
NeuroImage 232 (2021) 117888 

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/neuroimage 

Adaptive rescheduling of error monitoring in multitasking 

Robert Steinhauser ∗ , Marco Steinhauser 

Department of Psychology, Catholic University of Eichstätt-Ingolstadt, Ostenstraße 25, 85072 Eichstätt, Germany 

a r t i c l e i n f o 

Keywords: 

Cognitive control 
Error detection 
Event-related potentials 
Multitasking 

a b s t r a c t 

The concurrent execution of temporally overlapping tasks leads to considerable interference between the subtasks. 
This also impairs control processes associated with the detection of performance errors. In the present study, we 
investigated how the human brain adapts to this interference between task representations in such multitasking 
scenarios. In Experiment 1, participants worked on a dual-tasking paradigm with partially overlapping execution 
of two tasks (T1 and T2), while we recorded error-related scalp potentials. The error positivity (Pe), a correlate of 
higher-level error evaluation, was reduced after T1 errors but occurred after a correct T2-response instead. MVPA- 
based and regression-based single-trial analysis revealed that the immediate Pe and deferred Pe are negatively 
correlated, suggesting a trial-wise trade-off between immediate and postponed error processing. Experiment 2 
confirmed this finding and additionally showed that this result is not due to credit-assignment errors in which 
a T1 error is falsely attributed to T2. For the first time reporting a Pe that is temporally detached from its 
eliciting error event by a considerable amount of time, this study illustrates how reliable error detection in 
dual-tasking is maintained by a mechanism that adaptively schedules error processing, thus demonstrating a 
remarkable flexibility of the human brain when adapting to multitasking situations. 
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. Introduction 

Adaptive human behavior requires an error monitoring system that
onstantly checks whether an error has occurred and initiates adjust-
ents to cognition and behavior accordingly. Numerous studies could

how that such a system exists in the human brain, detecting errors
ast and reliably ( Ullsperger et al., 2014 ). Most studies, however, in-
estigated error monitoring when single tasks were executed in isola-
ion. In contrast, everyday behavior is characterized by the concurrent
xecution of temporally overlapping tasks. As dual-tasking is associ-
ted with decrements in task performance ( Pashler, 1994 ; Tombu and
olic œ ur, 2003 ), it is plausible to assume that also error monitoring suf-
ers under these conditions. Indeed, recent evidence suggests that dual-
asking leads to specific impairments to the neural correlates of error
onitoring ( Klawohn et al., 2016 ; Weißbecker-Klaus et al., 2016 ). In the
resent study, we investigate how the brain adapts to these dual-tasking
onditions. By considering error-related brain activity in event-related
otentials (ERPs), we ask how monitoring processes are reorganized to
aintain reliable error detection when the brain is confronted with two

emporally overlapping tasks. 
Close temporal succession of more than one task leads to con-

iderable interference between the subtasks, resulting in performance
ecrements compared to the execution of single tasks ( Jersild, 1927 ;
elford, 1931 ). As dual-task interference arises predominantly in cen-
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ral, decision-related processes, the brain adapts to this interference by
erializing these processes, granting attentional resources to only one
ask representation at a time ( Logan and Gordon, 2001 ; Meyer and
ieras, 1997 ; Pashler, 1994 ). Neuroscientific studies suggested that

his interference as well as the resulting serialization is linked to a
ronto-parietal network that is able to grant access to focused atten-
ion and conscious control to only one task representation, by syn-
hronizing distinct brain regions in a self-amplifying process. A con-
iderable number of ERP studies links this serialization process to the
300 component ( Dehaene et al., 1998 ; Del Cul, Baillet, and Dehaene,
007 ; Dell’Acqua et al., 2005 ; Gross et al., 2004 ; Hesselmann et al.,
011 ; Sergent et al., 2005 ; Sergent and Dehaene, 2004 ; Sigman and De-
aene, 2008 ). For example, Sigman and Dehaene (2008) found in a dual-
asking paradigm that neural correlates of early attentional processes
ere executed in parallel for both tasks, whereas the P300 for the second

ask (T2) was delayed until response selection for the first task (T1), rep-
esented by its own P300, had been completed (see also Dell’Acqua et al.,
005 ; Hesselmann et al., 2011 ). Recently, Marti et al. (2015) provided
vidence that this serialization of task selection is the result of a com-
etition between task-related processes when they strive for access to
 higher-level attentional workspace. Neural representations of the two
asks repel each other in a way that initially, only processing of T1 is
nabled, and that of T2 is actively delayed. 

It has recently been suggested that also processes involved in the de-
ection and evaluation of performance errors suffer from dual-tasking
 February 2021 
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nterference. Research has robustly identified two ERPs associated with
istinct stages of error monitoring, which are commonly reported to be
xecuted in a fixed temporal cascade immediately following the erro-
eous response ( Ullsperger et al., 2014 ) – the error-related negativity
Ne/ERN, Falkenstein et al., 1991 ; Gehring et al., 1993 ) and the error
ositivity (Pe, Overbeek et al., 2005 ). The Ne/ERN, an early fronto-
entral negativity on error trials, has been assumed to reflect a mis-
atch between the correct and the actual response ( Coles et al., 2001 ),

esponse conflict ( Yeung et al., 2004 ), or prediction errors that accom-
any performance errors ( Holroyd and Coles, 2002 ). The Pe, on the
ther hand, is a later positive deflection over parietal electrodes, which
s assumed to reflect higher-level aspects of error processing that are
ssociated with, or lead to conscious error detection ( Endrass et al.,
007 ; Overbeek et al., 2005 ). The Pe has been linked to an accumu-
ation process of evidence that an error has occurred ( Murphy et al.,
015 ; M. Steinhauser and Yeung, 2010 , 2012 ) but also to metacognitive
oncepts such as the graded confidence in a correct decision ( Boldt and
eung, 2015 ), motivational aspects ( Drizinsky et al., 2016 ; Kim et al.,
017 ; Moser et al., 2011 ; Schroder and Moser, 2014 ), and the negative
ffective response to the error ( Falkenstein et al., 2000 ; van Veen and
arter, 2002 ). 

Based on the shared time course and scalp topographies of the P300
nd the Pe ( Leuthold and Sommer, 1999 ; Overbeek et al., 2005 ), it
as been suggested that the stimulus-locked P300 and the response-
ocked Pe are eventually based on the same neurocognitive processes
 Ridderinkhof et al., 2009 ). In fact, both components have been linked
o joint activation in bilateral prefrontal and parietal brain regions
 Dehaene et al., 1998 ; Hester et al., 2005 ; Sergent and Dehaene, 2004 ;
igman and Dehaene, 2008 ). This can well explain why particularly
he Pe is affected by interference from competing tasks: the Pe inter-
eres with subsequent stimulus processing ( Buzzell et al. 2017 , but see
eatty et al., 2018 ) and only the Pe has been shown to be impaired when
wo temporally overlapping tasks have to be executed ( Weißbecker-
laus et al., 2016 ). 

