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Abstract—Neurofeedback paradigms are of increasing interest,
both for brain-computer interfaces and for training purposes. In
the current study we examine multi-session training in a P3 speller
application which uses P300 evoked response potentials to identify
the letter of a word a participant is attempting to spell. Because
neurofeedback training is most effective over time, there is an
advantage to using low-cost hardware that can be used in the home
rather than expensive research-grade equipment. This study is
performed on an Emotiv Epoc EEG headset and some of the
problems and workarounds inherent in this are discussed. This
headset is sensitive enough to detect evoked response potentials
and evidence of a training effect is found. Motivational aspects of
ERP training are discussed and an alternate P300 training
paradigm is presented.
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I.

INTRODUCTION

The P3 speller is a brain-computer interface (BCI) for text
input. It takes advantage of the P300, strongest and easiest to
reliably detect of the evoked response potentials (ERP). This is
a positive deflection across a wide number of electrode locations
at approximately 300 milliseconds after a stimuli of interest is
presented[1]. The P3 speller has been used in many contexts as
both an assistive device and a general study paradigm. It has
been noted that training effects occur, but very little systematic
research has been done on these effects[2]. Training is important
because some proportion of study participants simply fail to
show a strong enough P300 signal to allow them to use the P3
speller. Others show robust effects during one test session but in
another session are unable to get acceptable performance. This
inter-subject and inter-session variability, as well as the general
speed of text entry, are some reasons that the P3 speller has fallen
out of general favor in the assistive device community in favor
of eye tracking solutions[3].
We present a systematic study of training effects on the P3
speller using a consumer-grade EEG device. The goals in
showing ERP training performance are twofold – first, the P3
speller is an interesting input platform in some situations and
learning how to use it more effectively is necessary if a P3-based
BCI is to be useful. Equally important is that this sustained visual
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attention ERP paradigm appears to be correlated with attentional
deficits in conditions such as ADHD[4]; since there exist nonneurofeedback based attentional training protocols for ADHD[5],
it is therefore conceivable to develop a neurofeedback-based
training protocol for such conditions. It is in relation to this
second point that the current study is completed using a
consumer EEG device, the Emotiv Epoc. The device is relatively
inexpensive ($500), opening up possibilities that neurofeedback
training could be performed in the home and in therapeutic
settings where a research-grade EEG (costing tens of thousands
of dollars) would simply be impractical. In this work, we show
evidence of a training effect with repeated P3 speller use, and we
demonstrate that such effects can be detected with consumergrade EEG hardware. Furthermore, we propose a related card-

game paradigm which has the ability to manipulate cognitive
factors of the task to maintain long term interest while still
remaining engaged in the attentional training.
II.

BACKGROUND AND RELATED WORK

Evoked response potentials have been studied since the
1930’s, but it is the close tying of specific stimuli presentation
to EEG response that marks the modern age of ERP. The P300
was the first signal examined in that way[6]. A comprehensive
review in the early 1990’s summarized factors leading to a
robust P300 response, including novelty, attention, and the
absence of certain medical conditions[1]. It was also around this
time that the P3 speller paradigm was introduced, as the first
ERP-controlled brain computer interface (BCI) where users
focus attention on flashing stimuli and use the P300 response for
the system to identify the focus[7].
The P3 speller task is painfully boring. This limits its utility
as a long term training mechanism. Some work has looked at
using P300 signals as an input modality in computer gaming[8].
This approach seems like a great first start to developing
stimulus materials and test methodologies that are usable for a
long enough period to see a training effect develop.
Attentional and motivational factors strongly affect P300
strength and reliability[9] and this is likely a reason that marked
decrease in P300 response is often seen in individuals with
attentional deficits[4][10]. This reduced P300 response has even
been suggested as a diagnostic criterion for ADHD, but the
situation is more complex. Intriguingly, in adults with ADHD,
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adaptations and training strategies are postulated as being able
to at least partially overcome these deficits[11].

