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Abstract— A brain-computer interface (BCI) is a device that
provides an alternate non-muscular communication/control chan-
nel for individuals with severe neuromuscular disabilities. The
P300 event-related potential has been demonstrated to be a reli-
able signal for controlling a BCI. The ultimate goal is to continue
to improve the classification speed and accuracy of a P300-based
BCI. The method of common spatial patterns (CSP) has proven
success with sensorimotor rhythm-based BCIs and, with some
modifications, can also be used to accurately classify the P300.
The present method, Common Spatio-Temporal Patterns (CSTP),
extends CSP by incorporating time-delay embedding to extract
the prominent spatio-temporal patterns corresponding to each
class. The results indicate that CSTP is capable of identifying
a decomposition subspace that accurately classifies the P300. In
addition, this subspace can be visualized to provide useful insight
regarding the discriminable spatio-temporal characteristics of the
P300.

I. INTRODUCTION

A brain-computer interface (BCI) is a device that uses brain

signals to provide a non-muscular communication channel

[20], particularly for individuals with severe neuromuscular

disabilities. The P300 event-related potential, evoked in scalp-

recorded electroencephalography (EEG) by external stimuli,

has proven to be a reliable response for controlling a BCI

[7]. Recent studies have demonstrated that a P300-based

BCI trained on a limited amount of data can serve as an

effective communication device [2][15][16]. In addition, more

advanced feature extraction and classification procedures have

been implemented, greatly improving the classification per-

formance beyond those reported by Farwell and Donchin [7].

Several classification techniques have demonstrated notable

performance for the P300 Speller, including stepwise linear

discriminant analysis [2][11][15], support vector machines [9],

wavelets [1] and matched filtering [16]. This recent progress

has verified the capabilities of P300-based BCI systems and

provided the impetus for efforts to improve the speed and

accuracy performance of the paradigm.

This study extends the method of common spatial patterns

(CSP) for application to P300 classification. By incorporating

time-delay embedding and non-centered covariance matrices

into CSP, the prominent spatio-temporal components can be

identified and visualized from the resulting decomposition.

These components differ from simple ensemble averaged

waveforms in that they represent the spatio-temporal features

that provide the best separation between the two classes in

terms of variance. Therefore, CSTP can be used to provide

Fig. 1. The 6x6 matrix used in the current study. A row or column flashes for
100 ms every 175 ms. The letter in parentheses at the top of the window is the
current target letter ’D’. A P300 should be elicited when the fourth column or
first row is flashed. After the flash sequence for a character epoch, the result
is classified and online feedback is provided directly below the character to
be copied.

a full spatio-temporal visualization of the prominent patterns

attributed to each class, as well as a subspace decomposition

to aid classification.

The P300 Speller

The P300 Speller described by Farwell and Donchin [7]

presents a 6 X 6 matrix of characters as shown in Figure 1.

Each row and each column are flashed in a random sequence.

The user focuses attention on one of the 36 cells of the matrix.

The sequence of 12 flashes, 6 rows and 6 columns, consti-

tutes an Oddball Paradigm [6] with the row and the column

containing the character to be communicated constituting the

rare set (targets), and the other ten flashes constituting the

frequent set (standards). Items that are presented infrequently

(the rare set) in a sequential series of randomly presented

stimuli will elicit a P300 response if the observer is attending

to the stimulus series. Thus, the row and the column containing

the target character will elicit a P300 when flashed, because

this constitutes a rare event in the context of all other character

flashes.
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II. COMMON SPATIO-TEMPORAL PATTERNS

The method of common spatial patterns (CSP) [8][10]

determines an optimal set of spatial filters for discriminating

between two classes. It has proven successful for sensorimotor

BCI applications [4][13][18][19], but can also be modified to

handle non-oscillatory signals such as slow cortical potentials

[3]. However, standard CSP does not consider the short-time

temporal characteristics of the data, such as the phase rela-

tionships between channels and frequency bands. The methods

of common spatio-spectral patterns (CSSP) [12] and common

sparse spectral spatial patterns (CSSSP)[5] extend the spatial

filtering approach to include time delay embedding in order

to create a more flexible spatial-spectral filter. Because the

filtering matrices produced by these methods are temporally

sparse, it is not as straightforward to extract the representative

spatio-temporal patterns for visualization purposes.

