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When a person recognizes an error during a task, an error-related potential (ErrP) can be
measured as response. It has been shown that ErrPs can be automatically detected in
tasks with time-discrete feedback, which is widely applied in the field of Brain-Computer
Interfaces (BCls) for error correction or adaptation. However, there are only a few studies
that concentrate on ErrPs during continuous feedback. With this study, we wanted to
answer three different questions: (i) Can ErrPs be measured in electroencephalography
(EEG) recordings during a task with continuous cursor control? (i) Can ErrPs be classified
using machine learning methods and is it possible to discriminate errors of different
origins? (i) Can we use EEG to detect the severity of an error? To answer these questions,
we recorded EEG data from 10 subjects during a video game task and investigated two
different types of error (execution error, due to inaccurate feedback; outcome error, due
to not achieving the goal of an action). We analyzed the recorded data to show that
during the same task, different kinds of error produce different ErrP waveforms and have
a different spectral response. This allows us to detect and discriminate errors of different
origin in an event-locked manner. By utilizing the error-related spectral response, we
show that also a continuous, asynchronous detection of errors is possible. Although the
detection of error severity based on EEG was one goal of this study, we did not find any
significant influence of the severity on the EEG.

Keywords: error-related potential (ErrP), error-related negativity (Ne/ERN), feedback related negativity

(FRN), brain-computer interface (BCI), human-computer interaction, performance monitoring, asynchronous
classification

1. Introduction

If a person makes or perceives an error, an error-related potential can be detected in the electroen-
cephalogram (EEG) due to the person recognizing that error (Falkenstein et al., 2000). Recently,
ErrPs have gained interest for the use in Brain-Computer Interface (BCI) applications, which
give the user the ability to communicate by means of brain activity only. That an ErrP can be
detected when a BCI delivers erroneous feedback, has been shown in several publications (Fer-
rez and del R Millan, 2008; Chavarriaga et al., 2014) and it has further been shown that the
detection of ErrPs can be utilized to correct errors (Schmidt et al., 2012; Spiiler et al., 2012a) or
improve adaptation of the BCI (Llera et al., 2011; Spiiler et al., 2012b). So far, ErrPs have mainly
been utilized in BCIs with discrete feedback, which is why we want to investigate the detection
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of ErrPs in a continuous task toward the utilization of ErrP detec-
tion in continuous BCI applications. Since the interest of this
study is not specifically in one of the components of the ErrP
or the neurophysiological interpretation, but the investigation of
the error-related response in general with regards to its utiliza-
tion in continuous BCI systems, we use the term error-related
potential (ErrP). As the ErrP in BCI applications consists of
multiple components, ErrP is the commonly used term (Chavar-
riaga et al., 2014) in the BCI literature and generally considered
as an umbrella term, which comprises all components of the
event-related potential that can be measured in response to an
error.

Error-related potentials were first studied in choice reaction
tasks (Falkenstein et al., 1990) and two components of the event-
related potential were described that can be measured as con-
sequence of an error. The first component is the error-related
negativity (ERN or Ne) (Falkenstein et al., 1991; Gehring et al.,
1993), which is a negative potential peaking 50-100 ms after an
erroneous response. Depending on the task, an error-related pos-
itive potential, called error positivity (Pe), follows the ERN. The
Pe can be further divided into a frontocentral and a centroparietal
component. The frontocentral Pe, which seems to be related to
the P3a, appears directly after the ERN, while the late Pe appears
in the centroparietal region with a latency of 200-400 ms after
the error and seems to be related to the P3b (Ullsperger et al.,
2014). Regarding the meaning of these components, it seems that
the negative components are mostly linked to error processing
(Krigolson and Holroyd, 2007a) and reward prediction (Hol-
royd et al., 2003, 2009), while the positive component is likely
associated with conscious error perception (Wessel et al., 2011).

Depending on the experimental task, different variants of
error-related potentials can be measured. If an error is indicated
by feedback, a feedback-related negativity (FRN) can be mea-
sured frontocentrally 200-300 ms after the feedback during a
reinforcement learning task (Holroyd and Coles, 2002). The FRN
seems to be related to or even is the same component as the N200
(Holroyd et al., 2008). Further, it was shown that an ERN can
also be measured if a subject is observing another subject mak-
ing an error (van Schie et al., 2004). Lastly, it was shown that an
ErrP can be measured during human-computer interaction (Fer-
rez and Milldn, 2005) and interaction with a BCI (Ferrez and del
R Millan, 2008). In comparison with the previously mentioned
error-related potentials, the interaction ErrP is more complex
with a small positive peak around 200 ms after BCI feedback, a
negative peak at 250 ms (likely related to FRN), a positive peak at
320 ms (likely related to Pe) and another broad negative peak at
around 450 ms (N400); but these latencies can differ depending
on the experimental paradigm (Iturrate et al., 2013).

