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This tutorial shows HOW-TO find and extract proper signal features from EEG data to separate
epochs of EEG into distinct classes. The outcome is a classifier which can be used in real-time Brain-
Computer-Interface experiments.

What is Brain-Computer-Interface?

An Electroencephalogram based Brain-Computer-Interface (BCI) provides a new communication
channel between the human brain and a computer. Patients who suffer from severe motor
impairments (late stage of Amyothrophic Lateral Sclerosis (ALS), severe cerebral palsy, head trauma
and spinal injuries) may use such a BCI system as an alternative form of communication by mental
activity.

Physiological background

It is a well known phenomenon that EEG rhythmic activities, observed over motor and related areas of
the brain, disappear about 1 second prior to a movement onset. Hence one can predict from the
spatio-temporal EEG pattern that, for example, a hand movement will be performed. It has also been
shown by various groups of researchers that this so-called desynchronized EEG is also observed for
an imagination of a hand movement.

The activation of hand area neurons either by the preparation for a real hand movement or by
imagination of a hand movement is accompanied by a circumscribed ERD over the hand area.
Depending on the type of motor imagery different EEG patterns can be obtained. Hence, one finds
also a circumscribed ERD over the foot area in foot movement and foot imagination experiments.

Experimental paradigm and recording setup for the BCI data acquisition
Experimental paradigm

The data set used for classification was acquired during a brain-computer interface experiment with
feedback. The session was divided into 4 experimental runs of 40 trials with randomized directions of
the cues (20 down and 20 right) and lasted about 1 hour (including electrode application, breaks
between runs and experimental preparation). The subject sat in a comfortable armchair 1.5 meters in
front of a computer-monitor and was instructed not to move, keep both arms and hands relaxed and to
maintain the fixation at the center of the monitor throughout the experiment.

Figure 1: Timing of one trial of the

! L] fixation cross experiment with feedback.
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The experimental paradigm started with the display of a fixation cross that was shown in the center of
a monitor. After two seconds a warning stimulus was given in form of a "beep". From second 3 until
4.25 an arrow (cue stimulus), pointing down or to the right was shown on the monitor. The subject was
instructed to imagine a foot or right hand movement depending on the direction of the arrow. Between
second 4.25 and 8, the EEG was classified on-line and the classification result was translated into a
feedback stimulus in form of a horizontal bar that appeared in the center of the monitor. If the person
imagined a right movement the bar, varying in length, extended to the right and vice versa (correct
classification assumed). The subject's task was to extend the bar toward the bottom or right boundary
of the monitor as indicated by the arrow cue. One trial lasted 8 seconds and the time between two
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trials was randomized in a range of 0.5 to 2.5 seconds to avoid adaptation (see figure 1 for the timing

of the paradigm).

EEG recording

Two bipolar recordings overlaying the left and central sensorimotor area were placed on the subject's
head as indicated in figure 2. The ground electrode was attached to the forehead.
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Figure 2: Montage of the 2 bipolar
channels. Subject
the top of the page and the grid is
viewed from above. Bipolar EEG
electrodes (marked with dark green
and light green) and the ground
electrode (light green) are defined
for further processing. The basis for
the electrode positions is the
extended international 10/20
system.

The amplified EEG was band pass filtered by an analog filter between 0.5 and 30 Hz and sampled at
128 Hz. The resolution was 12 bits. A notch filter was used to suppress the 50 Hz power line

interference.
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1. Data Inspecting

Running g.BSanalyze

1. After starting MATLAB set the current directory to
OMATLAB di Agect\ gBSanalyze \testdata \bci 0 asmtiogBSanal yzeo
in the MATLAB command line.

C:\MATLABEpStec\yBSanalyzetestdata'\BCI

>> gbsanalyze

2. g¢.BSanalyze starts with a blank data window

) Data Editor

]
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Loading and Viewing Data

1. Select Load Data in the File menu

2. Open the data-set by selecting sessionl.mat from the directory
OYour MATLAB dgdgtec & gBSanalyge \testdata \bci 0

3. Enter a sampling frequency of 128 Hz in the Enter Sampling Frequency window

4. Press OK and the data are displayed
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File Help
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-} Data Editor: C:\MATLABBpS  gtec gBSanalyze' testdata' BCI sessionl.mak 181 x|
File Header “iew Transform Pre-Processing Tools Artifact  Analvze Parameter Extraction Classification Options Help  User

=R Rl |

€11 350p

€22 3524

€33 4840p

41.0 420 430 44.0 450 460 470 43.0 49.0
EI F, [Hz]'l 128 time: [s]‘l 343914 samp\es'l 44661 mals'l 1 channels'l 3 | -
4 r_k\l\ DI Goto second: 40 Chaninel: I 1 Trial: I 1

DI5PLAY | PRESENT | SHOW | M&RKERS /ATTR. | EPOCHING | T00LS | COMMENT | FILE |

:.' Seconds Ichannelk tial 7| | [ Chan attr. 7 Vert scals Select... I Edit & Free mode Select datal Analize ... I New | Save presets I

