short - long 74 25 5'5292 04 46 7 23
experimental ?glfro duction 0.192 0.030 0.133 0.251 4964. 6.345 <.00
condition1 P \ 45 33 00 9 66 0 o001

- observation

target short - long ] ) ) ]
duratl_onl b S %k self ' 0.154 0.060 0272  0.035 4963. 2 546 0.010
experimental  reproduction 1 53 75 5 62 2 92

conditionl

- observation



Fixed Effects Parameter Estimates

112

95%
Confidence
Interval
Names Effect B SE Lower Uepe df t p
absolute absolute
timing error  timing error ~0.033 ~0.050 4963. 0.647
* target %k short - 0.015 65 0.081 58 83 0.457 67
) 4 34 0
durationl long
absolute absolute
timing error timing error - - - -
" * self 0.092 O'Ogi 0.158  0.026 496952' 2731 o.ogg
experimental  reproduction 3 60 1 2
conditionl - observation
absolute absolute
timing error timing error
%k target % short - 0.163 0.067 0.031 0.295 4964. 2.429 0.015
durationl sk long >k self 65 36 63 67 17 6 15
experimental  reproduction
conditionl - observation
Simple effects of absolute timing error : Parameter estimates
5 -
Moderator levels 95% Confidence
Interval
target experimenta
duration | condition B SE Lower  Upper df t P
short seit 191 0035 1902 00528 4% 3467 00005
reproduction 04 6 3
5 2 2 7
observation 0111 %032 01750 00470 48 3400 ©-0006
64 5 8
0 1 1 6
self . 0.035 - 496 © <000
long reproduction 0.18(5; 05 0.256g 0.119123 6 5.36; 01



Simple effects of absolute timing error : Parameter estimates

113

S .
Moderator levels 95% Confidence
Interval
target  experimenta
duration | condition b SE Lower Upper  df t p
observation 0013 0032 gg7eg 00492 4% 4,59 06678
8 16 5 5 4 ; 1

Table S2.2. Model results for short-long judgments in Experiment 1

Model Info
Info Value Comment
. . Unconditional Log-

LogLikel. 3061.4 Likelihood
268

. . 6122.8  Unconditional

*

|2 LogL ike 536 absolute deviance

Deviance 6049.4 Conditional relative
332 deviance

R-squared  0.1571  Marginal

R-squared  0.2151  Conditional
6140.8 .

AIC 500 Less is better
6199.4 .

BIC 795 Less is better

Residual 4975.0

DF 000

Chi- . .

squared/D 1.0040 Overdispersion

F

indicator




Fixed Effects Parameter Estimates

114

95% 95% Exp(B)
Confidence Confidence
Interval Interval

Names Effect [} SE Lowe Uppe exp( Lowe Upp z p
r r B) r er

(Interce  (Interce  0.06 0.11 615 028 1.0 0.8 1.3 055 0.58
pt) pt) 2 19 g 11 64 54 3 23 08
target - - -

) short - 0.06 0.08 0.9 0.8 1.0 0.60
duratio 0.03 0.15 0.51
n1 long 5 18 3 94 69 58 9 3 78

) self
XPENM  reprodu
ental cti%n- 0.15 0.06 0.03 0.27 1.1 1.0 1.3 2.45 0.01
conditio 2 18 04 28 64 31 1 08 43

observa

nl :

tion
fi'r%]ri‘ﬁd fi'r?]?ﬁd 089 003 081 09 24 22 26 223 <.00

g 9 1 98 56 8 3 53 3 76 001
error error
target short -
duratio long 3k
nl sk self -

. d 5.92 0.12 0.24 0.24 1.0 0.7 1.2 0.00 0.99
eXperim — Teprodu ge4 37 ' 30 01 8 8 48 62
ental ction - 2
conditio  observa
nl tion
target i
duratio fgr?;t
nl sk g 0.07 014 09 08 1.1 0.91
signeg  Sgned 000 g 0165 g9 59 5 010 5
2 timing 9 3 9
timing

error
error
experim self

P reprodu
ental !
conditio ction - - - }

. observa oo 007 .. 007 09 07 10 .. 029
n == tion sk : 87 ' 15 21 89 7 ' 29
signed . 3 7 2
2 signed
timing I

timing
error

error
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Fixed Effects Parameter Estimates