Whereas the similarity between the Pe and P300 can explain why
pecifically the Pe suffers from dual-tasking interference, little is known
ow the brain maintains the ability to reliably detect errors under dual-
asking. One solution to this problem would be to serialize not only
ask processing but also the accompanying error monitoring processes
 Hochman and Meiran, 2005 ). Processing a T1 error could lead to an
dditional deferment of T2 processing, an effect that has indeed been
emonstrated in behavioral studies ( Jentzsch and Dudschig, 2009 ; M.
teinhauser et al., 2017 ). However, error processing has been shown
o considerably interfere with subsequent stimulus processing, partic-
larly when there is little time between the tasks ( Beatty et al., 2018 ;
uzzell et al., 2017 ; Van der Borght, Schevernels, Burle, and Notebaert,
016 ) and, moreover, error signaling is strongly reduced when an er-
oneous response is quickly followed by another task ( Rabbitt, 2002 ).
ogether with the observation of an altogether reduced – not merely
elayed – Pe after the erroneous subtask in dual-tasking ( Weißbecker-
laus et al., 2016 ), this suggests that such a serialization cannot fully
rotect error monitoring from dual-task interference. Consequently, it
ight be necessary to actively defer particularly the more resource-

onsuming aspects of error processing to the end of a dual-task scenario.
n this case, processing a T1 error would at least to some degree not oc-
ur until the response to T2. Such an adaptive rescheduling of conscious
rror processing would imply that the neural processes that underly the
e can be detached from early error signals represented by the Ne/ERN.

The present study investigated this adaptive rescheduling hypoth-
sis, which proposes that the brain adapts to dual-task interference in
rror monitoring by deferring higher-level aspects of error processing to
fter completion of the dual task. To this end, we focused on T1 errors
ut analyzed ERPs following both the T1-response and the T2-response.
e contrasted trials with a sufficiently long interval between the two

ask stimuli that allowed serial task execution (1200 ms) with trials that
equired overlapping task execution due to a considerably shorter in-
2 
erval (300 ms). In serial task execution, we expected to see the typi-
al Ne/ERN and Pe after the erroneous T1-response. Crucially, in over-
apping task execution, we predicted that the Pe after the T1-response
ould be reduced or even absent while a Pe would now be obtained after

he correct T2-response. Such a result would demonstrate that higher-
evel aspects of T1 error processing are deferred at least partially until
he completion of T2, and extend previous accounts on an active defer-
ent of component processes in dual-tasking ( Hesselmann et al., 2011 ;

igman and Dehaene, 2008 ; R. Steinhauser and Steinhauser, 2018 ) to
he area of performance monitoring. 

. Material and methods 

.1. Participants 

We conducted two separate, consecutive experiments with differ-
nt groups of participants. 24 healthy students (2 male; age: M = 22.3
ears; SD = 4.5 years; 2 left-handed) participated in Experiment 1, and
4 healthy students (2 male; age: M = 24.0 years; SD = 3.9; 2 left-
anded) participated in Experiment 2. With an assumed correlation of
.5 among cell means, a sample size of N = 24 should allow for detect-
ng medium-sized effects ( f = 0.25) in the present repeated-measures
esign with a statistical power of 0.82. All participants were recruited
rom the Catholic University of Eichstätt-Ingolstadt and received course
redit or payment (8 € per hour). Informed consent was provided by all
articipants and the study was approved by the ethics committee of the
atholic University of Eichstätt-Ingolstadt. One subject in Experiment
 had to be excluded from further analysis due to technical problems
uring data acquisition. 

.2. Task and procedure 

Experiment 1 . Adopting the PRP paradigm from
teinhauser et al. (2017) , we combined an error-prone three-choice
olor flanker task and a two-choice pitch discrimination task. The
anker task stimulus (see Fig. 1 ) consisted of three horizontally ar-
anged squares of 0.82° edge length. The central target square and the
wo flanker squares were either red, yellow or blue. While both flanker
quares had the same color, this color was always different from that
f the target. As three colors were used, it was possible to exclusively
resent these more error-prone incongruent stimuli without enabling
articipants to infer the target color from the flankers. Stimuli for the
econdary pitch task were low (400 Hz) and high (900 Hz) sine tones. 

The trial procedure is depicted in Fig. 1 . Participants first had to
espond to the flanker task (T1) and then to the pitch discrimination
ask (T2). Each trial started with the presentation of a fixation cross for
00 ms. Following this, the flanker task was presented by initially dis-
laying the two flankers for 60 ms and then the target together with
he flankers for 200 ms. The pitch discrimination task started after an
OA of either 300 ms (short) or 1200 ms (long), which was chosen ran-
omly within the blocks. The stimulus for the pitch task was presented
or 150 ms. After responses to both tasks were given, the fixation cross
f the next trial was presented 500 ms after the response. The short SOA
as supposed to create a dual-tasking situation with overlapping task

xecution while at the same time preventing excessive response group-
ng, which was observed in a piloting phase with even shorter SOAs. In
ontrast, the long SOA was intended to serve as a baseline that allows
or serial task execution. 

For the flanker task, participants had to indicate the color of the
entral target square by pressing the “Y ”, “X ”, or “C ” button on a Ger-
an QWERTZ keyboard (in which Y and Z are exchanged) with their

eft hand (the T1-response). For the pitch discrimination task, partic-
pants entered their response with “arrow down ” for a low pitch and
arrow up ” for a high pitch (the T2-response). The mapping of colors
o keys was counterbalanced across participants, and for one half of the
articipants, the task-to-hand assignment was reversed (resulting in “, ”,
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Fig. 1. Time course of two example trials. On each trial, participants had to 
respond to two tasks that were separated by an unpredictable stimulus onset 
asynchrony of 300 ms (overlapping task execution, A) or 1200 ms (serial task 
execution, B). A three-choice color variant of the flanker task, in which the color 
of the central square had to be indicated (red, yellow, blue), served as Task 1. A 

two-choice pitch discrimination task was presented subsequently as Task 2, with 
an auditory sine tone stimulus of 400 Hz or 900 Hz. Participants were instructed 
to respond as fast as possible to both tasks, in the given order. S1 = Stimulus 
1. S2 = Stimulus 2. R1 = Response 1. R2 = Response 2. RT1 = response time 
to Task 1. RT2 = response time to Task 2. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this 
article.) 
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. ”, “- ” for the flanker task and “A ” and “Y ” for the pitch task). If the
2-response was given before the onset of the pitch stimulus, written
eedback ( “AUFGABE 2 ZU FRÜH! ”, engl . task 2 too early) was given
mmediately and the trial was excluded from data analysis. 