:.' Channels Iposltlve scale  ¥| | W Thalatr. W Her seale ~ . Ruler |

= .. = BAD . Multi chan. Create plat

=4 Trials Zoom IWU = | M Separators v Gnd |
il M Ma ﬂlﬂl ¥ Markers W Ch name e | A bl i Open joumal |

In the display section you can set the number of Seconds/Channels/Trials that should be displayed
on the screen. Select 10 Seconds for the number of seconds on the screen and Goto second 40.
Press on button S> for the status information. In this case the status information gives you a sampling
frequency of 128 Hz, the total recording time of about 348.9141 seconds with 44661 data samples.
The current data set has 1 trial and 3 channels (CH1, CH2 and the trigger TRG).
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Channel configuration

1. Select Channel Configuration in the Header menu

2. Assign Name C3to Chan. number 1 and choose Channeltype EEG
Assign Name Cz to Chan. number 2 and choose Channeltype EEG
Assign Name TRGto Chan. number 3 and choose Channeltype TRG

-} Data Editor: C:4MATLABGpS' gtectgBSanalyze' testdata',BCI' sessionl.mat ;Iilil
File Header “iew Transform Pre-Processing Tools  Artifack  Analyze Parameter_Extraction Classification  Options Help  User
=] Do ]
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- Marker a.MOMcreator use the Browse button. E
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= = -
3 I
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3. Pressing OK yields

File Header View Transform Pre-Processing Tools  Artifact &

=|R| & 2| 2|7

CAC3 350p

c2cz 3520

C:3 TRG 4814
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2. Merge Data

A total of 4 so called runs were recorded and stored to disk under filenames sessionl.mat,
session2.mat, session3.mat and session4.mat . Merging the 4 data sets together yields to
160 (80 left hand and 80 foot) movement imaginations. For the further analysis of the data a
concatenation of all runs is necessary.

Perform the following steps:

1. Select Merge in the menu Transform

2. PressSel ect dnddheaose s&ssion2.mat

J Merge =101 x|

. kerge tialz, channels or zamples of multiple data-zets.

— Files to MERGE:

Filename / Dim. [TRIALS 5 SAMPLES & CHANMELS]

Select files ___ |
Remove |

[

Dimn. [TRIALS » SAMPLES x CHAMMELS]

Ctput previes: I [1=x176841 x 3]
Concatenate: i TRIALS Adopt; v Channel attributes
{* SAMPLES ¥ Tiial attributes
i CHaMMELS v bdarkers

Help Cancel OK |
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3. Enter a sampling frequency of 128 Hz in the Enter Sampling Frequency window
4. Repeat Steps 3 and Step 4 also for sessio n3.mat and session4.mat
5. Select Concatenate SAMPLES. Output preview shows the expected result of the merging

process. Press the button OK.

The new data-set consists now of 3 channels, 1 trial and about 4 times more samples as a single data-
set (176841 samples).

See Status under the View menu.

il Fs [Hz]:l 128 hime [s]:l 1381.5703 samples:l 176841 trials:l 1 channels:l 3 |
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3. Trigger Data

For many calculations performed with biosignal data an epoching or triggering of data-sets is
necessary. Therefore, a specific time marker or trigger channel with special events is required. The
current data set has 160 TTL-trigger impulses on channel 3 which can be used to split the data into
trials of equal length.

1. Select Trigger in the Transform menu
2. Define the Time before trigger as 2000 ms and Time after trigger as 6000 ms

3. Select channel 3 in Physical channel as trigger channel and set the Threshold level to 90 % of
maximum

4. Select e.g. the name TRIGGER in Assign attribute to resulting trials and press button add to
list ->

5. Press Start! to perform the triggering

-} Data Editor: C:4MATLABGp5S' gtectgBSanalyze' testdata'BCI' sessionl.mat - 8] x|
File Header View Tramsform Pre-Processing Tools Arkifact  Analyze  Parameter_Extraction Classification  Options Help  User

=HEH &S ﬁ_‘) f Cuk Samples =]
—————  CutTrials channels Ctrl+c ) Trigger =10l

The trigger function splite your recarded data inta trialz related ta trigger timepoints defined by physical

——  Sort Trials Channels — T
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Merge Chrlem 1 E rezulting trials. Channel attributes arkers remain in the tiggered data.
|1 -
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Lo TR )
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— Specity TRIGGERS and ATTRIBUTES:

L i______________4:______________J:__ % Physical channel. [C3CH1) ;I Edge: Ilising j ' Thieshold voltage: 4333 [i]
: i H Cz(CHZ E = Thieshold level 90 [ of max.]
~ Slew rate: 569 [ ]
8 : I ‘l n
e BEGIN Chan. [Marker)/ Mame/ Edge/ Valued Attributes Owverlap/ Color