While the majority of the studies used tasks with discrete feed-
back, Krigolson and Holroyd (2006) have examined errors in
a continuous tracking task and have shown that an ErrP can
be measured if the cursor does not respond during this con-
tinuous task (Krigolson and Holroyd, 2007a). With the aim of
studying ErrPs toward their utilization in BCI, Kreilinger et al.
(2012) investigated ErrPs during continuous arm movement and
tried to classify ErrPs by mapping the continuous feedback to
time-discrete feedback and additionally displaying the discrete

feedback. That a discretization of the feedback is not needed, was
shown by Milekovic et al. (2012) in a study using electrocorticog-
raphy (ECoG) instead of EEG. They could show that an error-
related response during continuous feedback can be observed in
the ECoG signal and also be classified (Milekovic et al., 2013).
Since the ErrP is not only visible in the time-domain, but there
is evidence that there also is an error-related frequency mod-
ulation in EEG (Llera et al., 2011; Omedes et al., 2013, 2014),
mainly in the theta frequency range (Cavanagh and Frank, 2014),
the frequency spectrum could be used for ErrP detection when
there is only continuous feedback. Further, Milekovic et al. (2012)
used the terms “execution error” (if the interface delivers erro-
neous feedback) and “outcome error” (if a goal of an action is
not achieved, i.e., the user is making an error) and showed that
machine learning methods can be used to discriminate differ-
ent error types based on ECoG recordings. While the degree of
an error is another property that has been shown to be reflected
in the strength of the error-related negativity (Falkenstein et al.,
2000), it has not yet been investigated in the context of BCI appli-
cations. Based on the results by Milekovic et al., the study pre-
sented in this paper aims at answering three questions: (i) Can
ErrPs be found in EEG during a cursor control task with con-
tinuous feedback? (ii) Can machine learning methods be used to
detect and discriminate execution and outcome errors in EEG?
(iii) Can the severity of an error be detected in EEG?

2. Methods

2.1. Task Description

The experimental task used in this study was similar to the one
described by Milekovic et al. (2012), in which the subject had to
play a simple video game (depicted in Figure 1). The subject used
the right thumbstick of a gamepad to control the angle in which
the cursor moved on the screen. The task was to avoid collisions
of the cursor with blocks dropping from the top of the screen
with a constant speed. The speed of the falling blocks was set to a
level that the game was challenging and the player collided with
a block from time to time. In case of a collision, the game con-
tinued for 1s and then stopped. The delay of 1s was introduced
to make sure that the reaction measured in the EEG originates
from the subject recognizing the collision (outcome error) and
not from the game stopping or restarting. To study the execution
error, which is happening when the interface delivers erroneous
feedback, the angle of the cursor movement was modified for the
duration of 2 s. The degree of modification was randomized (45°,
90°, 180° to either the left or the right side). The time between
two execution errors was randomized to be between 5 and 8.

2.2. Experimental Setup

10 healthy subjects (mean age: 24.1 = 1.1 years) were recruited for
this study. EEG was measured with two g.tec g. USBamp ampli-
fiers and a Brainproducts Acticap System. 28 electrodes were
placed on the scalp of the subject to measure EEG (at positions
Fpz, AFz, F3, Fz, F4, F8, FC3, FCz, FC4, T7, C3, Cz, C4, T8, CP3,
CPz, CP4, P7, P3, Pz, P4, P8, PO7, POz, PO8, O1, Oz, O2), while
3 electrodes were placed below the outer canthi of the eye and
above the nasion for electrooculogram (EOG) recordings. The
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FIGURE 1 | (A) Picture of the paradigm. The red and blue arrows indicate
the movement direction of the objects (blue) and the cursor (red). The subject
could move the red cursor with the gamepad to avoid a collision with one of
the blue blocks, which were continuously falling down from the top of the
screen. (B) Example of an outcome error, when the cursor collided with a

B Outcome Error

Execution Error

block. (C) Example of an execution error, when the cursor moved for

2000 ms in a different direction than indicated by the subject through
gamepad control. The dashed arrow in the screenshot indicates the
expected movement direction, while the solid red arrow indicates the actual,
erroneous direction.

data was recorded with a sampling rate of 512Hz and a 50 Hz
notch filter was applied to filter out power line noise, as well as an
additional bandpass filter between 0.5 and 60 Hz. The position of
the thumbstick as well as information about outcome or execu-
tion errors was transmitted to the recording software using the
parallel port of the computer.

2.3. Data Analysis

The data was segmented into different trials with a length of
1 s: execution errors, time-locked to the start of an angle modi-
fication; outcome errors, time-locked to the collision event; and
noError trials, when neither a collision nor an angle modifica-
tion has happened during the trial or in the 1s before or after
the trial. For each subject, about 1 h of EEG was recorded, result-
ing on average in 597 4 22 execution errors, 86 £ 30 outcome
errors and 475 £ 39 noError trials. An EOG-based regression
method (Schlogl et al., 2007) was used to reduce the effect of eye
artifacts and the signal was re-referenced to the common aver-
age. For analysis of the power spectrum, we used the method by
Welch (1967) on the time interval 0-1s.

2.4. Event-Locked Classification

For the event-locked classification, we evaluated classification
using three types of features: time domain features only, fre-
quency domain features only, and the combination of both. To
optimize the parameters for each feature set, we tested differ-
ent parameters (e.g., regularization, time range) on data of sub-
ject SO1 and finally used the parameters that worked best, which
are stated below. With these parameters a cross-validation was
performed on all 10 subjects to evaluate performance.

For the time domain features, we used the samples from all
channels in the time range 0.2-0.9 s after an error event. For fre-
quency domain features, we calculated the power spectrum using
the method by Welch (1967) on the time range 0.2-0.9 s after an

error event. The first 40 bins of the power spectrum for all chan-
nels were used as features for classification. For the combination
of time domain and frequency domain features, we concatenated
both feature vectors.

