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Abstract: Brain Computer Interfaces (BClIs) are the systems that provide a direct communication channel between human brain and
environment. P300 potentials are involuntary brain responses which are used to control BCI systems. In order to elicit P300 responses,
stimulus presentation must be provided to the users. However, there are not common paradigms or optimal parameters for all BCI users,
or all BCI applications. Using the most convenient method and parameters for each user individually will improve system performance.
This study proposes a visual stimulus module for P300 based BCls. The module offers to design stimulus interfaces based on three
different stimulus interfaces, including row/column, single character and region based paradigms. The module also provides
customization of the stimulus interface by setting optimal parameters for individuals practically. Furthermore, in this study, we also
explained synchronization between stimulus interface and data acquisition module in detailed. In order to test the stimulus module,
stimulus interfaces based on three visual stimulus paradigms were designed. All the paradigms were tested by three subjects. P300
responses yielded with three paradigms were compared by using one-way statistical analysis of variance (ANOVA) method. Preliminary
results revealed that average amplitude and latency of P300 potentials that were elicited by the different paradigms may differ.

Keywords: Brain Computer Interface (BCI), P300 Potentials, Region Based Paradigm, Row/Column Paradigm, Single Character

Paradigm, Visual Stimulus Module.

1. Introduction

Neuromuscular diseases, such as amyotrophic lateral sclerosis,
brainstem stroke, brain or spinal cord injuries, cerebral palsy,
muscular dystrophy, multiple sclerosis etc. cause damage on the
muscles or nerves that control the muscles, and lead to loss of
voluntary muscle movements. Over 100 million people
worldwide are affected by these diseases. Brain Computer
Interfaces (BCls) are systems that enable people with
neuromuscular diseases to interact with external world without
using neuromuscular activity. In other words, BCIs detect the
signal activity in the brain and translate the changes in the brain
activity into the control commands directly [1-3].

P300 potentials of event-related potentials (ERPS) is one of the
electrophysiological signals used in BCI studies. P300 potentials
are involuntary brain responses appeared in approximately 300
ms after an infrequent and task relevant stimulus is presented to
the subject [4]. In order to elicit P300 potentials in EEG signal,
stimulus presentation must be provided. According to user’s
preferences and level of the disease, the stimulus presentation can
be visual [4], auditory [5] or tactile [6]. However, superior
performances were yielded by studies that use visual stimulus.
[5].

Stimulus presentation in P300 based BCls is based on oddball
paradigm principle [7]. In oddball paradigm, during the stimulus
presentation, all the stimuli intensify randomly. Meanwhile, users
are asked to distinguish the two stimuli categories: target stimulus
(task relevant infrequent stimulus) and nontarget (irrelevant)
stimulus, i.e. to focus on the target stimulus, and to count
intensifications of each target stimulus silently. Intensification of
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target stimulus elicits P300 potential in EEG signal. Oddball
paradigm is firstly adapted to the BCI studies as row/column
paradigm for spelling applications [4]. Then, several visual
stimulus paradigms based on oddball principle are proposed [8-
10]. All these paradigms have their own advantages and
disadvantages (Table 1).