2 Cz 500p

Agssign attibute to resulting trials: I TRIGGER “h.3¢ TR {IGGERY no red

™ Accept overlap

<- remove from list |
apply changes - |

Change calar:

= = | I ] e e
e e vy s e | e o

— Generate LINED UF TRIALS

E : : " Line up trials [no trigger) Length of trials: 000 [mns] Ovwerlap: 1] [rres]
I : I 128 [ les] ] !
410 420 430 samples, [samples]

3] 5¢ T 128 | tme (s [ 13015703 | t7ead -
‘J—I Fetrat | tie [} | samples | _ Select CHANMELS for the tiggered file 1J

DISPLAY | FRESENT | SHOW Select channels ... | E |
10 24 Seconds Ichannelxtrial || @ Chan atr @ csots
3 =1 Charnels Iposﬂwe scale | | M Tidatr. & Help | Cancel ‘ Start | |
=] ad = plat |
1 = Trials Zoom |1UU =1 | ¥ Separatars v

Select .. | Undo Aull Mal Aml Tug [l b [ Oh e ‘ —Cancel | ‘ bl i ‘ ‘ ‘ Open journal

The status bar in the editor windows shows the result: the number of trials is 160 and one trial has a
length of 1024 samples.

il F= [Hz]: I 128 hime: [z]: I g samples:l 1024 brialz: | 160 channels:l 3 |
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4. Assign Attributes

g.BSanalyze allows to assign channel attributes and trial attributes which are used for further
calculations to include or exclude specific trials or channels. Trials with EOG, EMG or overflow
artifacts can be marked with the trial attribute ARTIFACT to be excluded from further processing or
with the attribute REMOVE to be deleted. Also channels, which are not relevant for further processing
such as the trigger signal after triggering or channels with noise, can be marked with BAD to be
excluded. On the other hand it is also possible to assign a trial attribute like RIGHT to indicate a right
hand movement and to include only trials with the RIGHT attribute in further calculations.

To assign attributes perform the following steps:

1. Press Select in section MARKERS/ATTR.

2. Click on Edit CHANNEL ATTRIBUTE and enter TRIGGER under Create new. Press the button
Add to list. Click on button purple to assign a new color

} Edit markers and attributes

X

mouse to azzign markers or to azsighn attibutes. Markers and attribute colors will be azzsigned to the data in the
[ ata Editor. IF a trial ar channel has more than one attibute the zegment appears in blue.

. Choose a marker, channel attibute or trial attribute vou wizh to edit or add a new one. Prezs '0K" and use the

" Edit MARKER

EMD #blue

el

eEGINsed [l

Create new: I

EEmaye |

" Edit TRIAL ATTRIBUTE

REMOVE fblue
TRIGGER /red

=
Create new: I

Sl b ret | EEmoye |

& Edit CHANMEL ATTRIBUTE

Bal fred -
CUT /blue _I

TRIGGER /pu

=
Create new: I TRIGGER

Add bo list | Remove |

Change COLOR ko:

o] ot | [ s

Help |

Cancel | 0K |

3. Close the window with OK !

Off-line EEG analysis of BCI experiments with MATLAB v2.12.01

11




Assign the attribute TRIGGERto channel 3 by clicking onto the line that represents channel 3. The
attribute TRIGGERIs indicated at the left border of the window.

€2 Cz  500p L - phath -y ; i ; ]
3 TRG 484 i fmemmmeooeeoeeoadoeee e el T
TRIGGER E E E E
i i i i
1.0 20 3.0 4.0
ﬂﬁl Fz [Hz]:l 128 time [s]:l B samples:| 1024 tials:| 160 channels:l_
il
DISPLAY FRESEMT SHOW MARKERS # ATTH.
g ;l'l Seconds channel « trial j [+ Chan. attr. [ “ert. scale Select... | I Edit
3 =i Channels positive scale j ¥ Trial attr. W Hor zcale T B .
1 =1 Trials Zoom [100 = | W Separators W Grid
Select ... | Unu:h:ul ,-i'-.utl Mal ,&.,mllm v Markers W Ch. name Cancel |
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5. Load Class Information

The Load Class Information window is used to assign trial attributes to the data from a given *.mat
or ASCIlI-file. The loaded class information vector must match the number of trials. Assume that you
have loaded a data file with 3 trials into g.BSanalyze. An appropriate class information vector would be
0 1 0. Load class information would assign an attribute to the second trial.

1. Select Load class information from the File menu

2. Click on the Import Wizard

3. Search for the class information file class160.ma t in the same directory. The Import Wizard
shows the variables stored in the file and gives a truncated preview of the class information.