95% 95% Exp(B)
Confidence Confidence
Interval Interval
Names  Effect B SE Lowe ~Uppe exp( Lowe Upp z p
r r B) r er
target short -
duratio long
nl sk self
experim  reprodu i i i
ental ction - 0.15 0.7 0.5 0.9 0.02
conditio  observa 0.35 74 06 008 00 14 5 2.26 36
i 6 5 8 3
nl sk tion =k
signed signed
timing timing
error error
Simple effects of signed timing error : Parameter estimates
(0)
=
Moderator levels Confidence PAE
Confidence
Interval
Interval
Eiirrg:'; experiment 8 SE Low Upp exp( Low Upp .
on al condition er er B) er er b
self
short  reproductio 0.75 0.078 060 090 21 1.8 2.4 9.67 <.00
0 57 11 26 88 29 27 81 5 001
observation 1.01 0082 08 117 27 2.3 3.2 12.2  <.00
66 68 45 86 64 50 50 96 001
on fg'fro o 094 0081 078 110 25 21 30 115 <.00
g np 24 59 25 23 66 87 11 51 001

084 0072 070 099 23 20 26 116 <.00

observation 71 97 41 01 3'3 22 92 09 001




Table S2.3. Model results for confidence judgments in Experiment 2

Model Info
Info
10341.2
AlC 1640
10406.3
BIC 1810
LogLikel. 5160.60
821
R-squared 0.01980
Marginal
R-squared
Conditional 0.19ga4

Fixed Effects Parameter Estimates

116

95%
Confidence
Interval
Names Effect [ SE Lorvve Up;pe df t p

2.135 0.067 2.002 2.268 31.42 <.00
(Intercept) (Intercept) £ 95 36 73 22.30 65 001
absolute absolute ~0.017 _ _ 4947, <00
timing error timing error 0'108 52 0'132 0'062 25 5'751 001
target short - lon 0.098 0.030 0.039 0.158 4945. 3.264 0.001
duration1 9 77 26 47 07 06 4 10
experimental ?slfroduction 0.151 0.030 0.092 0.210 4945. 4994 <.00
conditionl P . 43 32 00 86 94 2 001

- observation

target short - long
durationl =k % self 0.149 0.060 0.031 0.268 4944. 2475 0.013
experimental ~ reproduction 63 46 14 12 68 0 36

conditionl

- observation



Fixed Effects Parameter Estimates

117

95%
Confidence
Interval
Names Effect [ SE Lorvve Up;pe df t p
absolute absolute
timing error timing error 0.031 0.034 0 037' 0.099 4945. 0.890 0.373
* target * short - 10 92 ' 3 55 93 6 18
durationl long
absolute absolute
timing error timing error 4 - - -
s % self 0200 %9 0271 0134 P 5784 T
experimental  reproduction 7 5 1 3
conditionl - observation
absolute absolute
timing error timing error
*k target sk short - ~0.069 ~0.066  4945. 0312
0.070 0.207 1.009
durationl long *k self 4 73 1 29 26 3 89
experimental  reproduction
conditionl - observation
Simple effects of absolute timing error : Parameter estimates
5 X
Moderator levels 95% Confidence
Interval
target  experiment
duration al condition b SE Lower  Upper df t b
self 0035 i . 494 ~ <.000
short reproduction 0.2042 14 0.2731 0.1354 7 5.813 01
9 9 0 7
: 0.0336  0.035 01035 494 0.944 0.3450
observation 7 65 0.036§ 5 5 3 9
self _0.033 . 494 ~<.000
long reproduction O.ZOOi 38 0.2652 0.134; 6 5.99; 01



Simple effects of absolute timing error : Parameter estimates
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5 :
Moderator levels 95% Confidence
Interval
target  experiment
duration  al condition b SE  Lower Upper  df t p
observation 00326 003> g1op5 00372 49444, 03602

Table S2.4. Model results for short-long judgments in Experiment 2

Model Info
Info Value Comment
. . Unconditional Log-

LogLikel. 3015.4 Likelihood
381

. . 6030.8  Unconditional

*

|2 LogL ike 762 absolute deviance

Deviance 5963.1 Conditional relative
816 deviance

R-squared  0.1949  Marginal

R-squared  0.2382  Conditional
6048.8 .

AIC 800 Less is better
6107.4 .