The experiment started with a series of practice blocks that ensured
hat participants had thoroughly learned the experimental paradigm and
he mappings of colors/pitches to keys. First, in three blocks of 24 trials
he flanker task was presented alone. Then, one block of 16 trials served
o practice the pitch task alone, and in one subsequent block of 36 trials,
oth tasks were responded to together. Actual testing consisted of 10
locks of 108 trials each, resulting in a total number of 1080 trials. Oral
eedback to respond faster was given after blocks, if the error rate for
ny of the tasks was below 10%. 

Experiment 2 . Experiment 2 adopted the experimental method of Ex-
eriment 1 but added a trial-wise report of errors. To this end, response
eys to the two tasks were changed ( “A ”, “S ”, “D ” and “L ”, “P ” for one
alf of participants, “L ”, “Ö”, “Ä” and “A ”, “Q ” for the other half) and
wo additional keys, “alt ” and “alt gr ”, served to report errors. In each
rial, 600 ms after the response to Task 2, an additional instruction
 “FEHLER? ”, engl . error?) appeared for 1000 ms in the center of the
creen. During this time, participants should indicate if they had just
ommitted an error in the task of their left hand ( “ALT ”) or their right
and ( “ALT GR ”), or both. Error reports were also counted after the
000 ms (i.e., during the inter-trial interval), this affected 6% of the
rror reports. No response was required if the participants considered
oth their responses correct. To account for the increased trial dura-
ion, Experiment 2 was restricted to only the short SOA of 300 ms. With
0 blocks of 84 trials each, this resulted in 840 trials for the condition
ith overlapping task execution. 

.3. Data acquisition 

The EEG was recorded from 64 electrodes at a sample rate of 512 Hz
ith a BioSemi Active-Two system (BioSemi, Amsterdam, The Nether-

ands; channels Fp1, AF7, AF3, F1, F3, F5, F7, FT7, FC5, FC3, FC1, C1,
3 
3, C5, T7, TP7, CP5, CP3, CP1, P1, P3, P5, P7, P9, PO7, PO3, O1, Iz,
z, POz, Pz, CPz, Fpz, Fp2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, FC6,
C4, FC2, FCz, Cz, C2, C4, C6, T8, TP8, CP6, CP4, CP2, P2, P4, P6, P8,
10, PO8, PO4, O2 as well as the left and right mastoid). The CMS (Com-
on Mode Sense) and DRL (Driven Right Leg) electrodes were used as

eference and ground electrodes. Vertical and horizontal electrooculo-
ram (EOG) was recorded from electrodes above and below the right
ye and on the outer canthi of both eyes. All electrodes were off-line
e-referenced to averaged mastoids. 

.4. Experimental design and statistical analysis 

Design. Each trial was assigned to a condition based on the SOA
short, long) and T1 Correctness (correct, error). T1 Correctness relied
n the post-hoc classification of whether the response in the flanker task
T1) was correct or not. Trials on which an error in the pitch discrim-
nation task (T2) occurred were removed from all analyses of response
imes (RTs) and ERP data. 

Data analysis . For the analysis of RTs, trials were excluded whose RT
eviated more than three standard deviations from the RT mean of each
ondition and participant. Error rates were arcsine-transformed prior
o statistical testing ( Winer et al., 1991 ). All analyses were performed
sing custom MATLAB v8.2 (The Mathworks, Natick, MA) scripts and
EGLAB v12.0 ( Delorme and Makeig, 2004 ) functions. All data and
nalysis scripts are publicly available in an online repository hosted
y the Open Science Framework ( https://osf.io/5ub8z/ ). For both Ex-
eriments, continuous EEG data was initially band-pass filtered to ex-
lude frequencies below 0.1 Hz and above 40 Hz. Then, epochs were
reated for two separate analyses, first from − 500 ms before to 1000 ms
fter the T1-response (T1-response-locked dataset) and, second, from
 500 ms before to 1000 ms after the T2-response (T2-response-locked
ataset). Epochs in both analyses were baseline-corrected by subtract-
ng mean activity between − 150 ms and − 50 ms before the response,
s neural correlates of performance monitoring were previously found
o emerge slightly before the response button press. Separately for each
ataset, electrodes were interpolated using spherical spline interpola-
ion if they met the joint probability criterion (threshold 5) as well
s the kurtosis criterion (threshold 5) in EEGLAB’s channel rejection
outine (pop_rejchan.m). Epochs were removed that contained activity
xceeding + / − 300 𝜇V in any channel except AF1, Fp1, Fpz, Fp2, AF8
to prevent exclusion of blink artifacts, which were corrected at a later
tage) and whose joint probability deviated more than 5 standard de-
iations from the epoch mean. To correct for eye blinks and muscular
rtefacts, an infomax-based ICA ( Bell and Sejnowski, 1995 ) was com-
uted and components with time courses and topographies typical for
hese artefacts were removed after visual inspection. 

In both experiments and for each dataset (T1-response-locked
nd T2-response-locked), following a considerable number of previ-
us studies that feature a Pe peaking over parieto-occipital electrodes
 Beatty et al., 2018 ; Endrass et al., 2007 ; Shalgi et al., 2009 ; M.
teinhauser and Yeung, 2010 , 2012 ), the Pe was quantified by com-
aring mean amplitudes from 200 ms to 400 ms after the respective
esponse at electrode POz between T1 error trials and correct trials. The
e/ERN was quantified by comparing mean amplitudes from 0 ms to
00 ms after the respective response at electrode FCz between T1-error
rials and correct trials. In Experiment 2, these analyses were restricted
o T1-error trials that were reported as T1 errors, and correct trials that
ere reported as correct trials. 

As we found that T1 errors elicited both an immediate Pe in T1-
esponse-locked data and a deferred Pe in T2-response-locked data, we
imed to investigate the relationship between both types of Pe on a
ingle-trial level. To acquire a robust single-trial estimate of the T1-
esponse-locked Pe, we used a multivariate pattern analysis (MVPA)
ased on the linear integration method introduced by Parra et al.
2002 , 2005 ). This method has previously been used to quantify error-
elated brain activity on a single-trial level ( Boldt and Yeung, 2015 ;

https://osf.io/5ub8z/
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. Steinhauser and Yeung, 2010 ). Here, we provide only a brief de-
cription of this method while details can be found elsewhere (e.g.,
teinhauser and Yeung 2010 ). In a first step, we computed a set of clas-
ifiers on T1-response-locked data that discriminated optimally between
orrect trials and T1 errors. Classifiers were constructed for consecutive,
artially overlapping time windows from 0 ms to 400 ms after the T1-
esponse (width 50 ms, step size 10 ms). All classifiers were trained,
eparately for each participant, on T1 error trials and the same num-
er of randomly drawn correct trials. Then, the classifier was selected
hat featured the highest discrimination sensitivity, as indicated by the
z score. To prevent overfitting, Az was computed using leave-one-out
ross-validation. Using this classifier, we calculated prediction values
or each error trial. These prediction values represent single-trial esti-
ates of error-related brain activity in the respective classifier window.
ased on these estimates, we fitted a linear regression model on the data
f every participant: 