-} Data Editor: C:4MATLABGpS' gtectgBSanalyze' testdata'BCI' sessionl.mat - =] x|
File Header View Tramsform Pre-Processing Tools Arkifact  Analyze Parameter_Extraction Classification  Options Help  User

Load Data il |

Load Class Information

Load Header Information T T T

Save Chrl+5 -} Load Class Information P ] 3]
Save as..
This function assigns trial attributes [class information) from a given * mat or
Import 3 ASCIl-file to tiaks of your data. The class information vector must match the ! !
Export 3 number of kials! i = i A AR, IR A,

e . — Selecta CLASE INFORMATION FILE:

Page Setup Browse ... | Import '/izard | : :

Prink — Define ATTRIBUTES: — ]
- Suchen in: |ﬁ BCI j = oF B2~

Clase all Figures

Exit Attribute: M arne: I _

Change name to: I

Agsign Attribute
Remove Attribute

! class160.mat
i\ class40. mal
2 Cz 500p sessionl.m u :Jv
] session.m Gréfe: 504 Byte
i\ session. mat
n sessiond. mat

Bl - linport Wizard: C:MATLABE S/ abec /a5 anaty e, test data /B class LG0mat =10 =
Datein g cvananies 1 mpon using crecsamses.
& Craate v v
Dateily c_nl:e G A o
: € Crate v
3 TRG 481 p 2z .
eSS ; W Cepeel e Pranfewtruncated 10 10¢10
: Warlanle Harg sizo | Brios | Class
z 2560 double 1 [ 2 1 [ 4 =
1 o 0 al
| | | | 1 1
1 1 1 1
1.0 20 30 4.0
ﬁi‘ Fz [Hz]:l 128 tirne: [S]:I 8 samplas:l 1024 trials:l 160 channels: I
] I
DISPLAT | PRESENT | SHOW | MARKERS /ATTR. [ |
Ll 24 Seconds channel wtial ¥ | 6 - =
:: I i I Chan. attr. [ Vert. scale Select.. I Edit _[J
3 =i Channels Iposllwe scale ¥l [ W Tralatt. [ Her scale cancel | «park || i Finlsh n
— — [ Triccer [l
1 =1 Trials Zoom IWU =1 | ¥ Separators v Gnd

p————
Select . | Unda Aull Mal Am”Typ I¥ Makers [V Ch. name Cancel | il Open joumnal ‘

4. Click Finish to assign the attributes to the data trials. The window shows the attribute name 4 for
the first row of the loaded class matrix and 5 for the second row.
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5. Select the new-loaded attribute 4, enter the attribute name RIGHT and click Assign Attribute.
Click on 5 and assign the name FOOT

-} Load Class Information P s

Thig function assigns trial attributes (clazs information) from a given *.mat of
ASCIlfile to trials of your data. The class infarmation vectar must match the
number of trials!

— Selecta CLASS INFORMATION FILE:
Browse ... | Inport *wfizard |

— Define ATTRIBLITES

Attibute Name: | 5 RIGHT -

Change name to: I FOOT|

Azgign Attribute
Remove Attibute

Help | cConcal | okt |

6. Close the window with OK. The attributes are assigned to your trials.

The assignment of attributes to the trials can be seen if you change to the trial x channel mode
in the section PRESENT in the Data Editor. As can be seen the session started with 3 foot movement
imageries. The first trial with a right motor imagery is trial number 4.

-} Data Editor: C:4MATLABGpS  gtect gBSanalyze' testdata’,BCI sessionl.mat - |ﬁ'|5|
File Header Wiew Transform Pre-Processing Tools  Artifact  Analyze Parameter_Extraction Classification  Options Help  User

=| 6| 8| £ 2] 2 0|
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BEGIN

[ O

T  500p
TRIGGER
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T2 500p
TRIGGER
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T:3 5S00p
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T4 500p
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T:5  S00p
TRIGGER
FOOT

T 500p
TRIGGER
FOOT

T:F  500p
TRIGGER

T:& 5S00p
TRIGGER

TH 500p
TRIGGER

TA0 5004
B i i i i i i i
FOOT

10 20 30 40 50 50 70

ﬁi‘ Fs [Hz]:l 128 tire: [s]:l 8 samplas:l 1024 trials:l 160 channek: I 3 | -
4 I DI Goto second: | 0.007312  Channel: 1 Trial: I 1
DISPLAY | PRESENT | SHOW | MARKERS AATTR. | EPOCHING | T00LS | COMMENT |
ﬁ [V Chan attr. ¥ Yert. scale Select.. | I Edit % Free mode Select datal Analize ... I MHew I Save presets |
1 || I I v Tri |
: Charinels Iposl ive ccale = ¥ Trialatt. ¥ Hor scale TETREEH . € Wult chan, Ruler Create plot
10 =i Trals Zoom I'IUU = ¥ Separators v Gnd I
Selct. | Undo| | Aut| ba| Am|[Typ | I Makers  J Chname Cancel [ | Mutiti Open jounal

FILE |

Ll Seconds trial » channel
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6. Identify Reactive Frequency Components

1. Select Spectrum of the Analyze menu

2. Select 1000 ms as Length of interval to analyze

3. Check Compute action spectra and compare to reference

4. Set Reference interval starts at to 500 ms and Action interval starts at to 6000 ms

5. Click on Select trials/chan. and exclude the channels with attribute TRIGGERfrom the
following calculation. Confirm the settings and close the window with OK.