To estimate classification accuracies, we used a 10-fold cross-
validation. As classifier, we used a Support Vector Machine
(SVM) (Vapnik, 1998) using the LibSVM implementation
(Chang and Lin, 2011) with a linear kernel and the hyperparam-
eter set to the default value of C = 1. To investigate how well
the error can be classified, outcome error and execution error,
respectively, were classified against noError trials. We also clas-
sified execution errors against outcome errors, to see if the two
types of errors can be discriminated. Since the number of tri-
als was different for each class, the dataset was always balanced
to obtain an even amount of trials for each class. To assess the
significance of the results, we performed a permutation test with
1200 repetitions, in which for each repetition the vector contain-
ing the class labels was randomly permuted before training and
the accuracy was calculated to obtain the significance level for
p=0.05.

To test if the subject’s movements (due to gamepad control)
or eye movements influence classification, classification was also
done on the EOG data and on the recorded position of the
thumbstick. The classification process itself was the same as for
the EEG data, only the features were replaced by the time-domain
EOG data and thumbstick position data, respectively.

One of the aims of this study was to investigate if it is possible
to detect the severity of an error. Therefore, we tried to classify
how well different angles of the execution error can be classified
against each other. We additionally separated the execution error
trials corresponding to the degree of deflection and performed
a classification for each combination of two degrees. Since 45°
and 315° is basically the same degree, but either to the left or to
the right side, we also joined the trials for 45° and 315°, and 90°
and 270°.
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2.5. Asynchronous Classification

Due to the missing information, when an error happens in online
applications, an event-locked classification is not applicable
online with continuous feedback. Therefore, we investigated how
well error-related potentials can be classified asynchronously. For
the asynchronous classification, a window with a length of 1 s
was shifted over the whole signal by 62.5 ms steps. In each step,
the window was classified whether or not it contained an error
event. To ensure that training and testing data do not overlap,
we performed a chronological 10-fold cross-validation in which
EEG data was partitioned into 10 segments. The event-locked tri-
als in 9 segments were used for training the classifier and then
tested asynchronously on the remaining segment. This procedure
resulted in an output every 62.5 ms, which labels each window as
error or noError trial.

Since an asynchronous classification has higher time con-
straints to be able to run in real-time and we also found
other parameters to yield better results in the asynchronous
classification, we used different methods for signal processing
and classification than for the event-locked analysis. For the
final asynchronous classification, we used only spectral features
because they performed superior to time-domain features or a
combination of both features in the asynchronous classification.
We used the maximum entropy method by Burg (1972) with a
model order of 16 to estimate the power spectrum in the range
of 1-12 Hz with a resolution of 1 Hz per bin. One of the most
striking differences between the asynchronous and the event-
locked classification is the time window used for spectral estima-
tion and classification. The power spectrum was not estimated
on the whole 1s window, but only on a smaller time range.
While we found the time range of 0.2-0.9 s to be optimal for the
event-locked classification, we obtained best results for the asyn-
chronous classification using a smaller time range of 0.1-0.5s
after an error event. While the reduction of the time range results

in better classification performance, it also improves the reaction
time of an asynchronous classification (having a delay of only
0.5 s instead 0f 0.9 s). Based on the features obtained after spectral
estimation, we performed a feature selection based on R?-values
(Spiiler et al., 2011) to select the 20 best features. Those fea-
tures were used to train a SVM (linear kernel, C = 1). Since the
class imbalance is much higher for the outcome error, we used a
weighted SVM in this case, which assigns different cost factors to
the classes. We obtained best results when the cost factor C is 5
times higher for outcome errors than for noError trials. Based on
the output of the SVM, a probabilistic output was assigned (Lin
etal., 2007) and a weighted average of the last three probabilistic
outputs was computed and taken as a final value. If this value was
above a specified threshold, the current window was classified as
an error.

3. Results

3.1. Neurophysiological Analysis of Error-Related
Potentials

The average event-related potentials for NoError trials, execu-
tion errors, and outcome errors are shown in Figure 2, along
with the significant differences between execution and outcome
error. Figure 3 shows the average difference waveform of exe-
cution error and outcome error at electrode FCz for all sub-
jects, as well as the topographic distribution of the potential. It
can be seen that a clear potential is visible for both kinds of
error. The topographic distribution is similar for both errors and
all subjects, with the maximum around electrode FCz and Cz.
However, the waveform shape of the two error potentials dif-
fers strongly. For the execution error, we found a positive peak
at 229 ms, a negative peak at 287 ms, a positive peak at 367 ms,
and a small negative peak at 461 ms. In contrast, the outcome

A 3 : : . . ;

----- NoError
Execution Error
Outcome Error

Amplitude [pV]

iy - L L L L L

B 3 , : : : .

Execution Error
Outcome Error

Amplitude [1V]

-0.2 0 0.2 0.4 0.6 0.8
Time [s]

FIGURE 2 | (A) Event-related potential at electrode FCz averaged
over all subjects for NoError trials, execution errors and outcome
errors. (B) Event-related potential for execution errors and outcome

ey - . L . . .
-0.2 0 0.2 0.4 0.6 0.8

Time [s]

errors. The gray background denotes the time intervals with a
significant difference between execution and outcome error (p < 0.05,
Bonferroni corrected).
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A 4 Execution ErrP at electrode FCz

Amplitude [uV]

4 =i . L L L L

Amplitude [nV]

4Ll . . . . .
-0.2 0 0.2 0.4 0.6 0.8

Time [s]

FIGURE 3 | Left: Error-related potentials at electrode FCz for execution error
(A) and outcome error (C). For display of the ErrPs, the difference between
the error trials and noError trials was calculated. The colored lines depict the
ErrP for the different subjects, while the bold black line is the average over all
subjects. Errors are happening at t = 0ms. The gray background denotes

-0.2 0 0.2 0.4 0.6 0.8
Time [s]
C Outcome ErrP at electrode FCz D

t=229 ms t=287 ms

o
Amplitude [pV]

t=268 ms

o
Amplitude [1V]

-3

the time intervals with a significant difference between error and noError trials
(o < 0.05, Bonferroni corrected). Right: Scalp plots showing the topographic
distribution of the error-related potential for execution (B) and outcome error
(D) at the time of the maximum deflection for each of the significant time
intervals.