BIC 677 Less is better

Residual 4956.0

DF 000

Chi- . .

squared/D  1.0033 Overdispersion

F

indicator




Fixed Effects Parameter Estimates

119

95% Exp(B)

Confidence
Interval
Names Effect [ SE eé[))( Lorvve Uﬁ),pe z p
0.069 0.099 1.07 0.88 1.30 0.694 0.487
(Intercept) (Intercept) 09 53 15 16 23 9 56
signed timing  signed timing  0.966 0.042 262 241 285 2259 <.00
error error 11 76 77 65 74 61 001
target short - lon 0.088 0.062 1.09 0.96 1.23 1399 0.161
durationl g 15 98 22 53 57 6 63
. self - -
experimental . 0.063 0.70 0.62 0.79 <.00
conditiont ~reproduction--0.347 ", g 5 g5 S5 g
observation 3 5
target short - long = ) .
durationl >k self 0126 035 027 044 <.00
experimental reproduction - 1'042 13 03 36 86 8'313 001
conditionl observation
signed timing - signedtiming o o000, 106 089 125 0692 0.488
error > target  error > short 60 65 03 82 17 5 82
durationl - long
signed timing  signed timing
error 3k error * self ~0.084 062 052 0.73 S <.00
. ; AT7 .632
experimental reproduction - 0 1 71 06 56 26 > 637 001
conditionl observation
signed timing  signed timing
error K target - ermor Ak short 199 0169 110 079 154 0592 0553
durationl >k - long =k self 35 30 56 34 06 7 38

experimental
conditionl

reproduction -
observation
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Simple effects of signed timing error : Parameter estimates

Moderator 95% Exp(B)
levels Confidence Interval
exgoer:(ijrir:;agr':al (] SE eéF))( Lower Upper z p
reproductsf)lrt 0;5 0.03;1 278 1.859 2.306 1233; <082
observation 133 0'08;1 332 2.937 3.789 1584 <08(1)

Note. Simple effects are estimated keeping constant other independent variable(s) in
the model

Table S2.5. Model results for confidence judgments in Experiment 3

Model Info
Info
6049.56
AIC 190
6085.47
BIC 880
LogLikel. 3018.78
093
R-squared 0.01525
Marginal
R-squared
Conditional 0.23480

Fixed Effects Parameter Estimates

95%

Confidence

Interval
Names Effect B SE Lorvve Uprpe df t p
(Intercept) (Intercept) 2279 0.071 213 2419 99.90 31.9 <.00

52 43 95 51 14 001



Fixed Effects Parameter Estimates

121

95%
Confidence
Interval
Names Effect [ SE Lor‘”e Up;pe df t p
self
experimental  reproduction - 0.262 0.040 0.18 0.340 2915. 6.53 <.00
conditionl mimicked 25 14 36 92 18 4 001
reproduction
a_bsplute absolute timing 0.072 0.022 011  0.027 2918. 315 0.001
timing error error 88 31 63
1 7 3 3
self
experimental  reproduction -
conditionl sk mimicked ~ 0.045 p ~ 2916. <00
absolute reproduction >k 023? 51 0'3§ 0'143 22 5'13 001
timing error absolute timing
error
Simple effects of absolute timing error : Parameter estimates
Moderator 95% Confidence
levels Interval
experimental
condition B SE Lower Upper df t p
self - 0.029 R A 29 - <.00
: 0.188 0.2466  0.130 6.38
reproduction 71 55 5 8 19 5 001
mimicked  0.044 0.034 0023é 0.112 29 127 0.202
reproduction 43 81 ' 4 7 21 6 02

Table S2.6. Model results for short-long judgments in Experiment 3



Model Info
Info Value Comment
. . Unconditional Log-

LogL.ikel. 1772.3 Likelihood
570

. . 3544.7  Unconditional

*

|2 Logl ike 141 absolute deviance

Deviance 3453.2 Conditional relative
635 deviance

R-squared  0.1411  Marginal

R-squared  0.2537  Conditional
3554.7 .

AIC 100 Less is better
3584.6 .