The method of Common Spatio-Temporal Patterns (CSTP)

presented here also utilizes time delay embedding. In this

case, uniform temporal sampling is used to construct the

filtering matrix, enabling a more complete visualization of the

discriminable spatio-temporal patterns for the two classes.

The CSP decomposition of a feature matrix is given as:

Y = WX (1)

where X is an N feature × T observance matrix, W is an

L × N matrix (L≤N) whose L rows represent the individual

components of the decomposition, and Y is an L × T matrix

subspace of X . For a two-class problem, W can be deter-

mined such that the resulting projections corresponding to the

extreme eigenvalues of the transformed covariance matrices

have maximal variance for one class and minimal variance for

the other class. First, for the two classes (1 and 2), the class-

labeled observations are sorted by the respective class and the

class-specific covariance matrices are determined:

Σ1 = X(1)X
T

(1) and Σ2 = X(2)X
T

(2) (2)

Since the P300 is characterized by amplitude deflections

relative to the baseline EEG, the non-centered covariance

matrices [3] should be computed in this case. The object

of CSP is to determine the transformation W which creates

projections that simultaneously maximize the variance for one

class and minimize the variance for the other:

WΣ1W
T = D and WΣ2W

T = I − D (3)

where D is a diagonal matrix with elements in [0,1]. This can

be accomplished through simultaneous diagonalization of the

two covariance matrices. First, a whitening transformation is

performed:

P (Σ1 + Σ2)P
T = I (4)

Using spectral theory, the eigenvalue decomposition is then

performed for the transformed classes:

PΣ1P
T = RDR

T
and PΣ2P

T = R(I − D)RT (5)

where the columns of R are the eigenvectors and the diagonal

elements of D and (D − I) are the eigenvalues of classes

1 and 2, respectively. Note that the maximum eigenvalues

for one class correspond to the minimum eigenvalues for the

other class. By selecting only the eigenvectors corresponding

to the largest and smallest eigenvalues that provide the best

discrimination between classes, the subspace projection matrix

is defined as:

W̃ = R̃
T
P (6)

For standard CSP analysis of EEG, the features of X

are simply the instantaneous bandpass filtered voltages at

each electrode. For CSTP, the features are the concatenation

of time-windowed voltages for each electrode. The actual

EEG patterns corresponding to the two mental states can be

visualized by inverting the filtering matrix W .

III. DATA COLLECTION AND PROCESSING

A. Participants

Seven able-bodied people (six men and one woman ages

24-50) participated in this study. The participants varied in

their previous BCI experience, but all participants had either

no experience or less than 10 sessions with a P300-based

BCI system. The study was approved by the New York State

Department of Health Institutional Review Board, and each

participant gave informed consent.

B. Task, Procedure, and Design

The participant sat upright in front of a video monitor and

viewed the matrix display. The task was to focus attention on

a specified letter of the matrix and silently count the number

of times the target character flashed, until a new character

was specified for selection. All data was collected in the copy

speller mode: words were presented on the top left of the video

monitor and the character currently specified for selection was

listed in parentheses at the end of the letter string (see Figure

1). Each session consisted of nine experimental runs; each

run was composed of a word or series of characters chosen

by the investigator. This set of characters spanned the set of

characters contained in the matrix and was consistent for each

participant and session. The rows and columns were flashed

for 100 ms with 75 ms between flashes. One character epoch

(i.e., one trial) consisted of 15 flashes of each row and column.

Each session consisted of 36 character epochs, equivalent to

6480 stimuli (row/column flashes).

C. Data Acquisition

The EEG was recorded using a cap (Electro-Cap Interna-

tional, Inc.) embedded with 64 electrode locations distributed

over the entire scalp, based on the International 10 - 20 system

[17]. All 64 channels were referenced to the right earlobe, and

grounded to the right mastoid. The EEG was bandpass filtered
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Fig. 2. The electrode montage used in the current study [11]. The eight
electrodes selected for analysis are indicated by the dashed circles.

0.1 - 60 Hz and amplified with a SA Electronics amplifier

(20,000X), digitized at a rate of 240 Hz, and stored. All aspects

of data collection and experimental procedure were controlled

by the BCI2000 system [14].

