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Abstract—The purpose of this study was to identify the impact of different discriminative features of stimuli
in a P300 brain-computer interface paradigm on overall performance and evoked potentials. It has been
shown that stimuli sets with a greater number of discriminative features yield better target selection accuracy.
Target selection accuracy was significantly higher for the stimuli that differ from each other by color, shape,
and semantics. Highest performance was achieved with the stimuli set containing the largest number of dis-
criminative features, namely a set of nine different-colored letters. This result is mainly due to higher mean
P300 peak amplitude for stimuli sets that contain more discriminative features. The results of the study can
be used for designing a better user experience in brain-computer interfacing (BCI). Motion of the stimuli pre-
sentation point and characteristics of this motion (linear or pseudorandom) did not have any impact on BCI
performance. This result is promising for future BCI designs with rapid serial visual presentation using mobile
robots or augmented reality as stimuli presentation environment.
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INTRODUCTION

Brain-computer interface (BCI) technologies
allow people to learn to generate signals for interaction
with the environment through mental activity leading
to specific changes in electroencephalogram (EEG)
without using speech or movements [1]. One of the
most reliable approaches to building BCl is a real-time
detection of the specific EEG visual evoked potentials
(VEP) in response to the activation of the stimuli that
a participant focuses his attention on. This allows one
to type a text letter by letter or to select different com-
mands from those presented on a screen without mak-
ing a muscular effort [1, 2]. This approach is based on
the psychophysiological “odd-ball” paradigm,
namely, that VEP emerging in response to the stimuli
that draw attention of the operator (target stimuli)
slightly differs in shape from the equivalent VEP
emerging in response to indifferent or nontarget visual
stimuli. A key difference of the VEP received in
response to the target stimuli presentation is an
increase in the positive P300 component, which
appears with the latency of approximately 300 ms after
the beginning of visual stimulus presentation [3].

Usually, visual stimuli (letters, pictograms, images,
etc.) used for the operation of the P300-based brain-
computer interface are displayed on a computer screen
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inside the cells of a square matrix [2, 4]. This creates a
spatial value for the target stimuli that project onto the
fovea located in the retina, whereas nontarget stimuli
appear on the periphery of the visual field resulting in
the differences in amplitudes of the corresponding
VEPs. The majority of healthy individuals demon-
strate high accuracy in P300-based BCI operation
during short-term training [5]. However, during the
extended operation of the BCI by both healthy indi-
viduals and, especially, patients with poststroke and
posttraumatic disorders for whom this BCI technol-
ogy is primarily designed for, it becomes difficult to
achieve high accuracy of operation due to the need to
continuously draw attention to one or another charac-
ter of a matrix. Since the P300 component is the main
indicator on which the VEP classification algorithms
are based, mental fatigue results in a reduction of the
P300 component and, therefore, the occurrence of
errors in the classification of visual evoked potentials
and command selection.

In recent years, due to the attempts of the practical
application of the P300-based BCI, there is a need for
the optimization and adaptation of stimuli environ-
ment in BCI for users to be able to run certain appli-
cations [6]. For long-term BCI operation in particular,
it is necessary for users to minimize cognitive load
with the retention of sustained attention to the stimuli.
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This can be made by, for example, creating more
attractive stimuli or by decreasing the visual load, etc.
Mobile stimuli [7, 8], colored stimuli [9—11], stimuli
of various shapes [12], and stimuli randomly moving
on the screen [13] were used in different studies. How-
ever, none of those stimuli parameters were investi-
gated under the same conditions; also, no observation
was performed of the BCI operational efficiency of the
stimuli of different modality and shape sequentially
presented on the screen at the fixed spatial position,
which not only facilitates perception but also expands
the scope of practical application, such as the arrange-
ment of a stimuli screen upon the controlled object
(mobile robot or exoskeleton) [14].

The aim of the present study was to investigate the
impact of different stimuli parameters (color, shape,
and mobility) on the classification accuracy and the
characteristics of visual evoked potentials occurring
over the course of P300-based BCI operation with the
stimuli sequentially presented at the fixed position of
the screen which, in turn, may be static or mobile.

MATERIALS AND METHODS

Thirty-seven healthy volunteers aged 18—31 years
were invited for the prospective study. Prior to
embarking on the research, a written informed con-
sent was obtained from all the participants in accor-
dance with the form approved by the Biomedical Eth-
ics Commission of the Biological Faculty of Moscow
State University. The two following sets of stimuli pre-
sentation conditions were examined in the study: con-
ditions related to the stimuli characteristics and condi-
tions related to the mobility of the stimuli. Twenty
people took part in the study of the conditions related
to the characteristics of the stimuli (ten women and
11 men), and seventeen people participated in the
study of the stimuli mobility (eight women and nine
men). Monopolar 25-channel (O1, O2, Oz, PO7,
PO3, POz, PO4, POS, P3, P1, Pz, P2, P4, CP3, CPz,
CP4, C3, Cz, C4, FC3, FCz, FC4, F3 Fz, and F4)
EEG with linked earlobes reference was recorded
using a NVX-52 amplifier (Medical computer sys-
tems, Zelenograd, Russia) with gel electrodes.