BIC 449 Less is better

Residual 2935.0

DF 000

Chi- Overdispersion

squared/D  0.9828 .~ - P

- indicator

Fixed Effects Parameter Estimates

122

95% Exp(B)

Confidence
Interval
Names Effect [ SE eép( Lowe  Uppe z p

) r r
(Intercept) (Intercept) 026 0141 130 0990 1.727 1.89 0.058
P P 85 89 80 4 3 2 47
signed timing  signed timing 0.86 0.053 237 2140 2638 16.2 <.00
error error 55 38 63 2 3 14 001

self i i

experimental reproduction - 0.41 0.083 0.66 0.563 0.781 192 .00
conditionl mimicked ' 1 34 33 3 0 ' 5 001

reproduction



Fixed Effects Parameter Estimates

123

95% Exp(B)

Confidence
Interval
Names Effect [ SE exp( Lowe  Uppe z p
B) r r
signed timing S|gne(i‘t|m||?g i i
error error = s 0104 079 0.643 0.969 0.024
. reproduction - 0.23 2.25
experimental s 59 02 7 9 34
- mimicked 6 2
conditionl )
reproduction
Simple effects of signed timing error : Parameter estimates
Moderator 95% Exp(B)
levels Confidence Interval
experimental exp(
condition SE B) Lower Upper z p
self 074 0.065 21 11.  <.00
reproduction 78 54 12 1.858 2.402 41 001
mimicked 098 0.082 2.6 11. <.00
reproduction 33 91 73 2.212 3.145 86 001

Table S2.7. Model results for confidence judgments in Experiment 4

Model Info
Info
5655.39
AIC 150
5690.47
BIC 810
LogLikel. 2821.69
574
R-squared 0.01863

Marginal



Model Info

Info

R-squared
Conditional

0.12433

Fixed Effects Parameter Estimates

124

95%
Confidence
Interval
Names Effect [} SE Lorwe Upper df t p
2.153 0.053 2.047 2.258 39.98 <.00
(Intercept) (Intercept) 42 86 86 980 32.26 34 001
absolute absolute ~0.026 ; . 2544, . <.00
. .. 0.177 0.228  0.126 6.803
timing error timing error 4 08 5 29 27 5 001
belief of )
experimental  agency — 0.021 0.044 0.065 0.108 2535. 0.489 0.624
conditionl belief of non 77 45 ' 4 894 37 8 33
agency
absolute
absolute .
timing error “m'”9 error - - - -
& * belief of 0.108 0.051 0209 0007 2536. 2102 0.035
. agency — 60 29 59
experimental . 5 7 36 7
belief of non

conditionl

agency




Simple effects of absolute timing error : Parameter estimates

125

S :
Moderator levels % /OI rC]:t(;r::‘/;dlence
experimental
condition [ SE Lower Upper  df t p
belief of agency 0,231 o.ogg 0304  0.1591 252 6.26 <'08(1)
7 2 0 1
belief of non ~ 0.036 . 254 ~0.000
agency o.12i 12 0.192 0.051; 3 3.3213 23

Table S2.8. Model results for short-long judgments in Experiment 4

Model Info
Info Value Comment
. . Unconditional Log-

LogLikel. 1368.3 Likelihood
346

) . 2736.6  Unconditional

*

|2 Logl ike 693 absolute deviance

Deviance 2664.2 Conditional relative
704 deviance

R-squared  0.3433  Marginal

R-squared  0.4052  Conditional
2746.6 .

AIC 200 Less is better
2775.9 .

BIC 081 Less is better

Residual 2555.0

DF 000

Chi- . .

squared/D  1.0406  Overdispersion

F

indicator




Fixed Effects Parameter Estimates

126

95% Exp(B)

Confidence
Interval
Names Effect B SE exp( Lowe  Uppe z p
B) r r
(Intercept) (Intercept) 0416 0.124 151 1187 193 3.341 0.000
P P 05 50 60 7 5 9 83
signed timing  signed timing 1596 0.076 493 4246 573 2082 <.00
error error 36 67 51 5 5 11 001
belief of
experimental  agency — 0.049 0.096 1.05 0870 126 0511 0.609
conditionl belief of non 07 02 03 1 8 0 34
agency
signed timing 5|gne(ii!’t|tr)n|lr\gf
error 3 S © 0150 097 0725 1.30 - 0.862
: of agency — 0.026 0.173
experimental ' 74 42 0 9 54
o belief of non 1 1
conditionl
agency
Simple effects of signed timing error : Parameter estimates
Moderator 95% Exp(B)
levels Confidence Interval
experimental exp(
condition [ SE B) Lower Upper z p
beliefof 15 010 4.8 14.  <.00
agency 83 81 71 o4 6021 64 001
belief of non 16 010 5.0 15. <.00
agency 09 69 o0 0% 6.165 56 001



Table S2.9. Model results for confidence judgments in Experiment 5

Model Info
Info
10080.7
AlC 3650
10145.8
BIC 1600
LogLikel. 5030.36
824
R-squared 0.01900
Marginal
R-squared
Conditional 0.29886