6. Start the calculation with the Start button

-} Data Editor: C:4MATLABGpS' gtect gBSanalyze' testdata'BCI' sessionl.mat -8l x|
File Header View Tranmsform Pre-Processing Tools Artifact  Analyze Parameter_Extraction Classification Options Help  User
= n” Data Quality =]

Average Chrl+a

I I
T A Event Related Desynchronization  Crrl4+E L | e - ‘ -
S - soectr T 1 A b b i
T2 Compute power spectra averaged over trals for specified intervals. If a reference interval and an action interval .‘?’MW?’*'%MWN“FW
IIEI(?T( are analyzed a significance test iz applied to identify reactive frequency bands: : : '
T3 Speciy INTERVAL(S) j i froacims
T3 - Speciy () : : :
FOOT Length of intervallz] to analyze: 1000 [rns] Reference interval starts at: 500 [rnis] i 3
T 128 [samples] n B4 [samples] - H . N
TRIG( i H |
Action interval starts at: 6000 [ms] i B i
TA ¥ Compute action spectra and compare to reference [Fe8 [samples] o :
TRIGC 1 H :
FOOT i : : :
- — Specify type of DATAMWINDOW: i : |
TRIGC Data window type: | boxcar 'I
FOOT - : ‘
T ! .. ' ~ . o
Tee — Data DOWNSAMPLING \ H 1
- ™ Reduce number of samples to limit frequency scale ranoe Factor = I 4 : E 3
TRIG( " E 3
— Select TRIALS and CHANNELS: d : '
L Select trials / chan. | 1 1 e i
TRIG(
IEE——— =
: T e g s e
ll:l%( Result procedure: [ Show with Fesult2D e eamelker e lm . T T
FOOT T Show with Besult3D ok n““:‘ Gzt @ ..u,,: Py ..u...:
Ex) = T T =
M 5 [ Save results Filename: I enter filenams i - i I
<
Help | Cancel| Start |
g = UMD [T ST v CRAER. 3 v e SoaE sect | o = Fre
1 =1 Charnels Iposmve scale | | ¥ Trialatn, W Hor scale P x | k| |
T | = I TRIGGER . L r-epe Cunart sl Conect mbctio: O el
1w =1 Trials Zoom I 100 25 | W Separatars W Giid [ ool [T i [T [ 5 cwose | | (5 ouat [ choeeh | | [T ouof [T charwes
Select . | Undo Aull Ma | Am | ITyp W Maikers W Ch. name —IEIanceI L Ep Concet (L)
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As can be seen the subject has a prominent rhythmic activity around 14 7 18 Hz over Cz which is
different for action and reference period. However, differences can also be observed in the alpha
band. The green line indicates the estimated power spectrum in the action interval and the blue line in
the reference interval. The magenta lines at the top of the graphs display the significance level. The
dotted lines represent the 95% significance level for the power differences.

15[
File Edit Help
>

Parameter:

Filename :

Number of trials : 160

Action interval starts at sample : 768
Reference interval starts at sample : 64
Intervallength : 123 samples

Data window type : boxcar

Powerspectrum (Pxx¢) with significance level

CHA CHZ2

Legend:
= Pxx of action interval

= Pux of reference interval

Sigrificance
eqrercy g feqrercy g
£ 11 5y
Display: Presentation:
¥ | Yert soale ¥ | Giid select channels.. I ¥ Title ¥ Legend BTEMEEEL | [Cres Ealars. | Seales).. |
v | Hiriz. ecal v | Calart Ch. | §
L] Horz. seals Ll ol (I el i ] Carnpany 1D el Biep | barts | Eacharaund |
¥ Z5cale hannel nurmber [V Parameter
Metsrane Mail fe Mesisarnnns
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7. ERD Analysis

1. Open ERD under the Analyze menu entry

2. Select a reference period of 500 to 1500 ms

=101
- ERD / ERS (eventrelated desynch / 1 by changes af signal power
over tima [reletive to values of a reference period). To deﬁg'\ Fhees sa the "Diesige fikes” funcion.
— Speciy REFERENCE F’ERIOD
Stait of reference Damda [rees] nd of reference period &t [rres]
Isample:] 132 [samples]
— Select FILTER: =
(% Mafiter Design fiter ..
Create highpass-, lowpass-, bandpass- and bandstop- fiters fer futher analysis. Depending on the specified
name / ype / £lio) / Fihi) 4 real / arder . fiker characteiistic the fiter curve is displayed. The ‘Save prazets’ button in the Diata E dior allows to stors the
crezhed fikeds.
— Specity COMPONE elized:
L — Spedfy FILTER DETAILS
¥ Induced companerts onk [none phass locked) " Raw signal inducad and evoked companents)
Filter lype: | bandpass [BF] Fiter arde 50
— SCALING of result 3 Ll
Figsull scalng: | Relative power change [%] 'I I~ Uszthe "Envelops method Filter realization: Bu'lc-wwh
_ AVERAGING SMOOTHING and STATISTICS Lower culolf frequency [- 3dbl | 14 [Ha] Uppes cutoff frequency (- 3 db). 18
5 - ]__| l_ [=8]
H e Hethod |mean ad gell 15 0r—rrrrr T —T—TTTTTT T T T T T
Significance test: |sgntest [ Smocthing: Ia-d'a‘- = windaw I 125 || [ms]
Select TRALS and CHANNELS:
[ Select tials / chan. I ‘
Fesult procedure: ¥ Show with Resull2D ALbomatic tresmaker i rﬁﬁ
I Show with Resullan [} M2
T Save iesuks Figname: | erie Hename _I
Predefined flters:
Help Cancel Start
| ] | Name: BETA
6 ]
Help Cancel | Ok I