D. Preprocessing and Classification

The channel selection and data preprocessing methods are

based on [11]. The eight-channel ear-referenced subset shown

in Figure 2 was used. For each channel in the subset, 800

ms segments of data following each flash were extracted. The

segments were then moving average filtered and decimated by

a factor of 12. The resulting data segments were concatenated

by channel for each flash, creating a single feature vector of

128 features (192/12 samples X 8 channels) for construction

of the covariance matrices. The CSTP weight matrices were

derived using each participant’s first session and tested on the

four subsequent sessions. Various combinations of the CSTP

projections representing the extreme eigenvalues for both the

targets and standards were classified using Fisher’s Linear

Discriminant (also trained on the first session).

IV. RESULTS

The classification results are provided in Table I. The

classification results using stepwise linear discriminant anal-

ysis (SWLDA) and Fisher’s Linear Discriminant (FLD) on

the raw feature vectors (without performing CSTP) are also

provided for comparison purposes [11]. It should be noted

that linear classification using all CSTPs should, theoretically,

be equivalent to FLD results since they both equate to a linear

transformation of the data in its entirety.

Due to the uniform temporal sampling, the actual spatio-

temporal patterns can be visualized by inverting the CSTP

filtering matrix W . A sample of the patterns representing the

extreme eigenvalues for each class is illustrated in Figure 3.

TABLE I

The average classification accuracy (% correct) for the 4 test sessions using

all 15 flash sequences. The leftmost column indicates the prominent CSTPs

(ordered by eigenvalue) for each class (standards (S) and targets (T)) used for

classification. The CSTP combination(s) that produced the highest accuracy

is bolded for each participant. FLD and SWLDA are included for comparison

purposes [11].

CSTP Participant
S T A B C D E F G

1 X 49.3 4.7 75.7 79.9 63.9 51.0 26.4
2 X 2.1 1.3 2.1 4.2 88.2 6.2 54.9
3 X 2.1 4.0 3.5 3.5 13.9 5.6 17.4
4 X 6.3 4.0 4.9 11.1 9.7 2.7 2.1
5 X 6.9 6.7 2.8 1.4 5.6 11.2 6.9

1:5 X 54.9 6.7 75.0 78.5 88.9 60.6 74.3
1:10 X 55.6 12.0 81.9 78.5 90.3 63.9 76.4
1:20 X 61.8 16.8 79.2 79.9 95.8 59.8 81.3

X 1 95.1 6.7 93.8 94.4 96.5 83.0 97.2
X 2 12.5 8.1 32.6 6.3 7.6 1.3 4.2
X 3 4.9 4.7 15.3 18.8 2.8 2.7 22.2
X 4 7.6 5.4 9.7 7.6 0.7 0.7 2.8
X 5 16.0 4.0 2.1 0.0 2.8 7.4 6.3
X 1:5 93.8 14.8 95.1 94.4 96.5 83.7 97.2
X 1:10 93.1 12.8 94.4 93.8 96.5 87.8 97.2
X 1:20 94.4 66.4 93.8 95.8 96.5 87.8 96.5
1 1 93.1 6.7 93.8 96.5 96.5 87.1 97.9

1:5 1:5 92.4 18.8 95.8 96.5 97.2 87.8 97.2
1:10 1:10 92.4 17.5 97.2 95.8 97.2 89.9 97.2
1:20 1:20 93.8 68.4 95.1 97.2 97.2 89.9 97.9

FLD 94.4 74.5 94.4 95.8 97.2 90.5 97.9
SWLDA 93.8 71.8 93.8 98.6 98.5 90.6 97.9

V. DISCUSSION

The classification results from Table I indicate that CSTP

is capable of producing a P300 subspace decomposition that

identifies the discriminable information of the responses. The

results suggest that this information is often contained in the

first few components (extreme eigenvalues) of the subspace

for each condition. A lack of obvious eigenvalue extrema is

indicative of response variability (as is evident for Participant

B). Often, the most prominent component associated with

the targets accounted for the majority of discriminable infor-

mation. However, the most prominent component associated

with the standards also contains significant information for

discrimination. In general, the other components from the

target and standard classes do not provide a significant indi-

vidual contributions. Nevertheless, when used in combination,

these components tend to improve classification slightly with

diminishing returns. Depending on the chosen CSTP subspace,

the classification results are comparable with results generated

by FLD and SWLDA classification on the raw data. However,

since more than one prominent CSTP component appears to

account for response variability, the CSTP subspace may best

be utilized with a more advanced nonlinear or ranking-based

classification scheme that accounts for this variability.