Fixed Effects Parameter Estimates

127

95% Confidence
Interval
Names Effect [} SE Lower  Upper df t p
2.0782  0.071 1.938 2.2175 29.22  <.000

(Intercept)  (Intercept) 0 12 80 o1 26.45 04 01

empirical

reproducti i i
reproducti  on— - 0.030 0.0228  49209. 0.2280
on typel simulated  0.0365 31 0'093 61 81 1'203 1

reproducti

on

belief of
. . agency —
instruction belief of 0.0950 0.030 0.035 0.1543 4929. 3.138 0.0017
typel 2 28 68 70 47 3 1

non

agency
absolute absolute - - -
. o - 0.016 4930. <.000
timing timing 0.1680 42 0.200  0.1357 23 10.23 01
error error 1 7 0



Fixed Effects Parameter Estimates

128

95% Confidence
Interval
Names Effect B SE Lower  Upper df t p
empirical
reproducti
on —
reproducti  simulated
typel ducti -
ontyper TERrOQUE 5 0246 0.060 0.1433  4929. 0407 0.6839
on - 5 5p 009 50 48 1 7
instruction  belief of 0
typel agency —
belief of
non
agency
empirical
reproducti reprodig
on —
on typel simulated -
k reproducti 0.0284  0.032 0.036 0.0928  4930. 0.864 0.3871
absolute i 3 87 ' 0 46 57 9 2
timing absolute
error .
timing
error
belief of
. . agency —
l;:tgictlon belief of
- non - 0.032 R . 4929, ~0.0279
absolute agency %  0.0721 79 0.136  0.0078 20 2.199 5
timing 4 4 0
absolute
error .
timing

error
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Fixed Effects Parameter Estimates

95% Confidence
Interval
Names Effect B SE Lower  Upper df t p
empirical
reproducti
on-—
reproducti  simulated
on typel reproducti
sk on k
instruction  belief of 0.0437  0.065 0 084; 0.1723  4929. 0.667 0.5046
typel agency — 7 59 ' 8 27 80 3 3
absolute belief of
timing non
error agency
absolute
timing
error

Simple effects of absolute timing error : Parameter estimates

5 -
Moderator levels 95% Confidence
Interval

instruction type [ SE Lower Upper df t p
. - 0.0231 493 - <.0000
belief of agency 0.2040 0 -0.2493  -0.15870 0 8830 1
belief of non - 0.0233 493 - <.0000
agency  0.1319 o 01776 -0.08622 0 5.661 1

Note. Simple effects are estimated setting higher order moderator (if any) in covariates to zero
and averaging across mode factors levels (if any)

Table S2.10. Model results for short-long judgments in Experiment 5



Model Info
Info Value Comment
. . Unconditional Log-

LogLikel. 2768.8 Likelihood
393

. . 5537.6  Unconditional

*

|2 Loglike 786 absolute deviance

Deviance 5447.6 Conditional relative
653 deviance

R-squared  0.2773  Marginal

R-squared  0.3494  Conditional
5555.6 .

AIC 800 Less is better
5614.2 .

BIC 501 Less is better

Residual 4945.0

DF 000

Chi- . :

squared/D  1.0139 _OV(_erdlspersmn

- indicator

Fixed Effects Parameter Estimates

130

95% Exp(B)

Confidence
Interval
Names Effect i} SE exp( Lowe  Uppe z p
B) r r
(Intercept) (Intercept) 0229 0125 125 098 160 1830 0.067
P P 15 21 75 39 73 2 22
simulated
reproduction  reproduction — 0.142 0066 115 101 131 2157 0.030
typel empirical 78 18 35 32 32 5 96
reproduction
instruction gegﬁz Oi”b%';ief 0.020 0066 102 089 116 0309 0.757
typel gency 45 16 07 65 20 1 22

of agency



Fixed Effects Parameter Estimates

131

95% Exp(B)