ErrP starts with a negative peak at 2 ms, followed by a positive
peak at 268 ms, a negative peak at 486 ms, and a small positivity
at 742 ms.

Regarding the frequency spectra of the observed error poten-
tials (see Figure 4), we found activity mainly in the delta (1-
4Hz) and theta (5-7 Hz) frequency band for both errors, but
the errors show a different spatial power distribution. For the
execution error, the activity in both bands is strictly located at
electrode Cz. For outcome errors, activity in the delta band can
be seen mainly around Cz, while Fz and FCz show activity in the
theta band.

By analyzing the execution error with regard to its severity, we
did not find any significant effect (after correcting for multiple
comparisons). Since the execution error does not differ depend-
ing on the degree, we did not show executions ErrPs separated by
severity in this paper.

3.2. Event-Locked Classification

The results for the event-locked classification of the different
error potentials can be seen in Table 1. For execution vs. outcome
error, the mean accuracy over all subjects varied between 70.6
and 75.5% depending on the features that were used. While the
classification for outcome error against noError reached mean
accuracies between 73.9 and 75.6 %, the classification of execu-
tion errors against noError trials was significantly worse (p <
0.05, Wilcoxon’s ranksum test) with accuracies between 64.2 and
66.0 %.

When comparing the use of different features, the combina-
tion of time- and frequency domain features gives overall the best
results, but the difference compared to either time- or frequency
domain features is not significant (p > 0.05).

For each classification result, we performed a permutation test
(1200 permutations) to assess significance and found that all of
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FIGURE 4 | R2 values showing the difference in power for different frequency bands between noError trials and execution error (A) or outcome error
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the results presented in Table 1 are significantly above chance
level (p < 0.05).

To check if the classification might be related to eye or finger
movement, we also repeated the classification process on EOG
data and the position data of the thumbstick. For execution errors
and noError trials, we achieved an average accuracy of 50.9%
based on EOG and 52.5% based on the thumbstick position. For
outcome error against noError trials, average accuracies of 54.9 %
(EOG) and 56.0% (thumbstick) could be reached. For the clas-
sification of the two error types, execution error and outcome
error, we obtained average accuracies of 56.4 % (EOG) and 55.3 %
(thumbstick). For the majority of the subjects, the results were
not significantly above chance level.

To answer the question if the severity of an error can be
detected based on EEG recordings, we tested different degrees of
the execution error against each other by using a cross-validation.
Since the angle of the movement was randomly modified with
different degrees, we also tested if execution errors with a differ-
ent degree can be classified, e.g., 45° against 180°. Classification
results were around chance level (average accuracies between 47.1
and 50.5%), which is why they are not shown in detail in this

paper.

3.3. Asynchronous Classification

Due to the highly imbalanced nature of this asynchronous classi-
fication task, with much more time segments being correct than
containing an error, we did not use classification accuracy for per-
formance evaluation, but used a different method. We defined
windows containing an error as positive and windows without
error as negative. Thereby, a true positive (TP) is a window which
was correctly classified as containing an error, while a false nega-
tive (FN) is a window that contains an error, but was not classified
as such. As a performance measure, we calculated the sensitivity
given by the number of TP divided by the total number of win-
dows containing an error, and we calculated the specificity given
by true negatives (TN) divided by the total number of windows

containing no error. To obtain a performance measure that is
independent of the threshold, we calculated sensitivity and speci-
ficity for different thresholds ranging from 0 to 1 in 0.01 steps
and used the area under the curve (AUC) for performance eval-
uation. Since AUC is a rather abstract performance measure that
makes it hard to catch a glimpse of how well the classification
would work in an application centered scenario, we calculated the
positive seconds rate for a threshold of 0.8, denoted by PSRy g.
This value gives the percentage of seconds, in which an error is
present and an error was classified. NSRg g denotes the negative
seconds rate for a threshold of 0.8, which gives the percentage of
seconds in which no error has happened and in which no error
was classified.

The AUC for the asynchronous classification of the two errors
is shown in Figure 5. On average, the AUC for execution error
is 0.692, while for the outcome error we obtained an average
AUC of 0.657. More detailed results for all subjects can be found
in Table 2. The AUC is significantly above chance level for all
subjects (p < 0.05, permutation test).

4. Discussion and Conclusion

In this study, we looked at error-related potentials during a video
game task with continuous feedback and could show that the
two different kinds of error that appeared in this task also pro-
duced distinct ErrPs that differ in waveform, latency of its com-
ponents, and its spectral content. Based on these differences we
could use machine learning methods to detect those errors and
discriminate between them.

4.1. Execution ErrP/Interaction ErrP

The execution ErrP found in this study showed four peaks,
with the negative peak at 287 ms likely being a FRN, the Pe
appearing at around 367 ms and an N400 with a maximum
deflection at 486 ms. The shape of the execution ErrP and its
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TABLE 1 | Classification accuracies based on EEG data obtained by 10-fold cross-validation.