Features of P300 potentials and performance of P300 based BCI
systems vary according to the stimulus paradigm [11] and
parameters of the stimulus interface [12-18], as well as individual
characteristics of subjects, such as gender and age [19-20].
Stimulus and background colours, stimulation type, number of
sequences, and stimulus timing can be listed as stimulus interface
based factors. Colours of the stimulus interface are one of the
factors that effects on system performance. Ikegami et.al. [12],
revealed that character and background colours of visual stimulus
interface affect the target prediction accuracy of the BCI system
on both healthy and disabled subjects. Besides, Takanoa et.al.
[13] is revealed that using soft colours increases the performance
of the system. Stimulation type is another factor of the stimulus
interfaces. Visual stimulation can be provided by changing one or
more properties of an item on the matrix, such as position, angle,
pattern rotation or size. There is not a stimulus type that can be
defined as the most successful for all subjects, however it is also
revealed that selection of user specific stimulus type increases
information transfer rates as well as accuracy [14-15]. During the
stimulus presentation, number of sequences is another important
factor on BCI system performance. Because P300 potential
amplitude is very low, higher character prediction accuracy
cannot be accessed by using small number of sequences. Despite
the fact that increasing the number of sequences improves the
target character prediction accuracy, it also causes to lower the bit
rate. Number of sequences varies according to the level of
attention and concentration of the subjects and is a selectable
parameter for synchronous BCI applications [16]. On the other
hand, there is not a consensus on effects of interstimulus interval
on classification accuracy, yet. Although high target character
prediction accuracy is achieved by using longer interstimulus
interval by Farwell and Donchin [4], high classification accuracy
is obtained using short interstimulus interval by Meinicke et.al
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[17] and also Seller et.al [18]. A module that enables BCI
operators to easily set up these parameters facilitate the stimulus
interface design process. Furthermore, BCI operators easily
customize stimulus paradigms for the use in numerous
comparative analysis.

There are several BCI platforms that provide an easy way for
designing a BCI system [21]. These platforms are generally
specialized on a specific paradigm, such as row/column paradigm
for P300 based applications. However, according to the user
preferences or the application to be controlled, privatization of
the stimulus paradigm may be needed. Selection of visual
stimulus paradigm and optimization of BCI system parameters
for each user individually enables to achieve the best system
performance [18].

In this study, a general-purpose visual stimulus module that
enables the selection of visual stimulus paradigms and specific
parameters is designed for P300-based BCls. The designed
stimulus module contains three different paradigms including
row/column paradigm, single character paradigm and region
based paradigm. The module also provides to set the parameters
such as stimulus type, analyse type, stimulus timing, stimulus and
background colours practically and offers an easy way for
comparative studies that investigates the effects of various
paradigms and parameters to P300 responses. Preliminary tests of
the designed module carried out on three paradigms with the
participation of three subjects.

The rest of the paper is organized as follows: Section Il is a brief
explanation of the visual stimulus paradigms which are included
in the stimulus module. The visual stimulus module that is
designed in this study is introduced in Section Ill. Then,
experimental design is presented in Section IV. Experimental
results are presented in Section V. Finally, Section VI concludes
the paper.

2. Visual Stimulus Paradigms
2.1. Row/Column Paradigm

Row / column (RC) paradigm was developed by Farwell and
Donchin [4] and has been used in many studies. In this paradigm,
letters, numbers or commands are placed so as to form the
elements of a matrix. Stimuli are presented by intensification of
rows or columns on matrix randomly. In case of using a matrix of
6x6, stimulus interface contains 12 stimuli, and consists of 6 rows
and 6 columns. Row and column that contain target character are
grouped as the target stimuli and remaining 10 rows and columns
on the matrix are grouped as non-target stimuli. The matrix used
in this paradigm contains 36 characters and because of giving
stimulus as rows and columns, target probability is 1/6 [4].

2.2. Single Character Paradigm

Single character (SC) paradigm is designed by Guan et.al.[8]. The
idea behind the design of this paradigm is that P300 amplitude is
inversely proportional to target probability. In single character
paradigm, stimuli are given by intensification of each character in
the matrix individually [8]. In this way, in case of using a matrix
of 6x6, probability of eliciting P300 potential is reduced to 1/36.
However, assuming that number of sequences are equal,
compared to the row/column paradigm, single character paradigm
requires three times longer operating time for selecting a
character. This paradigm is preferred especially for control
applications that use icons, words or characters which are in
different size at the same stimulus interface [22].

2.3. Region Based Paradigm

Region based (RB) paradigm is designed for reduction of
perceptual error resources that are encountered in matrix based
paradigms, such as row/column and single character paradigms
[23]. In this paradigm, characters are grouped in several regions
instead of rows or columns of a matrix. Stimulus presentation and
the character selection processes are achieved in two levels. After
selecting the target region at the first level, characters of the
selected region are shown on the screen. At the second level,
characters of the selected group flash individually. Subject
concentrates on a particular character on the screen and the final
target character is selected [9].