Confidence
Interval
Names Effect B SE exp( Lowe  Uppe z p
B) r r
signed signed timing 1.248 0.045 348 318 380 2747 <.00
timing error  error 36 44 46 77 92 09 001
simulated
. reproduction -
reproduction empirical ] )
typel *k S 7 0.132 069 053 0.89 57 0.005
instruction repr duction 038 32 22 41 71T 80 43
tvpel belief of non 9 6
yp agency — belief
of agency
simulated
reproduction  reproduction -
typel =k empirical 0282 0.088 132 111 157 3174 0.001
signed reproduction =& 28 91 61 41 86 7 50
timing error  signed timing
error
. . belief of non
instruction agency — belief
typel £ agency sk 0.083 0.088 1.08 091 129 0.937 0.348
signed ot agency = 23 78 68 32 34 4 53
2 signed timing
timing error
error
simulated
. reproduction -
reproduction rical
el sk empirica
typeL = reproduction =k
instruction belief of non 0.102 0.177 110 078 156 0578 0.562
typel k agency — belief 82 64 83 24 99 8 70
signed .
timing error of agency

signed timing
error
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Simple effects of signed timing error : Parameter estimates

Moderator 95% Exp(B)
levels Confidence Interval
reprf[))(/i;ection [}] SE eéF))( Lower Upper z p
eproduction 07 64 25 267 348 o oy
et 3000 40 ass s B

Note. Simple effects are estimated keeping constant other independent variable(s)

in the model

Table S2.10.1. Model results for confidence judgments in Experiment 6 (lab)

Model Info
Info
6060.73
AIC 530
6096.04
BIC 500
LogLikel. 3024.36
766
R-squared 0.02693
Marginal
R-squared
Conditional 0.11089

Fixed Effects Parameter Estimates

95%

Confidence

Interval
Names Effect [ SE Lower Upper df t p
2088 0.049 1991 2185 42.18  <.000
(Intercept)  (Intercept) 51 67 24 34.76 88 01



Fixed Effects Parameter Estimates
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95%
Confidence
Interval
Names Effect 1] SE Lower  Upper df t p
absolute absolute - - - -
timing timing 0213 9026 o064 0161 2043 g5y <000
43 10 01
error error 0 8 2 1
belief of
f;pe”me” ggﬁg‘;‘;}: 0135 0044 0048 0223 2633 3.040 0.0023
. 80 66 27 34 42 8 8
conditionl  non
agency
absolute
absolute timing
timing error sk ] ) ]
error belief of 0.049 0.052 0.152 0.053 2635. 0.944 0.3451
experimen  agency — 5 43 3 25 42 3 2
tal belief of
conditionl  non
agency
Simple effects of absolute timing error : Parameter estimates
Moderator 95% Confidence
levels Interval
experimental
condition i} SE Lower Upper df p
belief of . 0.037 - . 26 <00
0.23 0.311 0.164 6.33
agency 77 51 3 5 44 7 001
belief of non _0.036 . _ 26 <00
agency Oég 99 0.26(7) 0.11? a1 5.0? 001

Table S2.10.2. Model results for confidence judgments in Experiment 6 (online)



Model Info
Info
4694.34
AIC 300
4728.71
BIC 080
LogLikel. 2341.17
148
R-squared 0.06013
Marginal
R-squared
Conditional 0;21140

Fixed Effects Parameter Estimates
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95%
Confidence
Interval
Names Effect B SE Lorvve Up;pe df t p

2.294 0.064 2.167 2.42 35.36 <.00
(Intercept) (Intercept) 87 89 68 21 26.49 42 001
absolute absolute timing ~0.026 ) _ 2258. - <.00
timing error  error 0.329 38 0.38L 0.7 76 12.49 001

8 5 8 8
experimenta gegﬁz of belicf 0039 0043 oo 012 2248 0915 0360
| conditiont 295N 89 58 53 83 4 09
of non agency 5

absolute absolute timing
timing error €107 ¥ beliet 4 555 051 © 012 2249. 0506 0612
¢ of agency — 13 e Y% s 4 62
feedbackl belief of non

agency




Simple effects of absolute timing error : Parameter estimates
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Moderator 95% Confidence
levels Interval
experimental
condition [ SE Lower Upper df t p
belief of ~0.038 ) 22 <00
agency Og% 39 0.393 0.24%r 58 8.28 001
belief of non - 0.035 . S22 _ <00
agency Ogg 42 0.41§ 0.272 57 9.6; 001




Table S2.11.1 Model results for short-long judgments in Experiment 6 (lab)

Model Info
Info Value Comment
. - Unconditional
LogLikel. 19805756  Log-Likelihood
- Unconditional
2*LogLikel. 25611511 absolute deviance
Deviance 2459.1812 Cont_jltlonal_
relative deviance
R-squared 0.3682 Marginal
R-squared 0.5262 Conditional
AIC 2571.1500 Less is better
BIC 2600.5759  Less is better
Residual DF  2652.0000
Chi- Overdispersion
squared/DF 1158 indicator