Subject Execution vs. Outcome Outcome vs. noError Execution vs. noError
T(%) F(%) T+F(%) T(%) F(%) T+F(%) T(%) F(%) T+F(%)

SO1 77.9 69.7 78.7 74.4 751 751 69.7 68.8 69.6
S02 76.3 73.8 75.7 78.5 66.1 78.5 65.4 62.6 66.4
S03 69.6 66.5 69.6 68.2 79.3 68.2 59.9 59.0 60.1
S04 724 62.7 72.7 75.0 63.4 74.4 60.1 60.8 60.7
S05 70.2 65.8 73.7 60.3 68.0 60.2 64.3 61.6 68.9
S06 67.7 65.4 67.7 76.5 76.0 76.5 63.4 65.2 63.4
S07 73.6 80.7 72.9 76.3 83.5 76.3 62.8 63.3 62.0
S08 85.0 73.2 85.4 80.4 86.4 80.4 68.6 67.6 71.6
S09 78.1 69.8 77.3 71.3 76.3 724 64.5 66.5 65.0
S10 82.1 78.2 81.5 78.0 81.9 78.8 71.2 66. 7 71.8
Mean 75.3 70.6 75.5 73.9 75.6 741 65.0 64.2 66.0

The second line denotes the used features (T: time-domain, F: frequency spectrum). Classes were balanced and all results are significantly above chance level (p < 0.05).

Execution Error

0.8

o
[}

Specificity

04+

0.2},

0 0.2 0.4 0.6 0.8 1
1 - Sensitivity

FIGURE 5 | AUC for the asynchronous classification separated by
execution error and outcome error. Sensitivity (true positive rate) and
specificity (true negative rate) were calculated based on the continuous

Outcome Error
1 ' : : -
0.8r J
206} ]
Qo
=
5 )
g
n 04Ff J
0.2t ]
0 i . L L L
0 0.2 0.4 0.6 0.8 1
1 - Sensitivity
classification in 62.5 ms steps. Each red line represents the data of one
subject. The dashed line represents chance level. Results are significantly
above chance level for all subjects (p < 0.05).

topographical distribution is very similar to the typical interac-
tion ErrP described from BCI studies with discrete feedback, in
which the user received erroneous feedback from the BCI (Fer-
rez and del R Millan, 2008; Kreilinger et al., 2012; Spiiler et al.,
2012a). Comparing the execution ErrP from this study with the
results from Krigolson and Holroyd (2007a), who investigated
the error-related response during a continuous tracking task,
there are notable differences in ErrP waveforms. Krigolson and
Holroyd (2007a) introduced errors in which the interface was
not responding and found a FRN at 248 ms and a Pe at around
450 ms. While it was shown that the latencies of the ErrP com-
ponents are task-dependent and that the task can also influence
the amplitude of the N400 (Iturrate et al., 2013), there is also evi-
dence that the appearance of the first positive peak and the N400
is not visible in all BCI tasks (Spiiler et al., 2012b). Therefore, the

differences in waveform and latencies of the potential can likely
be explained by the differences in the tasks between the studies.

In the presented study, we additionally analyzed the spectral
properties of the EEG signal and found an error-related spec-
tral response, mainly in the delta and theta band. This frequency
range is similar to the low frequency component identified by
Milekovic et al. (2012) in ECoG recordings and similar to the
frequency range used by Omedes et al. (2014).

4.1.1. Influence of Error Severity

Although we investigated possible effects of the severity of an
execution error on the ErrP, we did not find any significant
effects and were not able to detect the severity of an execution
error (e.g., deflection by 45° or 180°) based on the EEG. This
is in contrast to earlier works by Bernstein et al. (1995) and
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TABLE 2 | Classification performance for the asynchronous classification of execution error and outcome error.

Subject S01 S02 S03 S04 S05 S06 S07 S08 S09 S$10 Mean
EXECUTION ERROR

AUC 0.747 0.745 0.705 0.627 0.723 0.617 0.635 0.664 0.716 0.738 0.692
PSRo.s 60.4 % 54.8% 49.1% 156.1% 49.9% 44.6 % 16.7% 35.5% 58.1% 58.4 % 44.2%
NSRp g 70.4% 77.6% 72.5% 89.9% 75.8% 61.2% 90.6 % 75.3% 65.9% 71.4% 75.1%
OUTCOME ERROR

AUC 0.700 0.684 0.655 0.593 0.715 0.593 0.609 0.639 0.684 0.701 0.657
PSRo.s 17.9% 6.5% 19.7% 0.4% 12.4% 3.1% 0.0% 41% 13.4% 9.9% 8.7%
NSRp g 93.6 % 97.4% 89.4% 100.0% 98.2% 93.1% 99.9% 97.6% 95.9% 95.8% 96.1 %

AUC denotes the area under the curve for the continuous classification in 62.5 ms steps. PSRy g denotes the positive seconds rate at a threshold of 0.8, which is the percentages of
seconds that contain an error and in which an error was correctly detected. NSRp g denotes the negative seconds rate at a threshold of 0.8, which is the percentages of seconds that

do not contain an error and in which no error was detected.

Falkenstein et al. (1996), who showed that the amplitude of the
ErrP depends on the difference between the expected and the
actual feedback. That we could not find an effect of the severity
might be explained by our task design and that the error might
be perceived as equally severe by the subject, although the degree
of deflection is greater in the 180° condition than in the 45° con-
dition. In a future study, it might be worth investigating different
smaller degrees of error (e.g., 15°, 30°, and 45°) and to make sure
that these different error degrees are also perceived as differently
severe by the subjects.