The 14 channel headset is normally worn with the majority
of the sensors on the frontal area, but it was reversed in order to

Direct attentional training is an effective intervention in
children with ADHD[5]. Although general training for attentional
conditions has been studied, the specific question of EEG
training has received surprisingly little coverage. One of the few
papers on the topic is a short article attempting to train users to
improve the P300 stability, although this successfully focused
on improving phase locking factors rather than overall
magnitude of the P300 peak[2].
An early study showing the use of consumer grade EEG
equipment in ERP research was presented in 2011. It showed
that it was possible to use the Neurosky Mindwave single sensor
headset to detect P300 responses[12]. This headset has been
judged a bit too limited by other researchers, and the Emotiv
Epoc has received more study, with the general conclusion that
while it generates reliable data that it suffers from long-term
comfort issues[13], reduced signal quality compared to research
grade instruments, and a lack of precision in headset fitting[14].
The current study demonstrates effective ERP results on the
Emotiv Epoc and shows preliminary evidence of training P300
strength through repeated sessions of practice. This training
effect on low-cost hardware opens the door to ERP
neurofeedback protocols which are accessible to individuals
outside the formal research lab.
III.

METHODS

A. Participants
Eight University of Victoria undergraduates participated in
exchange for experimental credit in their psychology classes. 2
of the 8 subjects had to be removed due to rejection criteria,
leaving 6 subjects in the study. Rejection criteria were

determined in advance to exclude participants who were
unable to achieve consistent enough performance to enable
the classifier to be trained. Participants returned for two

sessions. 5 of the 6 subjects were female. Selection criteria
included an absence of attentional disorders and lack of
experience with related EEG studies. Four additional subjects
were run to trial an alternate card game task, described below.
B. Apparatus
The current studies were performed on an EEG platform
which is relatively low-cost and generally intended for computer
gaming. The primary use of the Emotiv Epoc is for capturing
slow-wave frontal lobe EEG signals. The most common tasks
are relaxation trainers, meditation trainers, and other similar
applications. The Emotiv uses saline-coupled electrodes — this
is a simpler system for casual use than a standard gel-coupled
headset, but the conductivity is not as good, particularly in
participants with thick hair. It is particularly sensitive to motion
artifacts, although in its reversed position in the studies reported
here, those artifacts are more pronounced from full head
movement than they are from simple eye blinks or facial
movements. This particular headset is also sensitive to the size
of the head. Unlike a standard EEG cap which comes in multiple
sizes, the Emotiv is available in only a single size. Some
participants with smaller than average heads have a very difficult
time achieving an adequate headset fit.

Figure 1: Approximate electrode positions, DRL is a noise
cancellation electrode and CMS is the common reference

access the desired head locations. The electrodes were
positioned as closely as possible to the locations described in
figure 1, although head shape variability and a relatively nonadjustable headset did not allow these locations to be as precisely
targeted as would have been the case with a cap-style electrode
set. After positioning, the onscreen Emotiv control panel was
used to ensure that all electrodes were shown as green in the user
interface, indicating an impedance of 20K Ohm or less[15]. The
rejection criterion for headset fitting was that no more than 2 of
the electrodes could be at yellow, the rest at green. This attention
to headset fitting reduced the rejection rate substantially from
early piloting, but required up to 15 minutes of fitting time for
some subjects. This careful attention ensured good connectivity
and was re-checked in the middle of the session and whenever a
participant took a break. If connectivity was not adequate, the
electrode was pressed down into the hair and wetted with
additional sterile saline solution.
C. Procedure
The P3 speller task involves a 6x6 grid of letters and
numbers, as shown in the upper portion of figure 2, which are
visually intensified at a rate of 125 msecs, flashing alternate rows
and columns in a random presentation. The participant is
instructed to count flashes of the letter or number that they are
trying to spell[16].
In the alternate card game task, shown at the bottom of figure
2, the same attentional mechanism was used to select matching
pairs of cards – the participants were first shown all of the cards
and then they were flipped over and revealed one by one as the
participant concentrated on them to form pairs. If a pair was not
matched then both cards were flipped back over and the process
started again.
The monitor was at a viewing distance of 80cm, causing it
to subtend a visual angle of approximately 34 degrees. The
participants did not use a mouse or keyboard and all
interaction with the system was through the EEG.
The study was broken into two sessions. On the first day,
subjects arrived and had the P3 speller task explained to them,
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phrases, and the phrases were the same on both days (with the
exception of the free spelling trials.)
Participants returned for a second session 24 hours later (plus
or minus 3 hours). Procedure on day two was identical, with the
exception that task instructions and the orienting phrase were not
given. A questionnaire was filled out on both days asking for the
participant’s subjective effort ratings, comfort, and general
alertness level.
A deviation from this procedure was that the 4 subjects who
were run on the alternate card game task were tested for only one
session. The card game results were not included in the statistical
analysis for the training effect, but the card game represents a
novel related paradigm which will be briefly discussed below.
IV.