Fixed Effects Parameter Estimates

136

95% Exp(B)

Confidence
Interval
Names Effect [ SE eXF))(B LOI)’V€ Up;pe z p
(Intercep  0.9257 0.2090 2.523 1.675 <.0000
(Intercept) ) 0 9 5 5 3.802 4.4274 1
belief of
xperiment Sgoncy - 01024 0951 0778 . - 0.6242
conditionl  belief of 0.0502 9 0 0 0.4898 d
agency
signed signed 1 8712 00803 6496  5.452 20.947  <.0000
timing timing 5 3 9 5 7.739 4 1
error error
experiment  belief of
al non 0.132‘71r O.162L51r 1.14(2) 0.832 1570  0.8167 0.414;
conditionl  agency —
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3k signed belief of

timing agency

error * signed
timing
error

Simple effects of signed timing error : Parameter estimates
95% Exp(B)

Moderator Confidence
levels
Interval

experimental

condition B SE exp(B)  Lower  Upper ’ P
belief of 1.805 0.1178 6.079 4.825 7.659 15.32 <.00001
agency

belief of non

1938 0.1236 6.942 5.448 8.845 15.67 <.00001
agency




Table S2.11.2 Model results for short-long judgments in Experiment 6 (online)

Model Info
Info Value Comment
. . Unconditional Log-

LogLikel. 1210.1 Likelihood
907

' ) 2420.3  Unconditional

*

|2 LogLike 813 absolute deviance

Deviance 2340.6 Conditional relative
291 deviance

R-squared  0.2670  Marginal

R-squared  0.3958  Conditional
2430.3 .

AIC 800 Less is better
2459.0 .

BIC 212 Less is better

Residual 2266.0

DF 000

Chi- . F

squared/D  1.2817 _OV(_erdlspersmn

: indicator

Fixed Effects Parameter Estimates

138

95% Exp(B)

Confidence
Interval
Names Effect [ SE EEF)J( Lower Uape z p
0666 0182 19 1361 278 3.650 0.000
(Intercept) (Intercept) 51 57 47 5 5 7 26
belief of agency
. 0.179 0103 11 0975 146 1724 0.084
feedbackl — belief of non
agency 02 80 96 9 6 7 58
fi'r%ri‘ﬁd signed timing 1420 0079 41 3542 484 1784 <.00
g error 87 61 41 5 0 85 001

error



Fixed Effects Parameter Estimates
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95% Exp(B)

Confidence
Interval
Names Effect [ SE eg;))( Lower Up;pe z p
feedbackl belief of agency
* signed — belief of non 0.064 0.153 10 0789 144 0418 0.675
timing agency >k signed 34 58 66 3 1 9 26
error timing error
Simple effects of signed timing error : Parameter estimates
Moderator 95% Exp(B)
levels Confidence Interval
feedback B3 SE e>é|;)( Lower Upper z p
beliefof 14 011 4.2 12. <.00
agency 53 44 76 3417 5.351 70 001
beliefnon 1.3 010 4.0 13. <.00
agency 89 67 10 2% 4942 g1 oot

Table S2.12. The reproduction descriptives across different sources (empirical and simulated)

for per participant

reprf[);jsjectlon Partlchlpant Mean Median sD \?vr:ﬁfl((/(\)/) wﬁﬁl(rs)
empirical 1 3.015 3.034 0.3311 0.9612 0.00516
135 3.273 3.282 0.4432 0.9883 0.54187
10971 3.306 3.268  0.3695 0.9733 0.04357
61028 2.887 2921 0.3473 0.9748 0.05858
68643 3.271 3.189 0.8033 0.9817 0.18896
72620 3.155 3.214  0.5407 0.9925 0.87014
72839 3.156 3.121  0.5170 0.9785 0.10405
76041 2.649 2.773  0.7593 0.9342 0.00009
76780 3.268 3.312 0.6004 0.9880 0.51076

79139 3.307 3.268 1.0211 0.9839

0.27030
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reproduction Participant Shapiro- Shapiro-