Region based paradigm may increase the number of characters
that are used in stimulus interface by increasing the number of
nested levels. It also ensures lower oddball probability as in
row/column paradigm (In this study, because of using 7 regions,
oddball probability is 1/7). Besides, the paradigm provides
reduction of crowded effect and adjacency errors [24].

Table 1. Comparison of P300 based visual stimulus paradigms

PARADIGM
Row/Column Single Region Based
Character
The widely Reduction on
Lower target
preferred - perceptual
- probability.
practical . errors.
Advantage - Suitable for
paradigm for - Increased
A unequal size
spelling stimulus number of
applications. ) stimulus.
Causing Longer Requirement of
Disadvantage perceptual selection two-level
errors duration. selection.
Target - N .
Probability 2/(N*N") 1/(N*N) 1N
Time for
Selection of a 2*N*NS*ISI® N*N*NS*ISI® 2*N*NS*ISI*
Character

* ISI: Interstimulus interval
NS: Number of sequences
"N: Number of elements on the stimulus interface

3. Visual Stimulus Module

In this study, we designed a visual stimulus module for P300
based BCI studies. The module provides to customize stimulus
interface by selecting paradigms and specific parameters. As well
as the other BCI operations of the BCI system, such as data
acquisition and signal processing and classification, stimulus
interface is also designed by using Matlab. The designed visual
stimulus module is given at Figure 1. The module includes three
different stimulus paradigms for both online and offline
applications. Details of the module is as given below.

Analysis Type: There are two types of data recording and
analysis methods: offline and online.

e  Offline Analysis: Offline analysis is the method that
signal  processing, classification and character
prediction procedures are performed after data
recording procedure.

e  Online Analysis: In online analysis, signal processing,
classification and character prediction procedures are
performed simultaneously with data recording.
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Figure 1. Visual stimulus module for P300 based brain computer
interfaces

Paradigms: The module enables to create three visual stimulus
paradigms: row/column paradigm, single character paradigm and
region based paradigm.

e Row/Column Paradigm: Stimulus are given by
intensification of rows and columns in the matrix.

e Single Character Paradigm: Stimulus are the random
intensifications of each characters on the matrix
individually.

e Region Based Paradigm: Stimulus are grouped on
several regions. Stimulus are given by intensification of
the regions individually. Character selection procedure
requires a two-level process.

Stimulus Type: Stimulus type is another parameter of the
module. Changing size, colour, thickness or both of size and
colour of the stimulus are stimulus types that can be applicable by
the module.

Number of Sequences: Number of sequences defines the number
of intensification of each items on the screen. Number of
sequences affects the time required to select a character and also
affects information transfer rate of the system. Although the
number of sequences is a selectable parameter for synchronize
online application, asynchronous online applications are
independent from number of sequences.

Target Characters: The target character option is used for
determination of character prediction accuracy by comparing the
target and predicted characters after analysis are completed. On
the other hand, target characters are used to give feedback for
online sessions.

Stimulus Timing: Timing of a stimulus sequence is a widely
investigated criterion on P300 based BCls. The stimulus module
enables to set all timing details of a stimulus sequences.

e Stimulus Duration: This period defines the
intensification duration of a stimulus.

e Interstimulus Interval (1SI): Interstimulus interval is the
time interval between two consecutive intensifications.

e New Character and Feedback Interval: It is a time
period to inform user that a new selection will start. At
this period, all of the stimulus on the stimulus interface
are intensified together in order to inform subjects that
the cycle for the previous character has been completed
and a new cycle for a new character is going to start.
This interval is also important for resting of the
subjects. Moreover, in online applications, the intended
character is determined and also feedback is provided
to the users during this period.