A participant sat in a chair in front of a monitor
screen (24-inch monitor, 1920 x 1080, IPS-matrix) at
a distance of 80 cm. During the experiment, the par-
ticipant was instructed to refrain from movements,
stay calm, try to avoid distraction and, when possible,
not to blink his eyes.

Stimulus environment was presented on a com-
puter monitor as a grey field where the stimuli from the
different sets with an angular size of approximately
2.1 degrees were displayed. During the presentation,
one stimulus was replaced by another occurring at the
same position of the screen. The area of the stimulus
presentation was either spatially fixed at the center of
the screen during the whole experiment or moved in a
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straight line reflecting from the edge of a field at the
rate of 5 degrees per second or moved in a random way
changing the direction several times a second so that
this motion pattern resembled pseudorandom motion.

In each session, the example of a symbol designat-
ing the target stimuli was located at the left of the
screen. During the experiment, stimuli from a given
set were randomly presented on the screen; among
these stimuli, the participant had to calculate the
number of appearances of the target stimuli and to
ignore the rest (nontarget stimuli). The duration of the
stimulus presentation was 50 ms and the pause inter-
stimulus interval was 150 ms.

First, to build a classifier of the EEG reactions to
the target and nontarget stimuli, each subject partici-
pated in a session consisting of ten cycles with different
target stimuli. In each cycle, each stimulus of a given
set, including a target one, was presented ten times.
Therefore, 100 VEPs obtained in response to the target
stimuli were included into a sampling used for the
classifier learning.

After the successful classifier training (a variant of
Fisher’s linear discriminant algorithm), the partici-
pant was involved in test sessions the instructions for
which were similar to those used for the learning ses-
sions. At the end of each cycle of the test session, the
participant received the following feedback: a symbol
defined by the classifier as a target one was displayed
on the screen. This symbol could be either correct,
i.e., matching the target stimulus, or incorrect. The
ratio of correctly selected by the classifier stimuli to
their total number determined the accuracy of com-
mands selection in the neurointerface. The maxi-
mum number of input cycles in a single mode was 12.

Two sets of conditions of the stimuli presentation
were examined in the study. The first set contained
five types of stimuli that differed in color and shape of
the circles filling (Cyrillic letters or abstract symbols)
and were displayed at the same position of a screen:
nine different-colored circles, nine different-colored
letters, nine letters of the same color (grey), nine dif-
ferent-colored abstract symbols, and nine abstract
symbols of the same color (grey). Two types of stimuli
positioned on the moving part of the screen were used
for the examination of the sets of conditions related to
the stimuli movement: nine different-colored circle
and nine different-colored letters. The color set used
for the circle and letter stimuli was same. Physical and
perceptive stimuli intensities had not been tracked.
The following three modes of presentation were cre-
ated for each type of stimuli: stationary mode included
presentation of the stimuli in a stationary point at the
center of the screen, dynamic mode included linear
motion of the point of stimuli presentation, and pseu-
dorandom mode included motion of the point of stim-
uli presentation with pseudorandom change of direc-
tion.
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Fig. 1. Accuracy of selection of commands by the participants in all stimulation modes. (a) Study of the stimuli characteristics
and (b) study of the pattern of the stimuli mobility. Data contain standard deviations.

The amplitude of the local maximum of the differ-
ence between averaged target visual evoked potentials
and nontarget ones ranging from 250 to 500 ms after
the beginning of stimulus presentation was considered
as the amplitude of P300 wave.

Statistical data processing was performed with the
Statsmodels 0.8.0 software [15] using the Type II sum
of squares multivariate analysis of variance. The nor-
mality of distribution was assessed using the Lilliefors
test and the White test was used for assessing the
equality of dispersions.

RESULTS AND DISCUSSION

The assessment of the classification accuracy upon
the stationary mode of stimulus presentation. The aver-
age accuracy of classification defined as the ratio of
the number of correct neurointerface command selec-
tions to the total number of input attempts was 0.59 in
the mode of colored stimuli of the same shape; it
slightly exceeded the accuracy determined for the cir-
cles of the same color with abstract symbols (0.51) and
was less then of unicolored letters recognition (0.68).
At the same time, colored abstract symbols and letters
were identified with greater accuracy: 0.75 and 0.82,
respectively (Fig. 1a). Multivariate analysis of variance
was used for the assessment of the statistical signifi-
cance of these data. Statistical significance (F = 6.9,
p < 0.01) was observed for the factor of the stimulus
shape (three gradations) whereas no statistical signifi-
cance was observed for the stimulus color (two grada-
tions) which, however, might be associated with the
heterogeneity of the color factor for filled and unfilled
(circles without symbols) stimuli. Indeed, balanced
design of the experiment consisting in comparison of
all modes besides a mode with nine colored circles
presented as stimuli has demonstrated statistical sig-
nificance of the stimulus color (F=16.7, p <0.001); in
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other words, the accuracy of target stimuli selection is
higher for the colored stimuli and for the stimuli of dif-
ferent shape (abstract symbols and letters). In this
case, the maximum accuracy is achieved for the letters
that, obviously, differ not only in their shape but also
in content.