Mean Median SD

type ID Wilk (W) Wilk (p)
81349 3.059 3.116 0.6061 0.9794 0.13195
121644 3.023 3.004 04177 0.9745 0.05130
140902 3.125 3.091 0.3128 0.9804 0.14795
152716 3.297 3.289 0.7333 0.9826 0.21645
161022 2.853 2.873 0.5690 0.9823 0.20423
180401 3.046 2.988 0.6292 0.9944 0.95600
370514 3.139 3.011 0.6899 0.9603 0.00451
459809 2.867 2.888 0.5282 0.9782 0.09676
718427 2.764 2.657 0.6472 0.8874 <.00001
723597 3.226 3.206  0.4400 0.9918 0.80860
728623 2.956 3.021 0.6204 0.9861 0.38688
767500 3.164 3.171  0.3992 0.9894 0.64056
852085 2.955 2973 0.5630 0.9544 0.00186
949394 2.941 2.870 0.4091 0.9127 <.00001
23011999 3.178 3.210 0.6645 0.9812 0.17565

simulated 1 2.940 2.935 0.3959 0.9847 0.30450
135 3.268 3.256  0.4903 0.9790 0.11176
10971 3.230 3.250 0.5095 0.9905 0.70513
61028 2.931 2.934 0.4276 0.9950 0.97399
68643 3.262 3.153 0.9689 0.9776 0.08586
72620 2.997 3.040 0.6611 0.9929 0.88677
72839 3.254 3.286 0.6039 0.9875 0.47164
76041 2.573 2.533 0.7266 0.9811 0.16586
76780 3.326 3.284 0.6260 0.9896 0.63696
79139 3.273 3.195 1.0664 0.9886 0.55713
81349 2.996 3.032 0.7341 0.9888 0.56872
121644 2.964 2.922 0.4713 0.9886 0.56233
140902 3.091 3.081 0.2791 0.9890 0.58978
152716 3.271 3.256 0.7275 0.9864 0.39829
161022 2.845 2.729 0.6637 0.9850 0.32416
180401 3.048 3.050 0.6480 0.9848 0.30833
370514 3.315 3.395 0.8558 0.9931 0.89682
459809 2.812 2.849 0.5281 0.9850 0.31587
718427 2.714 2.758 0.7656 0.9946 0.96204
723597 3.266 3.233  0.4942 0.9811 0.16107

728623 3.018 3.026  0.6667 0.9928 0.87356
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reprf[)%Jectlon Partllc[;pant Mean  Median sD \?Vr:ﬁfl((/(\)/) ?/Cﬁﬁl(r[()))
767500 3.200 3.230 0.6170 0.9889 0.57815
852085 2.886 2.904 0.5512 0.9875 0.48266
949394 2.894 2.939 0.7306 0.9853 0.33538
23011999 3.153 3.146  0.6429 0.9908 0.72527

Table S2.13. The comparison between the two distributions (i.e., empirical and simulated)
across individual participants (where 1 and 0 in the most right column stands for alternative and
null hypotheses, respectively)

participant ID  Kolmogorov-Smirnov statistics p hypothesis supported
1 0.218585859 0.01433053 1
135 0.076734694 0.922558618 0
10971 0.207959184 0.023411341 1
61028 0.155979381 0.165815869 0
68643 0.108571429 0.579394105 0
72620 0.155934343 0.170205384 0
72839 0.156666667 0.158142659 0
76041 0.194848485 0.039517449 1
76780 0.093939394 0.75183153 0
79139 0.076767677 0.920923104 0
81349 0.145979381 0.225647995 0
121644 0.121212121 0.436565645 0
140902 0.121212121 0.436565645 0
152716 0.063939394 0.984123954 0
161022 0.121212121 0.436565645 0
180401 0.09 0.794183771 0
370514 0.207272727 0.023579021 1
459809 0.13 0.343885712 0
718427 0.185714286 0.057617312 0
723597 0.138282828 0.276380257 0
728623 0.116969697 0.479277001 0
767500 0.185051546 0.060156417 0
852085 0.149144506 0.205059232 0
949394 0.194583333 0.04237887 1
23011999 0.113673469 0.519715894 0
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Figure S2.1. The reproduction distributions across different sources (empirical and simulated)
for per participant

participant ID

1

135

10971 A

61028 A

68643 A

72620 A

72839 A

76041 A

76780

79139 A

81349 A

121644 A

140802 A

152716 A

161022 A

180401 A

370514 A

459809 -

718427 A

723597 A

728623 A

767500 A

852085 A

949394 A

23011999 A

empirical

simulated

reproduction (in secs)
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