Colours: Both characters on the matrix and background colour of
the matrix can be changed according to user preferences and
experimental setup.

(© @

Figure 2. (a) Row/column paradigm (b) Single character paradigm
(c) Region based paradigm (First Level) (d) Region Based Paradigm
(Second Level)

Outputs of the Visual Stimulus Module: After the analysis type,
paradigm and parameters are selected, stimulus interface is run by
the BCI operator. The stimulus sequences are generated
randomly. In order to reduce perceptual error sources, during the
stimulus presentation, consecutive presentation of the same
stimulus, i.e. cell, region or row/column is prevented.

Figure 2a and 2b represent the row/column paradigm and single
character paradigm interfaces respectively. In this study, for
row/column paradigm and single character paradigm, interfaces
are designed for spelling applications. In Figure 2, character
colour and size are the stimulus types for both paradigms. Figure
2c and 2d represent the stimulus interfaces for region based
paradigm. Region based paradigm is designed for environmental
control applications and figures related to the commands are used
as stimulus. Figure 2c is the first level of the stimulus interface
and Figure 2d is the second level of the first region on the first
level.

At the end of the stimulus presentation, program automatically
creates three files to keep stimulus indexes, EEG signal, and
selected parameters. Stimulus file contains stimulus indexes that
generated randomly by the program. Signal file contains raw
EEG data recorded on several channels. All the parameters used
during data recording are also saved in a file named parameters.
Synchronization: At BCI applications, simultaneous recording
of EEG data and stimulus indexes is quite important in terms of
accurate determination of the timing of P300 responses.

4

Figure 3. Trigger signals for synchronization
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Therefore, the prepared stimulus module interacts with the EEG
device directly during data recording and transfers randomly
generated stimulus codes to the EEG device. In this way, EEG
data can be recorded with stimulus indexes simultaneously and
P300 responses in EEG data can be segmented exactly. In this
study, 16 channel V-amp biosignal amplifier (Brain Products
GmbH) is used for recording EEG signal. Synchronization is
provided by sending trigger signals to the device through the LPT
(Line Printer Terminal) port. Trigger signals consists of device
connection code, run of stimulus interface code, new character
code, stimulus codes of each character, completion code of a run.

4. Experiments

In order to validate the visual stimulus module, we set up the
stimulus paradigms by using the module. All the three interfaces
were tested on healthy subjects. The study was approved by the
ethics committee of Faculty of Medicine, Gazi University. Three
subjects participated voluntarily in the experiments. None of the
participants had P300 based BCI experience before. All of the
participants were male and the mean age of the participants was
27. EEG signal was recorded on Cz position with an active
electrode. The reference and ground electrodes were placed at
right earlobe and AFz respectively. All the electrode impedances
were kept below 10kQ.

Three different experimental setups, including row/column,
single character and region based paradigms, were established by
using the designed stimulus module. The subjects were asked to
select 4 items at each three sessions which are designed with
different paradigms. The number of sequences was 15, stimulus
duration was 150ms and interstimulus interval was 300ms for all
paradigms. Therefore, total time for selection of a character was
15*12*300ms =54s for row/column paradigm,
15*36*300ms=162s for single character paradigm and
15*2*7*300ms=63s for region based paradigm.

The EEG signals were recorded by V-amp amplifier (Brain
Products GmbH) at a sampling rate of 250 Hz. EEG signals were
segmented 1s time windows after each stimulus onset. Segmented
EEG signal was filtered at 5 Hz by a 5th order Butterworth
lowpass filter. Grand average ERP waveform of target responses
was yielded by averaging the EEG signal.

Statistical analyses were carried out using the SPSS 15.0. One-
way statistical analysis of variance (ANOVA) was carried out for
determining difference of amplitude and latency among the
paradigms. A p-value <0.05 was considered as statistical
significance level.