Therefore, color and specific shape of the stimuli
significantly increase the confidence of P300-based
neurointerfaces operation.

The assessment of the accuracy of stimuli classifica-
tion when comparing the modes with moving and non-
moving stimuli. As can be seen in Fig. 1b, there is not
much difference between the average accuracy of clas-
sification in a stationary mode (0.64) and the corre-
sponding values in dynamic (0.63) and pseudorandom
(0.65) modes. The same pattern is indicative for the
circle-shape stimuli filled with the letters of different
color; the values of the classification accuracy are as
follows: 0.79, 0.77, and 0.77, respectively. As is the
case with the stationary mode, the multivariate analy-
sis of variance has demonstrated the significance of
the stimulus type factor (F = 15.6, p < 0.001). The
impact of the motion type was not significant.

Letters turned out to be much more effective for
recognition in both the stationary and dynamic modes
ofthe neurointerface. Lack of the negative effect of the
stimuli mobility on the neurointerface operation accu-
racy is important for the development of neurointer-
faces with stimuli positioned within the moving
objects, such as moving modules of exoskeleton sys-
tems and simulators or mobile robots.

Analysis of the visual evoked potentials in a stationary
mode of stimuli presentation. The maximum P300 peak
amplitude and P300 latency, which is defined as the
time from the onset of the stimulus presentation to the
peak of the potential, were used when analyzing VEP
(Fig. 2a). The same factors as ones used in the analysis
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Fig. 2. Differential visual evoked potentials in the O1 site in the study of the (a) characteristics and (b) mobility of the stimuli.

of the classification accuracy were used when per-
forming the multivariate analysis of variance. It has
been observed that the type of stimulus significantly
affects P300 amplitude recorded in the O1, PO3, PO7,
and T6 sites, whereas the factor of stimulus color
affects P300 amplitude recorded in the O1, O2, PO3,
and PO4 sites and also affects stimulus latency in the
PO4, PO7, POS8, and POz sites. The latency of the
P300 peak is shorter for the colored stimuli, which
indicates more rapid recognition of the colored stim-
uli. An increase in the amplitude of the VEP in
response to the stimuli differing in a large number of
discriminate features, likely, reflects coordinated work
of the brain structures involved in the determination of
the stimulus significance in different channels.

Analysis of the visual evoked potentials when compar-
ing the modes with moving and nonmoving stimuli. The
motion type factor does not affect the parameters of
VEP. The type of stimulus affects both P300 ampli-
tude (O1, 02, Oz, PO7, and POS sites) and latency
(01, PO4, and POz ssites). Upward trend of increasing
P300 latency in response to the moving stimuli is not
significant. P300 peak amplitudes are larger for the
letters, which is relevant to the data obtained during
the stationary mode of stimuli presentation. P300 peak
latency was shorter for the letters; moreover, the
greater difference was observed for moving stimuli.
Visual evoked potentials are presented in Fig. 2b.
These data allow us to make a suggestion that the let-
ter-shape stimuli are better perceived, which is
reflected in a more complex task of visual tracking.

Examination of the relationship between the P300-
based BCI operation efficiency when the stimuli are
presented as symbols on a computer screen and the
color, shape, and mobility of the stimuli has demon-
strated that P300-based BCI works more accurately
with the stimuli that, firstly, differ in color and, sec-
ondly, differ in shape. In addition, the accuracy of rec-
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ognition in the P300-based BCI is higher for the stim-
uli whose content is familiar to the participant (let-
ters). This is a theoretical mystery, because, if the
participant calculates the cases of emergence of, for
example, red-colored A letter among the nontarget
different-colored letters, then it is easier for him to
track only the color of a letter but not its details. Nev-
ertheless, a homogenous red circle was detected in the
neurointerface with less efficiency than a red letter or
a pictogram presented in the same circle. The combi-
nation of the color and structure specificity within a
target multimodal stimulus, presumably, activates the
processes of cognitive perception to a greater extent
than it does within a monomodal stimulus that, ulti-
mately, leads to the changes in the VEP characteristics
and more reliable response of the P300-based BCI.

Therefore, the data obtained over the course of
designing the stimulus environment for the P300-
based BCI allow us to recommend applying multi-
modal stimuli consisting of a combination of both spe-
cific color and structural components thus providing
more comfortable and sustained work in the P300-
based BCI by the users.
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