TABLE OF CONTENTS

I TS o) T 10 TSRS Xiii
LiIST OF TADIES ... e XiX
List of abbreviations and SymbOIS............cccoiiiiiiiii e XXiii
PIETACE. ... et es XXVi
CRAPTEE L ..ot 1
1 Introduction and OBJECTIVES ..........ccciiiiiiieieieieee e 1
I R = - Tod 1o (o U] o 1SRRI 1
1.2 Motor Imagery (MI)-based BCl ...........cccoiieiiiiiiieceee e 3
1.2.1  Block Diagram of an MI-Based BCI DeVICe..........cccccevvvevveireieeieaiennn, 4
122 MIASK oot e 6

1.3  Steady state visual evoked potentials (SSVEPSs)-based BCl..........c..cccocu..e. 6
1.4 CRAIENGES ...t 8
1.4.1  Removal of Ocular artifacts from single-channel EEG.: ....................... 8
1.4.2  Feature selection of MI-EEG Signals: .........ccccooiiiiininenineeeeee, 8
1.4.3  Spectral- Spatial feature optimization of MI-EEG signals:.................. 8
1.4.4  Multi-view MI-EEG classification............c.ccoovvvrirennnenininencseseee, 9
1.45  Improving recognition rate of SSVEP in real-time ............c.ccccceoeeien. 9

T O 1 o] 1= o3 €Y= S PRUPPSORRSIS 9
(O gF- 10 ] 1 USRS 11
2 LITErature REVIBW ......cceiieieie ettt ee e nne e reeee e 11
2.1 BACKQIrOUNG......cciiiiiiiiiee s 11
2.2 Brain Signals ReCOrdiNgG .........ccocuiiiiiiriiieie e 12
2.3 Signal processing iN BCl.......cccooiiiiiiiii e 13
2.3.1  Pre-Processing: Removal of artifacts and Noises ............c.ccceeveeveinennen, 14

2.4 Signal processing in MI-based BCl ...........ccccoceiieiieiiiiece e, 16
2.4.1  Feature Extraction in MI-BCl ... 18
2.4.2  Feature SEIECTION.........ccciii e s 19
2.4.3  ClasSITICALION ....ccveieiieiiece e 22
2.4.4  Spatial filtering-based models in MI-BCl: .......cccccoiiiiiiiiiiiiicen, 24
2.4.5  Time- window optimization models in MI-BCl:...........ccccooviiiiinenn, 27

2.5 Signal processing in SSVEP-based BCl .........cccccoovviiiiiiiiieieee 27
(O =T o) (=] g TSP P RPN 30



3 Removal of Ocular artifacts from Single channel EEG signal using DTCWT

with Quantum inspired Adaptive Threshold.............cccocoiiiiii 30
200 R 1014 oo [1od £ o] o ISR 30
3.2 Materials and MethOdS..........ccociiiiiiiiiii s 31

3.21  Dual-Tree Complex Wavelet Transform (DTCWT)......c.cccceevevverreenee. 31
3.2.2  THresholdiNg .....cccvoiiiieiece e 32
3.2.3  Quantum inspired adaptive threshold (QAT) .....ccccovevveveiiecicie e 34
3.3 Application of DTCWT-QAT for removal of ocular artifacts from EEG 35
3.4 ReSUItS @nd DISCUSSION .....cueeiiiiiiiiieiieeie et eas 37
341  EEG SIMUIALION ..o s 37
3.5 Application to Real EEG data..........cccoueiiiiiiiiiiiiiieieeeee e 40
K I O] o1 111 (o] o PSR 41

(O T 0 1 SO S OSRPRRPSPN 42

4  Feature Selection using Regularized Neighbourhood Component Analysis to

Enhance the Classification Performance of Motor Imagery Signals. ...................... 42
o A | 01 1 oo [F o1 1 To] o ST 42
4.2 Methods and Materials ..o 43

421 EEG Dataset and paradigm ........ccccooereienenininineeeeeese e 43
4.2.2  PrEPIOCESSING. ...eeueeeiieieiteitestesiieiee ettt sttt sttt et bbb b b i eneas 44
4.2.3  Feature EXTraction .........cccccoviiieiieieiie e 45
424  Feature SEIECTION .......cccocie e 47
4.25  Neighbourhood component analysis............cccovvveveiiieieeresiee e 50
4.2.6  Proposed Method: RNCA as Feature Selection .............ccccceeveveinenne. 51
4.2.7  ClasSIfICALION ......cuiiiiiiece e 53
A3 RESUITS ..ot 54
4.3.1  Feature selection reSUlLS: ......cccoiiiiiiie i 54
4.3.2  Classification Performance: .........ccoccoooeiiieieiiiene e 56
N I T 1ol U3 (o] o SRS 59
44.1  Selection of optimal features by RNCA...........cooiiiiiiiec e 60
4.4.2  Configurable parameter ... 62
443  Computational cCompIexity .......cccovviiiiiiiiiii e 63
45 CONCIUSION ..ottt et 65