The spatio-temporal patterns representing the extreme

eigenvalues illustrated in Figure 3 are from a participant
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Fig. 3. Sample CSTP patterns from Participant G representing the most
extreme eigenvalue for the targets (solid) and standards (dashed).

exhibiting very stable P300 responses, having little variability.

Therefore, the patterns closely resemble the ensemble averages

of the responses as evidenced by the classical P300 waveforms

at Fz and Cz for the targets and the oscillatory waveforms

at the occipital locations for the standards (a result of the

unattended periodic flashing). However, this is not necessarily

always the case since the patterns account for information

from both conditions. The true utility of this visualization

is to identify and characterize additional patterns, other than

those represented by the single eigenvalue extreme for each

condition, that contribute favorably to classification.

ACKNOWLEDGMENT

This work supported in part by the National Insti-

tutes of Health under Grant NICHD HD30146 and Grant

NIBIB/NINDS EB00856 and in part by the James S. Mc-

Donnell Foundation. The authors would like to thank Dennis

McFarland, Gerwin Schalk, and Jonathan Wolpaw at the

Wadsworth Center, New York State Department of Health,

Albany, NY for their support during the data collection and

development of the methods used in this study.

REFERENCES

[1] V Bostanov. Bci competition 2003–data sets ib and iib: feature extraction
from event-related brain potentials with the continuous wavelet trans-
form and the t-value scalogram. IEEE Trans Biomed Eng, 51(6):1057–
1061, Jun 2004.

[2] E Donchin, K M Spencer, and R Wijesinghe. The mental prosthesis:
assessing the speed of a p300-based brain-computer interface. IEEE

Trans Rehabil Eng, 8(2):174–179, Jun 2000.
[3] G Dornhege, B Blankertz, and G Curio. Speeding up classification

of multi-channel brain-computer interfaces: Common spatial patterns
for slow cortical potentials. Proceedings of the 1st International IEEE

EMBS Conference on Neural Engineering, pages 591–594, 2003.
[4] G Dornhege, B Blankertz, G Curio, and K R Müller. Boosting bit rates

in noninvasive EEG single-trial classifications by feature combination
and multiclass paradigms. IEEE Trans Biomed Eng, 51(6):993–1002,
Jun 2004.

[5] G Dornhege, B Blankertz, M Krauledat, F Losch, G Curio, and
K R Müller. Combined optimization of spatial and temporal filters
for improving brain-computer interfacing. IEEE Trans Biomed Eng,
53(11):2274–2281, Nov 2006.

[6] M Fabiani, G Gratton, D Karis, and E Donchin. Definition, identifi-
cation, and reliability of measurement of the p300 component of the
event-related brain potential. Adv. Psychophysiol, 2:1–78, 1987.

[7] L A Farwell and E Donchin. Talking off the top of your head: toward
a mental prosthesis utilizing event-related brain potentials. Electroen-

cephalogr Clin Neurophysiol, 70(6):510–523, Dec 1988.
[8] K Fukunaga. Introduction to statistical pattern recognition (2nd ed.).

Academic Press Professional, Inc., San Diego, CA, USA, 1990.
[9] M Kaper, P Meinicke, U Grossekathoefer, T Lingner, and H Ritter. Bci

competition 2003–data set iib: support vector machines for the p300
speller paradigm. IEEE Trans Biomed Eng, 51(6):1073–1076, Jun 2004.

[10] Z J Koles and A C Soong. EEG source localization: implementing
the spatio-temporal decomposition approach. Electroencephalogr Clin

Neurophysiol, 107(5):343–352, Nov 1998.
[11] D J Krusienski, E W Sellers, F Cabestaing, S Bayoudh, D J McFarland,

T M Vaughan, and J R Wolpaw. A comparison of classification
techniques for the p300 speller. J Neural Eng, 3(4):299–305, Dec 2006.