 𝑒 𝑅 2 = 𝛽0 + 𝛽𝑀𝑉 𝑃 𝐴 _ 𝑃 𝑒 𝑅 1 
∗ 𝑃 𝑒 𝑅 1 _ 𝑀𝑉 𝑃𝐴 

here Pe R2 represents the z-scored trial-wise mean amplitude of the T2-
esponse-locked Pe and Pe R1_MVPA represents the (already normalized)
rial-wise amplitude of the immediate Pe as estimated by the MVPA
rediction value. Importantly, the same baseline period was used for the
2-response-locked ERPs as for T1-response-locked data, i.e., for each
rial, mean activity between − 150 ms and − 50 before the response to T1
as subtracted. Participants’ regression coefficients were subsequently

ested against zero by means of a Student’s t -test. 
As a second way of investigating a possible trade-off between the

1-locked Pe and the R2-locked Pe, we computed an analysis based on
inear regression on raw data. To get a sufficiently robust measure of
he Pe in single trials, we computed mean amplitudes of trial-wise EEG
ata in a 100 ms window on a cluster of posterior electrodes (Pz, P1,
2, POz, P03, P04). This was done in steps of 10 ms on time windows
entering from 0 ms to 400 ms after both responses. For each such com-
ination of single-trial Pe values in R1-locked data and R2-locked data,
he following linear regression model was fitted on the data of every
articipant: 

 𝐸 𝐺 𝑅 2 = 𝛽0 + 𝛽𝐸 𝐸 𝐺 𝑅 1 
∗ 𝐸 𝐸 𝐺 𝑅 1 + 𝛽𝐼𝑅𝐼 ∗ 𝐼𝑅𝐼 

here EEG R2 represents z-scored posterior response 2-locked EEG activ-
ty, EEG R1 represents z-scored posterior response 1-locked EEG activity,
RI represents the z-scored inter-response interval of the current trial.
ll z-scores were computed within-subject (i.e., using subject-specific
cross-trial mean and standard deviations) and 𝛽i represent within-
ubject regression coefficients. Participants’ regression coefficients were
ubsequently standardized by their SDs and tested against zero by means
f Student’s t-tests. Due to the large number of the resulting t-tests, we
orrected for multiple comparisons by means of a cluster-based permu-
ation test with 100.000 permutations, a cluster inclusion threshold of
 = .01 and an output threshold of p = .05, utilizing the Mass Univariate
RP Toolbox ( Groppe et al., 2011 ). 

. Results 

.1. Experiment 1 

24 healthy adult participants worked on a variant of the psycho-
ogical refractory period (PRP) paradigm, which is commonly used to
nvestigate mutual interference between subtasks in dual-tasking situ-
tions ( Pashler, 1994 ; Tombu and Jolic œ ur, 2003 ). The details of the
xperimental paradigm can be found in Fig. 1 . 

Behavior . RTs and error rates are depicted in Fig. 2 . To verify that
ur paradigm creates a dual-tasking scenario with overlapping task ex-
cution, we first examined whether two typical effects of dual-tasking
an be observed in this dataset: First, the so-called PRP effect refers to
he observation that RTs to T2 increase with a decreasing stimulus onset
4 
synchrony (SOA), and thus indicates a form of dual-task cost. This ef-
ect is typically explained by the idea that, with more overlap between
asks, T2 execution is delayed ( Pashler, 1994 ) or suffers from depleted
esources ( Tombu and Jolic œ ur, 2003 ). Second, it has recently been
hown that T1 errors lead to increased RTs to T2, and this post-error
lowing is larger for short SOAs than for long SOAs ( Steinhauser et al.,
017 ). This phenomenon presumably reflects interference between T1
rror monitoring and execution of T2, which again is larger with short
OAs. 

To analyze both effects in our data, we subjected RTs for T1 and T2
eparately to repeated measures ANOVAs on the variables SOA (short
s. long) and T1 Correctness (correct vs. error). Characteristic of PRP
aradigms, no significant effects were found for RTs to T1, F s(1, 23) ⟨
.70, p s ⟩ 0.11, 𝜂p 

2 < 0.11. In contrast, RTs to T2 were considerably
lower on trials with short SOA than with long SOA, F (1, 23) = 83.4,
 < .001, 𝜂p 

2 = 0.78, reflecting the typical PRP effect. In addition,
Ts to T2 were slower when the preceding T1-response was an error,
 (1,23) = 56.8, p < .001, 𝜂p 

2 = 0.71, and as expected, this post-error
lowing on T2 was increased with short SOA, F (1, 23) = 25.9, p < .01,

p 
2 = 0.53. Thus, our data replicate well-known signatures of dual-task

nterference, which demonstrates that the short-SOA condition induced
verlapping task execution. In addition, an analysis of inter-response in-
ervals (IRIs, the time between the T1 response and the T2 response) in
he short-SOA condition ruled out that participants had grouped their re-
ponses. While IRIs were considerably longer on T1 errors (587 ms) com-
ared to corrects (381 ms) due to the above mentioned post-error slow-
ng, t (23) = 8.35, p < .001, d = 1.25, IRIs in both conditions were far be-
ond the commonly used threshold for response grouping (i.e., simulta-
eously pressing both response buttons) of 50 – 100 ms ( Hommel, 1998 ;
ashler and Johnston, 1989 ; Welford, 1952 ). 

Error rates for T1 were high enough for an analysis of error-related
rain activity. A mean T1 error rate of 8.31% resulted in an average
umber of 98.3 trials with T1 errors but correct T2 responses per partic-
pant. A repeated measures ANOVA on the variables SOA (short vs. long)
nd Task (T1 vs. T2) yielded a significant interaction, F (1, 23) = 8.06,
 = .009, 𝜂p 

2 = 0.26, indicating that, whereas T1 errors were equally fre-
uent in short-SOA and long-SOA trials, T2 errors were more frequent in
hort-SOA trials as compared to long-SOA trials, t (23) = 2.69, p = .013,
 = 0.50. This again demonstrates increased interference in the short-
OA condition. Double errors (i.e., trials with incorrect responses to both
ubtasks), occurred infrequently with a mean error rate of 1.85%. They
ere only slightly more common in short-SOA trials than in long-SOA

rials, t (23) = 2.01, p = .056, d = 0.28. 
Ne/ERN and Pe . To investigate our rescheduling hypothesis, we ana-

yzed error-related brain activity in short-SOA trials, which induce over-
apping task execution, and long-SOA trials, which allow for serial task
xecution. Our central prediction was that, with a short SOA, the Pe as-
ociated with T1 errors should partially be rescheduled to the end of the
ual-task. This would result in a reduced Pe following incorrect T1 re-
ponses but the emergence of a Pe after correct T2 responses. We had no
xplicit hypothesis on the Ne/ERN but nevertheless analyzed this com-
onent to determine whether comparable effects can be found for this
arly form of error processing. 