5. Results and Discussion

In this section, we present the preliminary results of the designed
visual stimulus module. Subjects were asked to select four
characters by using the three stimulus interfaces which were
established by the visual stimulus module. P300 waveform of a
character was obtained by averaging the EEG signal for all three
stimulus paradigms individually.

As an illustration, averaged P300 potentials that were obtained
from Subject 1 at electrode location Cz by using the three
different visual stimulus paradigms are seen in Figure 4. As seen
from the Figure 4, all of the paradigms created P300 responses
with different properties on the same subject. Maximum
amplitudes of P300 responses were 1.68 pV, 4.27 uV and 2.35
pV, and P300 latencies were 492 ms, 496 ms and 620 ms for row/
column, single character and region based paradigms
respectively. The highest P300 amplitude was achieved in case of
using single character paradigm. The preliminary results
confirmed the theory that smaller oddball probability may elicit
higher P300 amplitude.

In order to determine whether or not P300 amplitude and latency
differ among the paradigms, one-way statistical analysis of
variance (ANOVA) test was carried out on three subjects. The
analysis of P300 peak amplitude revealed a significant difference

= Row/Column Paradigm

Single Character Paradigm

Region Based Paradigm

Amplitude (uVv)

N\

1 r r r r r r r r r
0 100 200 300 400 500 600 700 800 900 10

Tima (me)
Figure 4. Average P300 waveforms of Subject 1 in channel Cz for
the three paradigms

among the paradigms (F=47.66, p=0.00). Table 2 shows the p
values for Bonferroni post hoc test that was used for pairwise
comparison of the paradigms. According to the results, RC
paradigm is significantly different from SC paradigm (p=0.000)
and RB paradigm (p=0.025). On the other hand, SC paradigm is
also significantly different from RB paradigm (p=0.000) in terms
of maximum P300 amplitude. The results revealed that P300
amplitude was elicited in the different paradigms were
significantly different from each other.

Average P300 peak latencies were 443 ms for RC paradigm, 514
ms for SC paradigm, 604 ms for RB paradigm. The test results
revealed a significant difference (F=28.62, p=0.000) among the
paradigms in terms of latency. Bonferroni test results also
revealed that there were significant differences between the
paradigms RC-SC (p=0.026), RC-RB (p=0.000) and SC-RB
(p=0.007). According to the preliminary results, although the
signal was recorded under the same conditions, amplitude and
latency of P300 potential that was elicited in the different
paradigms may vary.

Table 2. p- values for Bonferroni post hoc test of averaged peak
amplitudes/latencies for the three visual stimulus paradigms

Peak Amplitudes Latencies
RC SC RB RC SC RB
RC
- 0.000 0.025 - 0.026 0.000
SC
0.000 - 0.000 0.026 - 0.007
RB
0.025 0.000 - 0.000 0.007 -

RC: Row/Column Paradigm, SC: Single Character Paradigm, RB: Region
Based Paradigm

6. Conclusion

There is not a common paradigm or parameters that can be
accepted as the most successful to elicit P300 potentials for all
BCI users. The most optimal paradigms or related parameters
differ between both healthy and disabled subjects, even among
healthy subjects. Besides, a stimulus paradigm that can be
considered as the most suitable for all BCI application is not
identified. In this study, we designed a visual stimulus module for
P300-based BCI applications. The stimulus module offers to
design three P-300 based stimulus paradigms and to set specific
parameters. Selecting subject-specific paradigm and parameters
would provide subjects to achieve a higher classification and
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target prediction success in real time applications. Since it
provides a common platform for different stimulus paradigm
presentation, the designed module is especially useful for
comparative experimental studies.

Although this module is designed for spelling and control
applications currently, it is possible to adapt the stimulus
interfaces to a variety of applications by replacing characters and
symbols on the stimulus screens easily. In the future, new
stimulus paradigms will be reproduced and the module will be
enriched in terms of stimulus paradigms. Besides, the module
will be improved by addition of signal processing and
classification tools. In this way, the module will also offer
operators the opportunities to analyse the raw EEG signal,
practically.
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