[12] S Lemm, B Blankertz, G Curio, and K R Müller. Spatio-spectral filters
for improving the classification of single trial EEG. IEEE Trans Biomed

Eng, 52(9):1541–1548, Sep 2005.
[13] J Müller-Gerking, G Pfurtscheller, and H Flyvbjerg. Designing optimal

spatial filters for single-trial EEG classification in a movement task. Clin

Neurophysiol, 110(5):787–798, May 1999.
[14] G Schalk, D J McFarland, T Hinterberger, N Birbaumer, and J R

Wolpaw. BCI2000: a general-purpose brain-computer interface (BCI)
system. IEEE Trans Biomed Eng, 51(6):1034–1043, Jun 2004.

[15] E W Sellers and E Donchin. A p300-based brain-computer interface:
initial tests by als patients. Clin Neurophysiol, 117(3):538–548, Mar
2006.

[16] H Serby, E Yom-Tov, and G F Inbar. An improved p300-based brain-
computer interface. IEEE Trans Neural Syst Rehabil Eng, 13(1):89–98,
Mar 2005.

[17] F Sharbrough, C E Chatrian, R P Lesser, H Luders, M Nuwer, and T W
Picton. American electroencphalographic society guidelines for standard
electrode position nomenclature. Clin Neurophysiol, 8(2):200–202, Apr
1991.

[18] P Shenoy, M Krauledat, B Blankertz, R P Rao, and K R Müller. Towards
adaptive classification for BCI. J Neural Eng, 3(1):13–23, Mar 2006.

[19] G Townsend, B Graimann, and G Pfurtscheller. A comparison of
common spatial patterns with complex band power features in a four-
class BCI experiment. IEEE Trans Biomed Eng, 53(4):642–651, Apr
2006.

[20] J R Wolpaw, N Birbaumer, D J McFarland, G Pfurtscheller, and T M
Vaughan. Brain-computer interfaces for communication and control.
Clin Neurophysiol, 113(6):767–791, Jun 2002.

424
 


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print



Accessibility Report


		Filename: 

		KrusienskiSellersVaughan_2007_.pdf




		Report created by: 

		

		Organization: 

		




[Enter personal and organization information through the Preferences > Identity dialog.]


Summary


The checker found problems which may prevent the document from being fully accessible.


		Needs manual check: 2

		Passed manually: 0

		Failed manually: 0

		Skipped: 1

		Passed: 28

		Failed: 1




Detailed Report


		Document



		Rule Name		Status		Description

		Accessibility permission flag		Passed		Accessibility permission flag must be set

		Image-only PDF		Passed		Document is not image-only PDF

		Tagged PDF		Passed		Document is tagged PDF

		Logical Reading Order		Needs manual check		Document structure provides a logical reading order

		Primary language		Passed		Text language is specified

		Title		Passed		Document title is showing in title bar

		Bookmarks		Passed		Bookmarks are present in large documents

		Color contrast		Needs manual check		Document has appropriate color contrast

		Page Content



		Rule Name		Status		Description

		Tagged content		Passed		All page content is tagged

		Tagged annotations		Passed		All annotations are tagged

		Tab order		Passed		Tab order is consistent with structure order

		Character encoding		Failed		Reliable character encoding is provided

		Tagged multimedia		Passed		All multimedia objects are tagged

		Screen flicker		Passed		Page will not cause screen flicker

		Scripts		Passed		No inaccessible scripts

		Timed responses		Passed		Page does not require timed responses

		Navigation links		Passed		Navigation links are not repetitive

		Forms



		Rule Name		Status		Description

		Tagged form fields		Passed		All form fields are tagged

		Field descriptions		Passed		All form fields have description

		Alternate Text



		Rule Name		Status		Description

		Figures alternate text		Passed		Figures require alternate text

		Nested alternate text		Passed		Alternate text that will never be read

		Associated with content		Passed		Alternate text must be associated with some content

		Hides annotation		Passed		Alternate text should not hide annotation

		Other elements alternate text		Passed		Other elements that require alternate text

		Tables



		Rule Name		Status		Description

		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot

		TH and TD		Passed		TH and TD must be children of TR

		Headers		Passed		Tables should have headers

		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column

		Summary		Skipped		Tables must have a summary

		Lists



		Rule Name		Status		Description

		List items		Passed		LI must be a child of L

		Lbl and LBody		Passed		Lbl and LBody must be children of LI

		Headings



		Rule Name		Status		Description

		Appropriate nesting		Passed		Appropriate nesting






Back to Top