We initially analyzed T1-response-locked ERPs to find out about im-
ediate neural correlates of error processing after T1 errors. A distinct
arietal positivity, the Pe, was clearly observable for both SOA condi-
ions ( Fig 3 A). For an analysis of the Pe, we subjected mean amplitudes
t electrode POz to a repeated measures ANOVA on the variables SOA
short vs. long) and T1 Correctness (correct vs. error). A Pe was evident
cross both SOA conditions, as indicated by a main effect of T1 Correct-
ess, F (1, 23) = 28.6, p < .001, 𝜂p 

2 = 0.55, but a significant interaction
evealed that this Pe was far less pronounced in trials with short SOA
han in trials with long SOA, F (1, 23) = 11.0, p = .003, 𝜂p 

2 = 0.32. Raw
RP waves in Fig. 3 suggest that this interaction is mainly driven by a
ifference in the amplitudes of correct trials. This is likely caused by the
act that in most trials of the short SOA condition, the stimulus of T2
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Fig. 2. Behavioral results of Experiment 1. RTs to Task 1 and Task 2 are depicted in the left and middle panel, respectively. Error rates are presented in the right 
panel. Error bars indicate within-subject standard errors of the mean ( Cousineau, 2005 ; Morey, 2008 ). RT = response time. SOA = stimulus onset asynchrony. 
T1 = Task 1. T2 = Task 2. 

Fig. 3. ERPs locked to the T1-response at posterior (A) and 
frontocentral (B) electrodes. Difference waves are computed 
from the respective T1 error minus T1 correct raw ERPs. Scalp 
topographies represent these difference waves. Gray areas in- 
dicate the time intervals for statistical testing for the Pe (A) 
and the Ne/ERN (B). T1 = Task 1. SOA = stimulus onset asyn- 
chrony. 
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s presented and processed sometime within the time window observed
ere, eliciting stimulus-locked ERPs that are superimposed on the raw
RP waveforms of both correct and error trials in the short SOA con-
ition (see Sigman and Dehaene, 2008 ). For this reason, we quantify
he Pe not from error trials alone but as the difference between correct
nd error trials. To additionally rule out that the observed interaction
ay truly be rooted in differences in correct trials, we correlated the
ifference wave of conditions correct long and correct short with the
ifference wave of the interaction term of the above analysis. We found
o significant correlation, r = 0.14, p = .50, indicating that the Pe reduc-
ion in trials with short SOA is not a mere consequence of the amplitude
ifference in correct trials. 

Fig. 3 B shows that also a clear frontocentral Ne/ERN was observable
n both SOA conditions. Indeed, subjecting mean amplitudes at electrode
Cz to a repeated measures ANOVA of the same variables as above re-
ealed that a significant Ne/ERN across both SOAs was obtained, F (1,
5 
3) = 22.8, p < .001, 𝜂p 
2 = 0.50. In addition, a main effect of SOA demon-

trated that mean amplitudes of correct as well as error trials were more
egative in trials with short SOA, F (1, 23) = 13.5, p = .001, 𝜂p 

2 = 0.37.
owever, the interaction between both variables did not reach signifi-
ance, F (1, 23) = 2.63, p = .12, 𝜂p 

2 = 0.10. 
Having shown that higher-level aspects of error processing as re-

ected by the Pe were largely impaired in the short-SOA condition,
e subsequently examined neural correlates of T1 error processing af-

er completion of the whole dual-task, i.e., in T2-response-locked data
 Fig. 4 ). We investigated the possible emergence of such a deferred Pe
 Fig. 4 A) by means of ANOVAs on the variables SOA (short vs. long)
nd T1 Correctness (T1 correct vs. T1 error). It must be noted that both
onditions of the variable T1 Correctness here represent trials whose
2 was answered correctly, i.e., the “error-related ” brain activity re-
orted here was locked to a correct T2-response. Nonetheless, we ob-
ained a significant interaction between SOA and T1 Correctness on Pe
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Fig. 4. ERPs locked to the (correct) T2-response at posterior 
(A) and frontocentral (B) electrodes. Difference waves are com- 
puted from the respective T1 error minus T1 correct raw ERPs. 
Scalp topographies represent these difference waves. Gray ar- 
eas indicate the time intervals for statistical testing for the Pe 
(A) and the Ne/ERN (B). T1 = Task 1. SOA = stimulus onset 
asynchrony. 
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mplitudes, F (1, 23) = 5.55, p = .027, 𝜂p 
2 = 0.19, reflecting that correct

2-responses elicited a significant Pe on short-SOA trials, t (23) = 2.00,
 = .029, d = 0.27, but not on long-SOA trials. 

The same analysis on the Ne/ERN amplitudes revealed only a
arginally significant main effect of T1 Correctness, F (1, 23) = 3.48,
 = .075, 𝜂2 part. = 0.13, indicating a negativity after T1 errors com-
ared to T1 correct trials, but no significant interaction, F (1, 23) = 1.73,
 = .20. Visual inspection of the topographies ( Fig. 4 B) revealed that this
ffect peaked earlier than the typical Ne/ERN and had a more frontal dis-
ribution than the Ne/ERN in T1-response-locked potentials (however,
he same analysis at electrode Fz showed similar results). This suggests
hat, while there appears to be some frontocentral activity related to
he T1 error in T2-response-locked data, this effect lacks robustness and
iffers from the usually observed Ne/ERN. 

To sum up, we could provide evidence that overlapping task execu-
ion goes along with a reduction of the Pe to the incorrect T1 response
hereas a sizeable Pe emerges after the correct T2-response. We inter-
ret this deferred Pe as a rescheduling of higher-level error processing to
he end of the dual-task trial. 

Relationship between immediate and deferred error processing. Although
he immediate Pe that followed the T1 response was strongly reduced in
he short-SOA condition, it was observable there nonetheless. This sug-
ests two possible ways of how higher-level error monitoring is carried
ut under conditions of overlapping task execution. On the one hand,
rror monitoring after the T2 response could occur predominantly on
hose trials that also feature strong error monitoring immediately after
he T1 response. An actual rescheduling mechanism as outlined above,
hich defers T1 error processing to after completion of T2, however,
ould by definition require the exact opposite pattern: error monitor-

ng after the T2 response would have to occur on error trials that did not
xhibit considerable immediate error processing after T1. To distinguish
etween these two possibilities, we examined the trial-wise relationship
6 
etween immediate and deferred Pe. This was done in two methodolog-
cally different ways, to combine their respective advantages and coun-
ervail their disadvantages. 