RESULTS

A. Data Analysis

Figure 2: Interfaces for P3 speller task (top) and card game task
(bottom)

then had the headset fit. Participants were told that each letter
would be intensified for a moment, in rows and columns, and
that they were to mentally count the number of times the letter
they wished to spell turned bright. When participants
understood, the first session was begun. This was with a very
short phrase (“BIRD”) in order to get the participant used to the
task. Following this, they spelled 3 phrases ranging from 10 to
15 characters per phrase (e.g., “CHERRY BLOSSOMS”).
Model training was attempted after the first and third phrase
in order to maximize subject accuracy on the task. This training
consists of using the prompted phrase paired with the results
generated from the user. This alignment of known correct
responses and user generated responses allows the system to
train a linear classifier so as to be able to associate the user EEG
inputs to more accurately predict user intention in the future
trials. This training adjusts the inputs by electrode location and
P300 timing to correctly weight the inputs on a per-user (and
per-session) basis.
A fourth phrase was then given to test the fully trained
model. The subject was then allowed to spell a word of their
choosing (free spelling), writing it on paper before the
experimenter began the session. A short break was then given
(minimum two minutes, up to 5 minutes.) and then another free
spelling trial. Finally, another prompted trial was given, and then
the model was reverted to an untrained model and the initial
phrase attempted again. All participants were given the same

The display of stimuli and real-time model is provided by the
BCI2000 EEG framework[17]. This is a C++ framework that
offers good performance and relatively easy customization. The
package is only able to accommodate some fairly basic analyses
within its own tools, though, so most of the detailed analysis was
done within Matlab, using the EEGlab analysis package[18]. A
few significant changes needed to be made to the data before
they could be imported into EEGlab. The first was to map the
event format of the results from the BCI2000 standard into a
format amenable to analysis in EEGlab. A more significant
theoretical point is that the epochs in the P3 speller in BCI2000
are overlapped, meaning that with an epoch length of 800 msecs
and a display rate of 125 msec, each epoch contains multiple
stimuli. This is not a problem, but does mean that the
independent component analysis (ICA) features of EEGlab are
not appropriate to use on this data set (since each epoch contains
data from several stimuli and therefore have strong crossdependencies.)[19] For this reason, all analyses below are in the
time domain rather than in terms of more complex
decompositions. All non-target epochs are those in which there
is no target event anywhere in the epoch. The reference signal
on the Emotiv also requires brief discussion - because the
reference channel in the reversed electrode position is itself
neurally active at location C4, the channels are all relative
references to this position. In the case of a broadly distributed
signal like the P300 this is not as convenient as an absolute signal
but still allows reasonable data interpretation.
Three analyses were of primary interest. The first is of the P3
speller data on its own. Can we find a difference between target
and non-target items that is significant, broadly distributed
across electrode locations, and centered in the time range that we
would expect a P300 response? Second, is there an effect of
either fatigue or training (moving in opposite directions, of
course)? And finally, is the alternate card game task generating
similar patterns of data?
The question of training and fatigue requires teasing the
effects apart carefully. One concern is that the task demand
characteristics may not lead subjects to pay the utmost attention
at all times. Because the classifier provides correct responses
even when attention wavers, subjects noted verbally that it
seemed easier on the second day. It would be preferable to have
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Figure 3: Topographical view of all electrode locations on day 1
(top) and day 2 (bottom) showing minimal activity on non-target
trials (left) and a band of activity across the top of the head on
target trials, between 250 and 400 msec in each epoch. Differences
between target and non-target trials are significant at the p<.05
level.