3. Click on Design filter and create a Butterworth filter with order 5 and a lower cutoff frequency
of 14 Hz and an upper cutoff frequency of 18 Hz. Assign the Name BETANEW, press add to
list A and press button OK

4. Check Use filter and select BETANEW

5. Click on Select trials/chan. and exclude the TRIGGER channel. Include only the FOOT trials.
Close the window with OK

6. Press OK to perform the calculation

7. Repeat steps 5-6 and include only trials with the attribute RIGHT
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The figure below shows ERD/ERS calculated between 14 and 18 Hz for trials with attribute FOOT.
It can be seen that a very pronounced ERS can be observed over channel Cz. The blue graphs on top

of the figures display the significance level of the ERD/ERS changes. The solid line indicates the 95%

significance level.

Event Related Desynchronization / Synchronization

CHA1 CH2

tme ] tme f]
Channel 1, C3 Channel 2, Cz

The figure below shows ERD/ERS calculated between 14 and 18 Hz for trials with attribute RIGHT. It

> ]

Parameter:
Filename :
Murmber of trials : 80
Farerage options : [mean 16 samples]
Fitemame : BETA
Type : BP
Frequ borders : [14 18]
Realization : butter
Order : &
Used =ignal : Induced companets
Reference interval : [64 192] samples

Legend:
= relative power change
= significance

= reference

can be seen that the subject shows an ERD over the contralateral area (C3) during the imagination of

the right hand movement.

Event Related Desynchronization / Synchronization

CHA1 CH2

[# o |J_| n

Channel 1, C3 Channel 2, Cz
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Parameter:
Filename
Number of trials : 80
Ayerage options : [mean 16 samples]
Fittername : BETA
Type : BR
Frequ.borders : [14 18]
Realization : butter
Order : &
Used signal © Induced camponats
Reference interval © [G4 192] zamples

Legend:
= relative power change
= significance

= reference
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8. Feature Extraction

This function of the Parameter Extraction menu computes the band power within a certain frequency
range of the selected channels. The Band Power is estimated by digitally band pass filtering the data,
squaring and averaging over consecutive samples according to the window length.

Perform the following steps to calculate the Band Power:

1. Click on Bandpower under the Parameter Extraction menu to open the following window:

-} Bandpower I [ |

. Calculate the bandpawer by bandpass fitering, squaring and averaging over a specific window of the data.

— Select CHANNELS:

Select channels |

— Specify METHOD and PARAMETERS: 2—.

j Diesign new filker.

Choose a filker for the estimation: IBETA JBP /14718 butter / &
name / type £ f(lo] 4 F(hi] / real / order

Length: 1000 [ms] 3 Overlap: | 992187 [ms]
128 [zamples] 127 [zamples]

Specify averaging window:

Result procedure: ¢ Add new channels

Automatic treemaker iz Ienabled 'l
enter filename

' Replace all channek: Filzname:
[ Save result data I

Help Cancel | Start |

5.

2. Select the created BETANEW filter  with the bandwidth of 14 to 18 Hz

3. Specify the length of the estimation interval as 128 samples with overlap of 127 samples.
Attention: No other overlap is allowed in the DEMO mode

4.

—Icixd

Sakect chanmels for urter pocessig. Cuvertl svalsbl d
ehsmel nama g the kit Caled gioe: ate annﬁed mumhe:ehemdehmk thowin in lha Id!l&l

— Select CHANMELS:

Ayalabis charnals
kel / name:

TR |
| wcRemsvesdkaion |

Salected chareels:
number /[ name:

[T - |

eItz

Help

|

Cancal

|

DK

4. Click on select channels and add the EEG channels C3 and Cz to the list. Confirm the settings

with the OK button

5. Press Start to calculate the parameters

Off-line EEG analysis of BCI experiments with MATLAB v2.12.01

19



9. Data Set Classification

1. Select Feature Matrix from menu Classification

2. Set the classification interval to Start at 1000 ms, End at 8000 ms and Step to 500 ms
3. Select as Class1 RIGHT and Class2 FOOT

4. Click on Select feature channelsé and select channel 1 and 2 for classification

5. Select Linear Discriminan t Analysis (LDA) from the Classification method pull-down
menu

6. Press Start

-} Feature Matrix =101 x|

[Generate a feature matris az input for the clazzification methods. Select clazs allows to zelect tialz with a
certain attribute, Each attribute comesponds to a class. Select time point allows to select specific time points.
E ach time paint correzpands to a class.