First, we investigated the inverse relationship of immediate and de-
erred error processing by deriving single-trial estimates for the R1-
ocked and the R2-locked Pe from mean amplitudes in raw data and com-
aring them in a regression-based analysis. This analysis had to be lim-
ted to trials with IRI > 400 ms, however, because raw EEG data within
he same epoch are highly susceptible to autocorrelations in overlapping
ime periods. Importantly, this does not affect the remaining analyses of
he present study, because there, EEG data from different, individually
aseline-corrected epochs are compared. The restriction to IRIs above
00 ms resulted in M = 31.04 trials per participant. Fig. 5 depicts strong
egative beta weights in a significant cluster from 290 ms onwards in
1-locked data and 170 ms in R2-locked data, that is, around the time
f the R1-locked and R2-locked Pe. This is evidence for a trade-off be-
ween the immediate and the delayed Pe, supporting the account that
rror processing happens immediately after some erroneous responses,
hereas it is deferred on other trials. 

Second, we used multivariate pattern analysis (MVPA) to create a
et of classifiers over consecutive time windows that optimally distin-
uished between correct trials and T1 error trials based on T1-response-
ocked brain activity. This approach allowed us to examine all trials irre-
pective of their IRI and is furthermore less susceptible to spurious non-
hase-locked activity in the EEG data ( Parra et al., 2002 ; Parra et al.,
005 ). Mean classifier accuracy peaked around 190 ms with an Az of
.61 but inspection of participants’ individual classifier accuracies re-
ealed that one participant (Subject 13) exhibited a remarkably low
lassification accuracy of 0.34, which is more than 2.5 standard devia-
ions below the mean classification accuracy across all participants. This
pparently failed attempt to compute a successful MVPA for this partic-
pant is likely due to the small number of 20 trials that entered the
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Fig. 5. Regression weights of the regression-based single-trial analyses for Ex- 
periments 1 and 2, in which amplitudes of R1-locked data predict amplitudes 
of R2-locked data. Black lines indicate the borders of significant clusters as re- 
vealed by a cluster-based permutation test. Red dotted lines indicate the peak 
amplitude of the Pe in the respective difference waves. A significant negative 
association of the R1-locked Pe and R2-locked Pe becomes evident in both ex- 
periments. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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Fig. 6. ERPs at a posterior electrode locked to the T1-response (A) and T2- 
response (B) and inter-response intervals after T1 errors (C). ERPs in Panel B 
are trial-wise baseline-corrected for the same pre-T1-response baseline as those 
in Panel A. For visualization purposes, T1 error trials are divided into three sep- 
arate conditions – small, medium, and large immediate Pe – based on a single- 
trial estimate of the Pe. Correct trials are presented for comparison (thin line). 
A 20 Hz lowpass filter was applied for better visibility. Gray areas indicate the 
time intervals for statistical testing for the Pe. T1 = Task 1. T2 = Task 2. 
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raining set (the average training set size of all participants was 120.63
rials). For this reason, data from Subject 13 was excluded from sub-
equent MVPA-based analyses. Nonetheless, all effects remain signifi-
ant also when including that participant (all p s < 0.05). Based on the
eak classifier window, we computed the prediction value for each trial.
hese prediction values represent the degree to which each trial elicits
rror-related brain activity in this time window ( Boldt and Yeung, 2015 ;
teinhauser and Yeung, 2010 ), and thus represent a single-trial esti-
ate of the T1-response-locked Pe. We utilized these prediction values

n a regression-based analysis on z-scored single-trial amplitudes of the
eferred, T2-response locked Pe. 1 Across all participants, this analysis
ields a considerably negative mean beta weight of − 1.14, t (22) = 2.145,
 = .043, d = − 0.62, indicating larger prediction values (i.e. more pro-
ounced immediate error processing) being associated with smaller de-
erred Pe amplitudes and vice versa. For better visualization, instead of
ontinuous data Figs. 6 A and 6 B displays ERPs that were computed from
 equal-sized bins with small, medium and large immediate Pe (based on
he MVPA’s prediction values). This conceptually replicates the above
ndings on a trade-off between the immediate and deferred Pe from
aw ERP values of the immediate Pe and thus provides additional sup-
ort for the idea that the rescheduling of higher-level error processing
ccurs predominantly on trials with little immediate error processing.
his finding additionally rules out the above-mentioned alternative in-
erpretation that differences in the T1-response-locked Pe with regard
o short and long SOA could be rooted only in differences between the
orrect trials in the two conditions. MVPA-based decoding of the degree
f immediate error processing directly modulates Pe amplitudes of error
rials as well ( Fig. 6 A). 

The MVPA-based differentiation of trials with a different degree of
mmediate error processing eventually also allowed us to investigate
ow this difference affects selecting and executing the response to Task
. A regression-based analysis of the prediction values of the MVPA (i.e.,
he estimate of the immediate Pe) and IRIs yielded a mean beta weight
f 0.091 across all participants, t (22) = 2.56, p = .018, d = 0.74, which
uggests larger IRIs on trials with a larger immediate Pe and vice versa,
1 Please note that for this particular analysis, baseline correction of T2- 
esponse-locked data was computed on a time interval prior to the individual 
rial’s T1-response (see Materials and methods). This was done to rule out the 
ossibility that the negative correlation of immediate and delayed Pe within the 
ame condition is due to differences in the pre-T2-response baseline interval. A 

2-response-locked (deferred) Pe is also found in short-SOA trials in the main 
nalysis of both Experiments 1 and 2 when such a pre-R1-baseline is used (Exp. 
: t (23) = 4.23, p < .001; Exp. 2: t (22) = 2.09, p = .048). However, to compen- 
ate for a possible carry-over of the R1-Pe on the R2Pe with such a baseline, we 
tilized a pre-R2-baseline for the main analyses of the present study. 
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7 
n turn supporting the idea that immediate error processing negatively
ffects efficient execution of the second task. Again, for better visual-
zation, Fig. 6 C depicts IRIs based on a threefold bin-separation of the
nderlying trials. 

.2. Experiment 2 

Individual trials that elicit a deferred Pe with simultaneous omission
f an immediate Pe could also be rooted in the problem of credit as-
ignment ( Fu and Anderson, 2008 ; Sutton and Barto, 1998 ; Walsh and
nderson, 2011 ). It is conceivable that trials with a deferred Pe actually
eflect that error monitoring occasionally misattributed internal error
ignals to T2, and therefore falsely detected a T2 error. Rather than a
escheduling of T1-error processing, such a Pe would represent imme-
iate T2-error processing. In a follow-up experiment with 24 different
articipants (out of which one participant had to be excluded due to
echnical difficulties during data acquisition), we did not only want to
eplicate our initial findings but also investigated whether this alterna-
ive explanation could account for our findings. 