Figure 5: Average peak height on untrained model trials for day 1
(left bar in each pair) and day 2 (right bar in each pair) across
subjects (coloured), showing the strength of the P300 response
increasing through the training. Y-axis is in microvolts at the peak
of the P300 response (range 250-400 msecs).

central channels. The posterior channels chosen here reflect the
negative dipole of the positive frontal P300 component.
For the analysis of the training effect, the maximum peaks
were picked in the interval of 250 msecs to 400 msecs poststimulus-presentation, again on an average of the electrode
locations at p3, p4, p7, and p8. These peaks differed significantly
on day 1 vs day 2 with a day 1 mean of -1.66 microvolts and a
day 2 peak of 2.31 microvolts (t-test on peak values shows
p<.05). These results are broken out by subject in figure 5,
showing a suggestive trend of improvement over time for most
subjects. Subjects 6 and 7 began day 1 at a fairly high level of
performance and this reversed on day 2, presumably due to
motivational factors as they became bored with the task.

Figure 4: Non-target (blue) vs. target (green) ERP responses
on day 1 (top) and day 2 (bottom). Dark bars at base of charts
indicate regions where target and non-target are significantly
different at the .05 level, showing a robust P300 signal on
both days.

Overall accuracy rates ranged from 4% on the first untrained
phrase to 90% on a phrase of their own choosing. On day 2, the
first untrained phrase had an average of 10% correct. Because
the number of subjects in the study was chosen to show

perceived difficulty remain constant and see a performance
increase. As a partial way of negating this effect, we specifically
looked at the 4 trials (two on day one, two on day two) where an
untrained model was used on the same phrase; in these, the
classifier does not confound motivational factors. Because one
trial is at the beginning and one at the end of each day this also
allows us a window onto attentional fatigue.
B. Experimental Results
The overall P300 effect is very robust in this experiment,
across many trials of data (72 individual phrases in total). Figure
3 demonstrates the overall electrode positions and figure 4 the
overall P300 at an average of electrode locations p3, p4, p7, and
p8. Due to the central location (c4) of the Emotiv reference
channel, the P300 was not accessible from the typical front-

Figure 6: Target vs. non-target ERP responses at locations P3,
P4, P7, P8 (averaged) on the card game task. The P300 for
target presentations is significantly different than the nontarget presentations at p<.05.
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statistically significant results on individual P300 responses, the
overall word error rate does not have enough samples to be
statistically significant.
On the post-test questionnaire, subjects reported on headset
comfort (1=very uncomfortable, 7=very comfortable) and saline
solution irritation (1=very irritating, 7=no irritation) with
average values of 6.2 and 7, respectively, indicating that headset
comfort was not seen as much of an issue in this study, unlike in
prior studies from other labs[13].
The card game task was treated in the same manner as the P3
speller data and shows a strong P300 peak (see figure 6). This
shows that a similar visual attention mechanism is being used in
the case of this game, although the cognitive parameters of the
task differ.
V.