4.2. Outcome ErrP

When looking at the topographic distribution of execution and
outcome error, both seem similar with a maximum around elec-
trode FCz and Cz, which indicates that the activity might origi-
nate from anterior cingulate cortex (ACC). However, the shape
of both ErrPs is very different. The outcome ErrP shows a broad
negativity around 2 ms after feedback. That the ERN appears so
early, can be explained by the subjects recognizing that a collision
is going to happen in advance of the collision actually happen-
ing. This is in line with the results by Krigolson and Holroyd
(2007b) who have found that predictive feedback leads to an
earlier latency of the ERN.

The latency of the Pe for outcome errors at around 264 ms is
also about 100 ms earlier than the Pe during execution errors. In
contrast, the N400 appears about the same time in both errors,
but has a stronger and broader deflection in the outcome error.
742 ms after the error has happened, there is also a small positive
deflection.

Since the outcome error shows in general a longer response
(from 0 to 750 ms after error), and has lower-frequency peaks
than the execution error (happening 200-500 ms after error),
these difference enabled us to use machine learning methods to
discriminate both errors in time-domain and spectral-domain.

4.3. Classification

For classification of the ErrPs, we could show that in an event-
locked classification a window of 200 ms to 900 ms gave the best
results and execution errors could be detected with an average
accuracy around 65 %, while the classification of outcome errors
achieved an average accuracy around 75 %. Also, the two different

types of error could be discriminated well with an average accu-
racy around 75 %. Regarding the choice of features, there was no
significant difference if temporal and/or spectral features were
used for classification.

In the case of an asynchronous classification, the results were
different. Although the results were not shown in detail in this
publication, the use of only spectral features yielded much higher
classification performance in the asynchronous case, which is not
astounding, since the data is not event-locked anymore (which is
important for time-domain classification). Also, we found that a
much shorter window of 100 ms to 500 ms gave optimal results
for an asynchronous classification.

However, the overall classification accuracies obtained in this
study are lower than in studies using non-continuous BClIs (c.f.
Spiiler et al., 2012a). As an established method was used for the
time-locked classification and the results presented here are lower
than in studies using the same method (Spiiler et al., 2012a), the
classification method itself can be ruled out as a reason for the
discrepancy. Since (Holroyd et al., 2009) found the amplitude
of the FRN to depend on the degree of which the outcome is
perceived to be influenced by the subjects’ behavior, one could
argue that the lacking influence of the subject on the execution
errors is the reason for a weaker ErrP and thereby lower classi-
fication accuracies. However, this explanation is less likely since
in BCI studies the majority of errors are made by the BCI sys-
tem and thereby out of the subjects’ control. While the simple
fact that the difference between continuous and non-continuous
feedback could lead to lower classification accuracies would be
one explanation, we think the main reason for the lower clas-
sification accuracy is the task complexity. Compared to using a
BCI, the video game task in this study is rather complex and will
likely lead to higher workload than the use of standard BCI sys-
tems. Since workload was found to negatively correlate with ERP
amplitude (Allison and Polich, 2008), this could be one expla-
nation for the lower classification accuracy, but the relationship
between workload and ErrP amplitude, respectively classification
accuracy, still needs to be clarified.

4.4. Implications for BCI
At last, it needs to be discussed what implications this study
has for current BCI research. Since the observed execution ErrP
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is similar to the ErrPs observed in BCI applications, we expect
that results from this task can be transferred to BCI applica-
tions and that this data! can be used to improve methods toward
ErrP detection in continuous BClIs. For synchronous BClIs giving
discrete feedback, ErrPs have been utilized for error correction
(Spiiler et al., 2012a) and adaptation (Spiiler et al., 2012b). By
showing that ErrPs can be detected asynchronously during con-
tinuous feedback, ErrP-based correction and adaptation can be
used for asynchronous EEG-based BCIs and be used to improve
existing adaptive decoding methods (Giirel and Mehring, 2012).
The fact that execution and outcome errors can be discrimi-
nated allows to combine adaptation and error-correcting mech-
anisms in one BCI system. If an execution error is detected,
this information can be used for adaptation of the system, while
the detection of an outcome error can be used for error correc-
tion. The asynchronous classification also gives a first estimate
what accuracies can be expected. This is important information
for the design of ErrP-based adaptation algorithms for contin-
uous BCI systems, since the amount of uncertainty in the ErrP
detection is a crucial factor that influences the reliability of the
adaptation.

4.5. Conclusion

Regarding the three questions we mentioned in the introduc-
tion and that we wanted to answer with this study, we can con-
clude the following: (i) ErrPs can be measured in EEG during a
cursor control task with continuous feedback, as well as a spectral

The data will be made publicly available on the website of the first author.

References

Allison, B. Z., and Polich, J. (2008). Workload assessment of computer gam-
ing using a single-stimulus event-related potential paradigm. Biol. Psychol. 77,
277-283. doi: 10.1016/j.biopsycho.2007.10.014

Bernstein, P. S., Scheffers, M. K., and Coles, M. G. (1995). “Where did i go wrong?”
a psychophysiological analysis of error detection. J. Exp. Psychol. Hum. Percept.
Perform. 21:1312. doi: 10.1037/0096-1523.21.6.1312

Burg, J. P. (1972). The relationship between maximum entropy spectra
and maximum likelihood spectra. Geophysics 37, 375-376. doi: 10.1190/1.
1440265

Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for cognitive
control. Trends Cogn. Sci. 18, 414-421. doi: 10.1016/j.tics.2014.04.012

Chang, C.-C,, and Lin, C.-J. (2011). LIBSVM: a library for support vector
machines. ACM Trans. Intell. Syst. Technol. 2, 27. doi: 10.1145/1961189.
1961199

Chavarriaga, R., Sobolewski, A., and Millén, J. D. R. (2014). Errare machinale est:
the use of error-related potentials in brain-machine interfaces. Front. Neurosci.
8:208. doi: 10.3389/fnins.2014.00208

Falkenstein, M., Hohnsbein, J., and Hoormann, J. (1996). “Differential processing
of motor errors,” in Recent Advances in Event-Related Brain Potential Research,
eds C. Ogura, Y. Koga, and M. Shimokochi (Amsterdam: Elsevier Science),
579-585.