(O T o) (=] g TSP TPUSPSPRPR 66

5 Motor imagery EEG spectral-spatial feature optimization using Dual-Tree

Complex Wavelet and Neighbourhood Component Analysis. ........ccccovvviiieiiieinnns 66
T8 A 11 4 oo {101 [ o PSPPSR 66



5.2  Methods and Materials ... 68
521 NOTALIONS ..ottt sttt esbe et sneenres 68
5.2.2  Band Pass Filter design using dual-tree complex wavelet transform 68

5.2.3  Common Spatial Patterns .........ccccceiieiieieieesece e 69
5.2.4  Neighbourhood Component ANAlYSIS .........ccccevveveiiieiieresie e 71
5.2.5  Proposed spectral-spatial feature optimization approach .................. 72
5.3  EXPerimental StUAY .........ccoooiiiiiiiiicee e 75
5.3.1  DALASELS ...ttt 75
532  Competing Methods..........ccoouiiiiiiiiiie e 76
5.3.3  Performance MEASUIES ........ccciuerieiiriierieeieseesieeie e sieeaesseesreeneesneeseeas 78
B4 RESUITS oot 79
TSI B ol U 1] o] o DTS PR PRSP 84
55.1  Time- frequency analysis of DTCWT-filtered EEG............cccccuo.n. 84
5.5.2  Spectro-spatial feature optimization............ccccccevvvveiieiie s 86
5.5.3  Training with different length of trial data.............ccccoceviniiiieennnn, 90
5.5 4  EXEENSION...cciiiiiiieie ettt sttt re e nre s 91
TG I ©o 1 [o] 11 ] o] o PSRRI 91
CRAPTEE B ...t bbbt 93

6 Time window and frequency band optimization using regularized
neighbourhood component analysis for Multi-View Motor Imagery EEG

(0] TS 1 o= 1 o] o OSSR 93
6.1 INEFOTUCTION ..ottt 93
6.2 IMELNOUS ... .o s 95

6.2.1  Preprocessing Of EEG.........ccccooiiiiiiiiie e 95
6.2.2  Feature extraction from Multi-view EEG data.............cccccoceevivnnnnen. 96
6.2.3  Multi-view Feature selection approach: Regularized Neighbourhood
COMPONENT ANAIYSIS.....ccueiiiiiieiicce et 100
I O F- 11 1 o= 11 o] o SR 105
6.3 EXperimental StUAY ..ot 106
6.3.1  Dataset deSCriPLION ........ccccoviiiriiieie e 106
6.3.2  Performance evaluation .............cccocverviiienieene e 107
8.4 RESUILS ..o e e 108
6.5 DISCUSSION ....eitiiiietieiiie ittt ettt sttt sttt ettt e b e e b e nneeneennes 112
6.5.1  Selected spatial patterns at multiple frequency bands and time
WINAOWS ..ottt ettt et be et e et e bt e sbeebeaneenreas 112
6.5.2  Feature dimensionality reduction.............ccccevveiiieiiieiic e 116



6.5.3  Performance with different trial length ...........c.ccooiiiiiiiini 118

6.5.4  Limitations and FULUIE SCOPE........cuuvriiiiirieriesie s 119
6.6  CONCIUSION ...ttt ettt ene s 121
(O T ] (- SR 123
7  CCA Model with Training Approach to Improve Recognition Rate of SSVEP
TN REAI THMIE ..t bbb bbbt ee e 123
7.1 INEFOTUCTION ..ottt et sttt nre s 123
7.2 Methods and Materials ..........ccoviieiiiiiiiee e 124
7.2.1  Canonical Correlation Analysis (CCA).....ccocverinieniienese e 124
7.2.2  Linear Discriminant Analysis (LDA) .....cccccoviiiiiiinieiiee e 124
7.2.3  Proposed Method..........cccoiiiiiiiiiiiiecee e 125
7.3 EXPerimental SETUP ........cocooiiiiiiiiieee e 126
7.3.1  Generation of visual StIMUIUS...........cccoeriiiiiniii 126
7.3.2  Data ACQUISITION ....c.eeviiiieiiiecie et 126
7.3.3  Experiment paradigM .........ccccooiiieiiiiicieece e 127
7.4 ReSUlt and DISCUSSION ......ccciiiiiiiiieieieie ettt srenneas 128
S TR O] o] 111 o] o SRS 130
CRAPTEE 8. 132
8  Conclusion and SUMMANY ......ccooiiiiiiiiiiieiee e 132
8.1  Scope for FUrther WOrK..........coo i 135
RETEIENCES ... bbbt ne s 136
LiSt OF PUDHCATIONS. ...t 157

Xii