In Experiment 2, participants worked on the same PRP paradigm but
eported after each trial by key press, whether they had committed an
rror in T1, T2, or both. This allowed us to distinguish between correctly
ssigned T1 errors (T1 hits) and T1 errors that were mistakenly reported
s T2 errors (T2 false alarms). After presentation of the report cue, errors
ere reported with a mean RT of 401 ms (mean SD = 290 ms). Rates of
veraged error reports are depicted in Fig. 7 A. In fact, only 4.9% of all
1 errors were T2 false alarms (on average 2.1 trials per participant) and
hus occurred very rarely. As only 17.0% of T1 errors were reported to
e correct (T1 misses; on average 6.78 trials per participant), we could
ase our further ERP analyses on a solid subset of 73.8% of T1 hits (on
verage 31.0 trials per participant). 

As in Experiment 1, the analysis of the Ne/ERN in T2-response-
ocked data revealed only a marginally significant negativity for T1 er-
ors relative to correct trials at electrode FCz, t (22) = 1.87, p = .075,
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Fig. 7. Error reports (A) and ERP results (B) of Experiment 2. 
Error bars in Panel A indicate within-subject standard errors of 
the mean ( Cousineau, 2005 ; Morey, 2008 ). Panel B represents 
ERPs locked to the T2-response at posterior (left) and fronto- 
central (right) electrodes. Difference waves (dotted lines) are 
computed from T1 error minus correct raw ERPs. Scalp to- 
pographies represent these difference waves. Gray areas in- 
dicate the time intervals for statistical testing for the Pe (left) 
and the Ne/ERN (right). T1 = Task 1. T2 = Task 2.To com- 
pensate for the increased trial duration due to trial-wise error 
reporting, Experiment 2 was restricted to the short SOA con- 
dition. Only T2-response-locked data are reported here as no 
immediate Ne/ERN and Pe could be compared between SOA 

conditions. Although only T1 hits were included in the anal- 
ysis, a clear deferred Pe could be observed after T2-response- 
locked data ( Fig. 6 B), t (22) = 2.86, p = .009, d = 0.57. (For 
interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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 = 0.51. However, inspection of the topographies ( Fig. 7 B) showed that
he peak of the Ne/ERN was, as in Experiment 1, again at more frontal
lectrodes. Correspondingly, additional testing was conducted at elec-
rode Fz and now revealed a significant deferred Ne/ERN, t (22) = 2.26,
 = .034, d = 0.62. Nonetheless, this effect needs to be treated with
aution due to the post-hoc nature of testing. 

The regression-based approach on raw data with IRI > 400 ms
ielded a pattern with close similarity to that in Experiment 1, albeit
omewhat earlier in R2-locked data ( Fig. 5 ). Again, strong negative beta
eights form a significant cluster from 290 ms onwards in R1-locked
ata and between 125 ms and 230 ms in R2-locked data. We tentatively
uggest that this negative correlation between the R1-locked Pe and the
2-locked Pe is reduced in the R2-locked time window beyond 250 ms
ue to the strong influence of a pronounced overlaying Contingent Neg-
tive Variation in anticipation of the error report (see Fig. 7 B). A robust
VPA-based bin separation of trials with large vs. medium vs. small

mmediate Pe as in Experiment 1 was not possible for Experiment 2 be-
ause classifier training did not yield a classification accuracy beyond
he 5% significance threshold as established by a permutation test, likely
ue to the smaller size of the training data set. 

Taken together, we could replicate the deferred Pe in Experiment 2.
s this analysis was restricted to those error trials that were correctly
eported as T1 errors, we can rule out that this deferred Pe originates in
ccasional T1-error trials that are misattributed as T2-errors. 

. Discussion 

In two ERP experiments, we investigated neural correlates of error
onitoring in dual-tasking. Previous studies suggested that increased

nterference due to temporally overlapping tasks is countered by an ac-
ive deferment of task components ( Hesselmann et al., 2011 ; Meyer and
ieras, 1997 ; Sigman and Dehaene, 2008 ). Based on this idea, we hy-
othesized that because higher-level processing of T1 errors can in-
8 
erfere with the execution of T2 (M. Steinhauser et al., 2017 ), also
erformance monitoring, more precisely the more resource-consuming,
igher-level aspects of T1 error processing, are adaptively rescheduled
o after the completion of the whole dual-task. To this end, we ana-
yzed the Pe, an ERP component that is commonly reported to represent
uch higher-level, central processing of the error and involves aspects
uch as evidence accumulation ( Murphy et al., 2015 ; M. Steinhauser and
eung, 2010 , 2012 ), decision confidence ( Boldt and Yeung, 2015 ), mo-
ivation ( Drizinsky et al., 2016 ; Kim et al., 2017 ; Moser et al., 2011 ;
chroder et al., 2014 ), and affect ( Falkenstein et al., 2000 ; van Veen
nd Carter, 2002 ). In both experiments, we found a result pattern that
onfirms our prediction. When the execution of two tasks overlaps, er-
ors in the first task lead to a reduced immediate Pe whereas a deferred
e appears after the response to the second task. 

Our results are in line with the idea that higher-level error pro-
essing as reflected by the Pe interferes with the execution of a sub-
equent task ( Buzzell et al., 2017 ; Weißbecker-Klaus et al., 2016 ). In
ur study, only the Pe but not the Ne/ERN after T1 errors was reduced
hen task execution was overlapping. This conforms with recent find-

ngs by Weißbecker-Klaus et al. (2016) , who found a similar reduction
f the Pe when a flanker task was executed concurrently with a seman-
ic task. In both studies, this impairment to immediate error detection
ikely originates from interference by T2, which requires cognitive re-
ources for T2-response selection at the same time as T1-error processing
ould occur. The decision process for selecting the correct response to
2 was previously suggested to rely on similar resources as error process-

ng ( Hochman and Meiran, 2005 ). On the neural level, this can well be
xplained by recent electrophysiological studies that view also higher-
evel error processing as a decision process ( Wessel, 2012 , 2011 ) and
tudies that highlight the physiological similarities of the P300 and the
e ( Leuthold and Sommer, 1999 ; Overbeek et al., 2005 ). Given that in-
erference between central decision processes is seen as the main origin
f dual-task costs ( Pashler 1994 ; Tombu and Jolic œ ur, 2003 ), this ex-
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lains why particularly the Pe as a neural correlate of higher-level error
etection ( Overbeek et al., 2005 ) is impaired in dual-tasking. 