Falkenstein, M., Hohnsbein, J., Hoormann, J., and Blanke, L. (1990). Effects of
errors in choice reaction tasks on the erp under focused and divided attention.
Psychophysiol. Brain Res. 1, 192-195.

Falkenstein, M., Hohnsbein, J., Hoormann, J., and Blanke, L. (1991). Effects of
crossmodal divided attention on late erp components. ii. error processing in
choice reaction tasks. Electroencephalogr. Clin. Neurophysiol. 78, 447-455. doi:
10.1016/0013-4694(91)90062-9

error-related response (mainly in delta and theta band). They
further can be classified in an event-locked, as well as in an asyn-
chronous manner. (ii) The different kinds of errors show a differ-
ent potential in the EEG with different latency and characteristic
of the ErrP components, as well as a different spectral response,
which allows a discrimination between execution and outcome
errors. (iii) We did not find any significant effect regarding the
severity of an error and therefore could not detect it.

Author Contributions

MS conceived and designed the study, performed the analy-
sis, supervised the work and wrote the paper. CN collected
the data, performed the analysis and contributed to writing the

paper.

Acknowledgments

The authors would like to thank Johannes Anufrienko for pro-
gramming the experimental task. We acknowledge support by
Deutsche Forschungsgemeinschaft and Open Access Publishing
Fund of University of Tiibingen. This study way funded by the
German Federal Ministry of Education and Research (BMBE
BENT F*T, Grant UTi 01 GQ 0831), the Baden-Wiirttemberg
Stiftung (GRUENS), and the Deutsche Forschungsgemeinschaft
(DFG, Grant RO 1030/15-1, KOMEG). Preliminary results of
this study were presented as short paper at the 6th International
Brain-Computer Interface Conference in Graz (Spiiler et al.,
2014).

Falkenstein, M., Hoormann, J., Christ, S.,, and Hohnsbein, J. (2000).
Erp components on reaction errors and their functional significance:
a tutorial. Biol. Psychol. 51, 87-107. doi: 10.1016/S0301-0511(99)
00031-9

Ferrez, P., and Millén, J. D. R. (2005). “You are wrong!: automatic detection
of interaction errors from brain waves,” in Proceedings of the 19th Interna-
tional Joint Conference on Artificial Intelligence (Edinburgh: Morgan Kaufmann
Publishers Inc.), 1413-1418.

Ferrez, P. W., and del R Millan, J. (2008). Error-related eeg potentials generated
during simulated brain-computer interaction. IEEE Trans. Biomed. Eng. 55,
923-929. doi: 10.1109/TBME.2007.908083

Gehring, W.J., Goss, B., Coles, M. G., Meyer, D. E., and Donchin, E. (1993). A neu-
ral system for error detection and compensation. Psychol. Sci. 4, 385-390. doi:
10.1111/§.1467-9280.1993.tb00586.x

Giurel, T., and Mehring, C. (2012). Unsupervised adaptation of brain-
machine interface decoders. Front. Neurosci. 6:164. doi: 10.3389/fnins.2012.
00164

Holroyd, C. B., and Coles, M. G. (2002). The neural basis of human error pro-
cessing: reinforcement learning, dopamine, and the error-related negativity.
Psychol. Rev. 109:679. doi: 10.1037/0033-295X.109.4.679

Holroyd, C. B., Krigolson, O. E., Baker, R., Lee, S., and Gibson, J. (2009). When
is an error not a prediction error? an electrophysiological investigation. Cogn.
Affect. Behav. Neurosci. 9, 59-70. doi: 10.3758/ CABN.9.1.59

Holroyd, C. B., Nieuwenhuis, S., Yeung, N., and Cohen, J. D. (2003). Errors in
reward prediction are reflected in the event-related brain potential. Neuroreport
14, 2481-2484. doi: 10.1097/00001756-200312190-00037

Holroyd, C. B., Pakzad-Vaezi, K. L., and Krigolson, O. E. (2008). The feed-
back correct-related positivity: sensitivity of the event-related brain poten-
tial to unexpected positive feedback. Psychophysiology 45, 688-697. doi:
10.1111/j.1469-8986.2008.00668.x

Frontiers in Human Neuroscience | www.frontiersin.org

March 2015 | Volume 9 | Article 155


http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Spuler and Niethammer

Detecting ErrPs during continuous feedback

Iturrate, I., Montesano, L., and Minguez, J. (2013). Task-dependent signal varia-
tions in eeg error-related potentials for brain-computer interfaces. J. Neural
Eng. 10:026024. doi: 10.1088/1741-2560/10/2/026024

Kreilinger, A., Neuper, C., and Miiller-Putz, G. R. (2012). Error potential detection
during continuous movement of an artificial arm controlled by brain-computer
interface. Med. Biol. Eng. Comput. 50, 223-230. doi: 10.1007/s11517-011-
0858-4

Krigolson, O., and Holroyd, C. (2006). Evidence for hierarchical error
processing in the human brain. Neuroscience 137, 13-17. doi:
10.1016/j.neuroscience.2005.10.064

Krigolson, O. E., and Holroyd, C. B. (2007a). Hierarchical error pro-
cessing: different errors, different systems. Brain Res. 1155, 70-80. doi:
10.1016/j.brainres.2007.04.024