— Specify CLASSIFICATION INTERWAL:
Start at; 1000 [mnz] Step: a00 [rnz] Stop at; 2000 [mz=]
128 [zamples] E4 [zarmples] 1024 [zamples]

— Specify CLASS LABELS { TIME FOINT:

f+ Selectclass:  |ARTIFACT :I " Select time point;
REMOVE 1500
RIGHT 2800
3000
3500
4000

=l 4500 |

— Select FEATLURE CHANMELS:

Select feature channels .. I

— Choose METHOD and QOFTIOMNS:

Clazzification method: | Linear Dizcriminant Analyziz [LDA] j

[T Bandomly permutate the matris

Result procedure: [ Classify data Autornatic treemaker is: Ienahled 'I

[T Save results Filename: enker filzname

Help | Cancel | Start
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The Linear Classifier window opens with the created feature matrix. The feature matrix contains 2
features (channels 1 and 2), with 160 examples and 15 time points (1000, 1500, é 8000 ms).

1. Select under Classification method Linear Discriminant Analysis (LDA) and 10 x 10
cross - validation to randomly mix the training and testing data.

2. Check Show with Result2D and Open classifier window

3. Press Start

) Linear Classifier = 0] x|

Compute a clazsifier [weight vector] between groups of tnals marked by clazs labelz [tnal attibutes]. The
performance of the claszifier can be egtimated by croze-validation. The weight vector can be viewed, edited
and stared far real-time proceszsing with 0. B Tays.

— Load FEATURE MATRI:

MHame of feature matrix file: I Browse ...

Dimenzion: I 2 16015 [features « tnals « time points]

— Select FEATURE CHANMELS:

b ap feature no.: I 1 againzt; I 2

— Choose METHOD and QOFTIOMNS:

Clazzification method: ILinear Dizciminant Analyziz [LDA) j Metriz: © fahalanobis distance
Training # test-zets: I'IEI w 10 crogs-validation j = Euclidian distance
Result procedure: [ Shaw with Result2D Automatic treermaker is Ienabled vI
W Open clazsifier window
[T Save results Filenarmne: enter filenarme
Help | Cancel | Start
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The classification results for RIGHT and FOOT movement imagery are given in the graph below. At
the beginning of the trial the error is around 50%. After second 5 (arrow is show on the screen at
second 3) the error drops down. The best error of about 16 % can be found at second 7 of the trial.
This means that the data set can be classified with an accuracy of about 84 %.

o]
File Edit Settings Tools Help
o i »
Classification Error —I
[%] Parameter:
55 1 (Total EerrIJ Class: FOOT

I ] ] Class: RIGHT

' ! ! Interval:

128 64 1024 samples
hethod: LOWA
Train/Testdata: CW
Trials per class: 80 80

Legend:
= Emor

time [5]

o 14 |

Dizplay channels: Display: Presentation:

I i | | i ; v Tile :
1 zfBlocksze SROW] A1 it et | ezl |l e _ASS'Qn | &rrangement I _nes / Colors I Scales .. I
:I IV Horiz. scale W Channel number [V '-grid ¥ Legend

= v 2
I 1 :IBIDc:k Select.. | W Zscale [ Calorbar ¥ Axe Select... | ¥ Campany T Size / Frop. | Fonts .. | Background .|

[v Parameter

To further improve the classification result calculate also the bandpower in the alpha range of the
EEG. Identify the optimal frequency range from the ERD analysis results.

Reference:

[Guger 2001] C. Guger, A. Schlégl, C. Neuper, D. Walterspacher, T. Strein, and G. Pfurtscheller,
ARapi d Prot ot ybpsethbgainco mpnt EEGi nterface (BCIlI),d | EEE Tr
9, 2001.
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10. Batch Processing

The easiest way to create a batch for data processing is to perform the analysis under the Data Editor

with the graphical user interfaces. Make sure that the Show diary checkbox is enabled in

Appearance Settings under the Options menu.

o —COMNFIRMATICN:

before EXIT

before CUT
¥ Show diany

[T Ask for confirmation

W Ask for confirmation

This forces g.BSanalyze to report all calculations in the MATLAB command window. After finishing the
analysis open a New M-file and copy and paste all commands into the file.

File Edit Wiew ‘Web ‘Window Help

Mh Direct
Figure:

Cpen. .. Chrl+0
Clase Command Windaw Chrl+t

Maodel

Irpork Daka. ..
Save Workspace as. ., Chrl+5

LI

Set Path...
Preferences. ..

ropertySvalue p
L1ity, the posi

Prink. ..
Brint Seleckian, .