In addition to a reduced immediate Pe after the erroneous T1 re-
ponse, we found a deferred Pe after completion of the dual-task even
hough the second response itself was correct. MVPA-based single-trial
stimates of the Pe as well as a regression-based approach on raw data
uggest that the deferred Pe occurred predominantly on trials with lit-
le immediate error processing. This temporal detachment of higher-
evel error processing from the early error signals that are represented
y the Ne/ERN – on average by more than 580 ms – goes beyond a
ere serialization as it was previously found for the P300 in response

election ( Hesselmann et al., 2011 ; Marti et al., 2015 ; Sigman and De-
aene, 2008 ). In the present study, at least some aspects of higher-level
rror detection appear to be suspended until a whole additional task
as been executed. Analysis of IRIs furthermore showed that the am-
litude of the immediate Pe is linked to post-error slowing of the re-
ponse to T2. Accordingly, the deferment of error processing was as-
ociated with faster responses to T2, suggesting reduced dual-tasking
nterference on such trials, in line with Buzzell et al.’s (2017) find-
ng that a smaller Pe is also linked to improved sensory processing in
he subsequent trial. This is strong support for the adaptive reschedul-
ng account of error detection in dual-tasking, which suggests such a
echanism to reduce interference between the subtask representations

nd hence to maintain the ability to detect and evaluate errors. No-
ably, time course and scalp topography of the deferred Pe indicate
hat this phenomenon affects what has previously been described as
he posterior “late Pe ”, not the earlier frontocentral aspects of the Pe
 Endrass et al., 2007 ; Ullsperger et al., 2014 , see also Steinhauser and
eung, 2010 ). 

Previous research on error detection as an evidence accumulation
rocess ( Murphy et al., 2015 ; M. Steinhauser and Yeung, 2010 , 2012 )
ay help to approach the neural basis of this deferment mechanism. The

vidence accumulation account considers error detection as a decision
rocess (M. Steinhauser and Yeung, 2010 ) and is thus well compatible
ith the serialization of central, resource-consuming response selection
rocesses in dual-tasking ( Pashler, 1994 ; Tombu and Jolic œ ur, 2003 ).
he idea that the Pe represents the ongoing accumulation of evidence
hat an error has occurred by mirroring the internal weights of evi-
ence can consequently be linked to the processes that form the ba-
is of the stimulus-locked P300 (see also Ridderinkhof et al., 2009 ).
arti et al. (2015) recently showed that the brain networks linked to

he emergence of the P300 bring about a competition between the neu-
al representations of the subtasks in dual-tasking, so that only one of
hose representations can be active at a time and a deferment of the T2-
elated P300 is induced (see also Hesselmann et al., 2011 ; Sigman and
ehaene, 2008 ). Shared neural generators of the Pe and the P300 could

herefore also lead to a deferment of the evidence accumulation process
or the T1 error until completion of T2, thus constituting the deferred
e that was observed in the present two experiments. 

Analyzing brain activity in a PRP paradigm bears the risk that ac-
ivity related to T1 is accidentally attributed to T2 ( Sigman and De-
aene, 2008 ). For instance, what appears to be a deferred Pe after the
2-response could simply be a carry-over of the immediate Pe after the
1-response. However, there are several reasons why this cannot ac-
ount for the present results. First, the deferred Pe shows a distinct time
ourse, emerging about 200 ms after the T2 response, which is compara-
le to the latency of the immediate Pe as well as of the Pe in other studies
 Overbeek et al., 2005 ). Second, even with a short SOA of 300 ms, the
verage interval between the T1-response and T2-response on error tri-
ls was 587 ms. That is, the onset of the immediate Pe is clearly prior to
he T2-response, and any sustained differences between T1 errors and
orrect trials emerging prior to the T2-response are controlled by the
re-response baseline. Finally, and most importantly, our results indi-
ate an inverse correlation between immediate Pe and deferred Pe. If
he deferred Pe reflected a carry-over of activity from the immediate
e, both effects should be positively correlated. 
9 
In Experiment 2, we could also rule out that the deferred Pe results
rom internal misattribution of occasional T1 errors as T2 errors, which
ould imply a credit assignment problem ( Fu and Anderson, 2008 ;
utton and Barto, 1998 ; Walsh and Anderson, 2011 ) as the origin of our
ndings. Trial-wise error-reports in Experiments 2 revealed that credit-
ssignment errors occurred extremely rarely in our tasks. Moreover, we
btained a deferred Pe even on the subset of correctly assigned T1 er-
ors. This suggests that even when higher-level processing of the T1 er-
or is postponed, these errors are still detected and correctly assigned to
heir corresponding task. One could speculate that the proposed schedul-
ng mechanism even contributes to solving the credit assignment prob-
em. On the one hand, rescheduling counteracts interference between
1 error processing and T2 response selection which otherwise would

ncrease the risk of confusing error signals from T1 and T2 responses. On
he other hand, when higher-level error evaluation occurs after both re-
ponses were executed, the involved decision process could utilize cues
rom both tasks to correctly assign error signals (like post-response con-
ict) to their corresponding tasks. 

Though far less robust than the deferred Pe, we also obtained fronto-
entral activity related to T1 errors following the T2 response. This could
eflect a deferred Ne/ERN, although this activity had a slightly different
ime course and spatial distribution as the immediate Ne/ERN after T1-
esponses. However, this deferred Ne/ERN differed in a crucial aspect
rom the deferred Pe as it was not associated with a reduced immediate
e/ERN. Without this trade-off between immediate and deferred error
rocessing, this effect cannot reflect a scheduling mechanism. It is also
mplausible that the deferred Ne/ERN reflects post-response conflict in-
uced by a corrective response tendency ( Yeung et al., 2004 ) or a reward
rediction error ( Holroyd and Coles, 2002 ) as both these mechanisms
re temporally linked to the erroneous response. Instead, the deferred
e/ERN could represent a negative affective signal to the T2-response.
everal studies could show that the Ne/ERN involves early aspects of
ffective processing of an error ( Aarts et al., 2013 ; Maier et al., 2016 ).
he deferred Ne/ERN hence could reflect that committing an error in
ne task leads to a devaluation also of the second task, indicating that
he whole dual-task trial is processed as erroneous. 

Taken together, our results suggest that reliable error detection in
ual-tasking is maintained by a mechanism that adaptively resched-
les higher-level aspects of error processing to after the completion of
he whole dual-task. Our findings indicate that the flexible reorganiza-
ion of componential processes under dual-tasking is not only a viable
trategy to prevent interference between decision processes involved in
ask execution ( Hesselmann et al., 2011 ; Marti et al., 2015 ; Meyer and
ieras, 1997 ; Sigman and Dehaene, 2008 ), but also serves to reduce in-

erference between task execution and performance monitoring. 
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