DISCUSSION

The two primary research questions in this paper are whether
the Emotiv Epoc is sufficiently sensitive to detect ERPs, and
whether we can use a P3 speller paradigm to show evidence of a
P300 training effect (specifically strength increases). Our results
show that the Emotiv, despite some limitations in the reference
electrode location, does provide usable ERP data. Furthermore,
the training effect over two sessions of P3 speller usage shows
an overall clear and significant trend of better performance,
though this trend did not exist for all individual participants.
It is likely that many of the factors leading to the successful
use of P3 spellers are not strictly training of the brainwaves being
produced, but rather training in how to put on the headset
properly, how (and when) it is necessary to maintain attention,
how to avoid movement artifacts, etc. Since the experimenter
took care of headset fitting and gave instructions and feedback
to minimize artifacts, this current study was not designed to
show training in anything but the actual P300 brainwave
production.
Anecdotally, one of the authors of this paper has been using
the Emotiv to test various paradigm changes for many months
and has seen large performance improvements during that time.
This was one of the reasons to begin looking for a training effect.
Of course, two sessions is not a lot of training time, but it is
encouraging to see performance increases even in that short
timeframe.
Past research has shown an effect of motivation on P300
responses[9]. This is supported by our participants’ self-reported
strategies. Most stuck with the “count the number of flashes”
strategy described in the instructions, but other participants
found ways of making the task more interesting. Two played
word association games and one even inventing swear words
that started with the letter they were looking for in an attempt to
make it a stronger association. However, insufficient data were
collected on alternate strategies to assess a performance impact.
In the card game, task difficulty can be manipulated by
means of the card grid size, the number of pairs, and the time
given to memorize them. The hope is that the cognitive
challenge of the task can be manipulated while preserving the
visual attention focus of the task. In longer term training studies,
this independent manipulation of cognitive load versus

attentional load seems very beneficial in keeping users
interested. The discussion of P300 for gaming interfaces is
directly relevant to this approach[8]. One problem with the
current card game paradigm is that it does not function as a
mechanism to do supervised model training – in the P300
speller, since the subject is being given the letters to spell, the
system can align participant responses with the known correct
responses in order to train the linear classifier to recognize
responses better. In the case of the card game, the system does
not know a priori which card is the correct response, so this
training cannot occur. In this experiment, the subject was asked
to verbally state which card they were trying to turn over so that
the experimenter could keep track of “correct” responses for
offline analysis, but other paradigms are being considered to
alleviate this difficulty. Nonetheless, the fact that the P3 speller
trials could be used to train a model for the card game task
(allowing it to work at an effective degree of accuracy) is
confirmatory evidence that the card game and P3 speller share a
common mechanism.
Although the problem of the reference electrode being in a
very active location and therefore causing the P300 to appear in
negative fashion on uninvolved locations is cumbersome from a
research perspective, it does still allow for reasonable signals to
be captured. The current study does alleviate some concerns over
the comfort and usability aspects of the Emotiv headset. Given
the decreasing price of consumer EEG headsets and the
strengthening evidence of a training effect, further study of these
low-cost devices seems warranted and the authors are hopeful
for wider adoption opportunities for EEG-mediated biofeedback
approaches.
VI.

FUTURE WORK AND CONCLUSIONS

The Emotiv Epoc is a suitable device for ERP neurofeedback
in settings where a full research EEG is cost-prohibitive. We see
in this study some initial results indicating that brain training is
effective in increasing the strength of P300 responses. We also
show that an alternate paradigm, the card game, shows similar
P300 effects; this or similar tasks may be more interesting than
the P3 speller task for long-term ERP neurofeedback training.
Despite its suitability for training, the Emotiv electrode
montage is not optimal for P300 studies: the reference channel
is inconvenient and the saline-coupled electrodes are
cumbersome. There is a new option forthcoming – the Emotiv
Insight is a new capacitively coupled headset that will be
evaluated. There are also some open source alternatives such as
the OpenBCI project, which appears to result in good data,
although the drivers to use it in BCI2000 are not yet available.
Some other consumer headsets are recently on the market, such
as the Interaxon Muse, but these do not seem to be easily
modifiable to give access to the electrode locations that would
be most useful for ERP studies. The predominant use of these
consumer devices remains for frontal lobe slow wave activity,
which because it is averaged over a much longer time is not as
technically challenging to detect as ERPs.
With capable devices on the immediate horizon, though, it
makes sense to work on strengthening the case for
neurofeedback of ERP components as being effective and
useful. Effectiveness seems straightforward to undertake
through longitudinal studies and longer term use, but will require
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tasks which are intrinsically more interesting. Utility will need
to tie those longitudinal uses to measures that correlate with
known conditions. ADHD is the obvious first candidate, and the
reason for the focus in this paper on visual attention, but as
inexpensive and accessible headsets improve in capability, other
ERP targets are also very interesting to consider.
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