C MATLAE releas
the default uni
L1 cause the in

1 Zih. L rlaboutmoncreator . m
2 Uk aboutbsanalyze.m
3L DimpulstDataedit, m
4 4, prionstoolor_Fonk,m

F3.
ator\montagecre
stor\montagecre
ator', gMONcreato

Exit MATLAE el

P_C=data;

File='C:YMATLABGpl Y gtech gBSanalyze) testdata\no

P_C=import(F_C,'BFR',File):
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$Load Data

P_C=data;

File='C:4W3hgtechgESanalyee) testdatal\ BCIhtrigl. mat' ;

P C=load(P C,File);

5Valid dongle

L hverage

Baseline=[0]:

Swoothing={'none'};

DownSamp ling=0;

TrialExclude=[]:;

ChannelExclude=[]:

FileName='C:4 U3%gtecygB3analyzeh teatdatal BCIYaveraget seasionl .mat ' ;
Ivyeraging='simple'

warl=0;

wvarZ=0;

wari=0;

L O = gB3average (P_C,Baseline, Smoothing, Downdampling, TrialExelude, ChannelExelude, FileNawe, Averaging, 0, varl, vara, vard);

Save the batch in your own directory as mybatch.m and start the batch under the MATLAB command
window with

mybatch

For further data-sets just replace the input data file to perform the same analysis.

Calling g.Result2d from the command line

Analyze and classification methods produce specific objects that can be viewed with g.Result2d and
stored to harddisk. To open such an object from the command line type

R_O = CreateResult2D(A_O_S);

to create a result2d object of the A_O_S (e.g. averaging object).
then enter

gResult2d(R_O);

to view the object or

gResul t2d(R_O, 6printd);

to print the object.

Starting g.BSanalyze from the command line

To start g.BSanalyze from the MATLAB command line and to open immediately a file use

dataedit (o6fil enamed) ;
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11. BCI Batch Processing

Type into the MATLAB command window
gbsanalyze
to start the Data Editor.

Load the acquired data file sessionl .mat for the calculation of a new weight vector for the next on-
line experiment with feedback.

) Data Editor: C:\MATLABT impuls'\testdata’,BCI\ sessionl.makt o] =l
File Header ‘iew Transform Pre-Processing Tools  Artifact  Analyze  Parameter_Extraction Clagsification ECG  Options Run! Help  User £l
=]

e 1 388 - G- Rk - i1 e - A " it sl A i ! kb1t

©22 o3 1A A AT T P i s b W T e A R LR TR g

€33 535p

3.0 10.0 15.0

ﬂﬂ Fs [Hz]-l 125 time [s]:| 3459141 Samp\es‘l 44661 trialsl 1 channels'l 3 | —
ﬂ ﬂ Goto second: |g_0073125 Channel: 1 Trigl: | 1

DISPLAY PRESEMT SHOW MARKERS [ ATTR. EPOCHING TOOLS COMMERT FILE

Save presets |

= 21 Seconds | |channelxirisl < ¥ Chan. attr. [V Verl. scale Select.. | Ecit Select... | Edlit | Analize ... M

i

&) 2 channels | |posttive scale  ~ W Trialsttr. [ Hor. scale Ruler

S | jhd i [ i IEAD j |:| | MONE l:l —_ Create plat |
= FD 3 [ Separat... [ Grid

Trials Zoom

Select . | Undol At Ma | Aml Typ ¥ Markers [ Ch.name Cancel | IFI’EE mocie vl Open journal |

Then open the Appearance Settings window from the Options menu and browse for the user
directory under

Your MATLAB path: \ gtec \ gBSanalyze \ user

— Edit LISER DIRECTORY:

| gtecyBESanalyzezer
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Confirm the settings by pressing OK. Now the User menu of g.BSanalyze is populated and contains
the BCIBatch .

un!

Help | User

BandpassFilker E!

EOX

gTimesTwo
lmadbciz000header

Select the BCIBatch to automatically process the data. Use the MATLAB editor to investigate or
modify the processing steps.

W m -1 m ok WM

e e T T R
-1 m o W Mo O

jury
o

hBCI Batch for gBEJanaly=e wersion 3.0
31999-2006 - g.tec medical engineering GmbH

(¥Uze this bhatch for the EBECI implementation of og.MOEIlak and
Yfor the EBECI model of Highspeed On-line Processing for 3imulink
global P_C

global V R

£%imulink mwodel with 1287256 H=s
fz2=P C.3amplingFrequency;

(Trigger the data, 2 seconds hefore tLrigoger and & seconds after trig
New tm{li={3 1 '1' 30 0O};

SamplesBefore=2+fa;

Samplesifter=6%fs;

Tnocomplete=0;

ChannelExclude=[];

P _C=gB3trigger (P_C,New_ tm, SamplesBefore, Samplesifter, Uncomplete, Chan

After a few seconds the analysis batch shows automatically a BCl experiment report containing a
description of the BCI experiment and an error rate time curve. The best time point is indicated by a

red circle.
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