Krigolson, O. E., and Holroyd, C. B. (2007b). Predictive information and error
processing: the role of medial-frontal cortex during motor control. Psychophys-
iology 44, 586-595. doi: 10.1111/j.1469-8986.2007.00523.x

Lin, H.-T., Lin, C.-J., and Weng, R. C. (2007). A note on platt’s probabilistic outputs
for support vector machines. Mach. Learn. 68, 267-276. doi: 10.1007/s10994-
007-5018-6

Llera, A., van Gerven, M. A., Gémez, V., Jensen, O., and Kappen, H. J. (2011). On
the use of interaction error potentials for adaptive brain computer interfaces.
Neural Netw. 24, 1120-1127. doi: 10.1016/j.neunet.2011.05.006

Milekovic, T., Ball, T., Schulze-Bonhage, A., Aertsen, A., and Mehring, C. (2012).
Error-related electrocorticographic activity in humans during continuous
movements. J. Neural Eng. 9:026007. doi: 10.1088/1741-2560/9/2/026007

Milekovic, T., Ball, T., Schulze-Bonhage, A., Aertsen, A., and Mehring, C. (2013).
Detection of error related neuronal responses recorded by electrocorticog-
raphy in humans during continuous movements. PLoS ONE 8:¢55235. doi:
10.1371/journal.pone.0055235

Omedes, J., Iturrate, I, and Montesano, L. (2014). “Asynchronous detection
of error potentials,” in Proceedings of the 6th International Brain-Computer
Interface Conference (Graz), 260-263.

Omedes, J., Iturrate, 1., Montesano, L., and Minguez, J. (2013). “Using frequency-
domain features for the generalization of eeg error-related potentials among
different tasks,” in Engineering in Medicine and Biology Society (EMBC), 2013
35th Annual International Conference of the IEEE (Osaka: IEEE), 5263-5266.

Schlogl, A., Keinrath, C., Zimmermann, D., Scherer, R., Leeb, R., and Pfurtscheller,
G. (2007). A fully automated correction method of eog artifacts in eeg record-
ings. Clin. Neurophysiol. 118, 98-104. doi: 10.1016/j.clinph.2006.09.003

Schmidt, N. M., Blankertz, B., and Treder, M. S. (2012). Online detection of error-
related potentials boosts the performance of mental typewriters. BMC Neurosci.
13:19. doi: 10.1186/1471-2202-13-19

Spiiler, M., Bensch, M., Kleih, S., Rosenstiel, W., Bogdan, M., and Kiibler,
A. (2012a). Online use of error-related potentials in healthy users and
people with severe motor impairment increases performance of a P300-
BCI. Clin. Neurophysiol. 123, 1328-1337. doi: 10.1016/j.clinph.2011.
11.082

Spiiler, M., Niethammer, C., Rosenstiel, W., and Bogdan, M. (2014). “Classification
of error-related potentials in eeg during continuous feedback,” in Proceedings of
the 6th International Brain-Computer Interface Conference (BCI2014) (Graz),
24-27.

Spiiler, M., Rosenstiel, W., and Bogdan, M. (2011). “A fast feature selection method
for high-dimensional meg bci data] in Proceedings of the 5th International
Brain-Computer Interface Conference (Graz), 24-27.

Spiiler, M., Rosenstiel, W., and Bogdan, M. (2012b). Online adaptation of
a c-VEP brain-computer interface (BCI) based on error-related potentials
and unsupervised learning. PLoS ONE 7:¢51077. doi: 10.1371/journal.pone.
0051077

Ullsperger, M., Fischer, A. G., Nigbur, R, and Endrass, T. (2014). Neural mech-
anisms and temporal dynamics of performance monitoring. Trends Cogn. Sci.
18, 259-267. doi: 10.1016/j.tics.2014.02.009

van Schie, H. T., Mars, R. B., Coles, M. G., and Bekkering, H. (2004). Modulation
of activity in medial frontal and motor cortices during error observation. Nat.
Neurosci. 7, 549-554. doi: 10.1038/nn1239

Vapnik, V. N. (1998). Statistical Learning Theory, Vol. 2. New York, NY: Wiley.

Welch, P. D. (1967). The use of fast fourier transform for the estimation of
power spectra: a method based on time averaging over short, modified peri-
odograms. IEEE Trans. Audio Electroacoust. 15,70-73. doi: 10.1109/TAU.1967.
1161901

Wessel, J. R., Danielmeier, C., and Ullsperger, M. (2011). Error awareness revis-
ited: accumulation of multimodal evidence from central and autonomic
nervous systems. J. Cogn. Neurosci. 23, 3021-3036. doi: 10.1162/jocn.2011.
21635

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Spiiler and Niethammer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

10

March 2015 | Volume 9 | Article 155


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Error-related potentials during continuous feedback: using EEG to detect errors of different type and severity
	1. Introduction
	2. Methods
	2.1. Task Description
	2.2. Experimental Setup
	2.3. Data Analysis
	2.4. Event-Locked Classification
	2.5. Asynchronous Classification

	3. Results
	3.1. Neurophysiological Analysis of Error-Related Potentials
	3.2. Event-Locked Classification
	3.3. Asynchronous Classification

	4. Discussion and Conclusion
	4.1. Execution ErrP/Interaction ErrP
	4.1.1. Influence of Error Severity

	4.2. Outcome ErrP
	4.3. Classification
	4.4. Implications for BCI
	4.5. Conclusion

	Author Contributions
	Acknowledgments
	References


