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ALS (Amyotrophic lateral sclerosis)

BCI (Brain-computer interface)

BMI (Brain-machine interface)

BOLD (Blood oxygen level dependent,)
CDF (Cumulative distribution function)
ECD (Equivalent current dipole)

ECoG (Electrocorticogram)

EEG (Electroencephalogram)

EM (Expectation maximization)

ERD (Event-related desynchronization)
ERP (Event-related potential)

ERS (Event-related synchronization)

fMRI (Functional magnetic resonance imaging)
IC (Independent component)

ICA (Independent component analysis)
LCMV (Linearly-constrained minimum-variance)
LCPW (Linearly-constrained Prewhitening)
LDA (Linear discriminant analysis)

MEG (Magnetoencephalogram)

MRI (Magnetic resonance imaging)

MV (Minimum variance)

NIRS (Near-infrared spectroscopy)

PCA (Principal component analysis)

PDF (Probability density function)

PET (Positron emission tomography)

PW (Prewhitening)

SNR (Signal-to-noise ratio)

SSSEP (Steady-state somatosensory evoked potential)

SSVEP (Steady-state visual evoked potential)
SVM (Support vector machine)
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e Donoghue et al., “A major goal of a brain-machine interface (BMI) is to provide a command
signal from the cortex. This command serves as a new functional output to control disabled
body parts or physical devices, such as computers or robotic limbs.” [17]

e Wolpaw et al., “A direct brain-computer interface (BCI) is a device that provides the brain
with a new, non-muscular communication and control channel.” [12]

e Levine et al., “A direct brain interface (DBI) accepts voluntary commands directly from the
human brain without requiring physical movement and can be used to operate a computer or

other technologies.” [18§]
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Sz (T, t)
s(r.t) = | sy(r,t) (2.40)
s, (r,t)
0000 se(r, )0 sy(r,t)0s.(r,t) 0000000 s(r,t)0 20y0z000000000000000
00000000 s(r,t) 0000000000 3x1000000 5(r) = [n(r),n,(r),n(r)]T OO
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s(r,t) = s(r,t)n(r) (2.41)
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Un(r) = [lon (1), lyn (), L 0 (7)] (2.42)

0000 -000000000000000R,00000000NXx1000000 L(r)Ol,(r)0L(r)
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lI (’l") = [lx,l(r)a lz,2(r)’ e ’lx,N(r)]T (243)

Ly(r) = [ly1(r), lya(r), -+ Ly n(P)]T (2.44)
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0 (247)000000000000000000 I()000000 (248) 000000000000
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_ / / /Q L(r)s(r,t)dV (2.49)

_ ///Q 1(r)s(r, t) AV (2.50)
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<§2(r,t)>t = wh(r) <v(t)vT(t)>tw(r) = wh(r)Cw(r) (2.52)

0000000000000000000 s(r,4)020y0:0000000000 w,(r)dw,(r)0
w.(r)0 300000000000000000000000000000000 W(r)d

W = [wy(r), wy(r), w(r)] (2.53)
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8(r,t) = [84(r, 1), 5, (r,t), 8. (r, t)]" (2.54)
= [w,(r), wy (), w.(r)] v (t) (2.55)
= WT(r)v(t) (2.56)

000000 P(r,C)000000000000
P(r,C) = (5(r,t)s"(r,1)), (2.57)
=W (r)CW(r) (2.58)
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nr n(r

0doododoooooooooooooooooooa
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L(w, k) = w'Cw + k (w'l(r) — 1) (2.64)

00000000000 w(r)D (r)000000
wOOO0D0DO00000000000
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/—9 2.
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gbooooooboooooooboooboon
w=—kCl(r)/2 (2.66)
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00000 (263)00000000000000000000
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1
<§2(r,t)>t = w'(r)Cw(r) = (2.69)

IT(r)C—t(r)

,29,



020 00000 22EEGOOOO

000000000D000000000000
0000000000000000000000000000000000000000000000
00000000000000000000000I(r)|000000000000000000000
00000000000000000000000000000000000000000000000
00000000D000000000000000000000000 ||i(r)|00000000000
00000000000000000000000000000000
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w(r) = 7T c” Ur) (2.70)
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0oooi(r)=I+)/|l(r)|0000000000000000000000D0000D00000000
00000000000000D000000000000000000000000000000000
0000000000

(E(r1), = —— = ITET)("”C)f(l’;)(T) (2.71)
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w(r) = arg minw " (r)Cw(r)
w(r)
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subject to

w (r)l(r)

1
wT(r)l(rl) 0

wT(r)l(rD)' =0 (2.72)

gooooooooobd »,re,...,rpdooooboo o000 r0o0ob0oboooooOoO
000000oooooooooooog r,re,...,rp00000000CCLCMVOOOOOOOO
oooooboobobooboooboobboooboob0booboooDboobboooboboooo
gbooddr,re,...,rp 00000000 OO0OOOO0OO
LCMVOOUOOODOO0OOODDOO0O0OO0O0O0O0ODO0O0O000O (264)-(267) 0000000000000
000000000 (272) 00000000000 O0O0DO0O0OOOOOOOOOOOOOOOOO
(J+1)x1000O0O00O0O k0000000000000 L(w,k)DOOOO0ODOOODOOODO

L(w,k) =w'Cw + k ((LLC('P))T'w—e) (2.73)
ooooobooooboon (’r‘)DDDDDDDDDLLC(T)DDDDDDDDDD
L*C(r) = [I(r),l(r1),...,l(rD)] (2.74)

ed0000D0O0O0ODOOODODDOOODODODODDOODDOODDOODbDOO

D
e=1[1,0,...,0" (2.75)

0((R273)00000000w000000000O0D00DODO0ODOOODOO

1
w = —§CflLLCn (2.76)
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0000000000000 oooooooooooOoooOoOooOoOOOOOO ECDOOO
ooobobobobobomoooobooboobooboobooboobooboOoOD™boobooooOoo
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dr,re,...,,p00000000OO00OOC0ODOODOODOOOODOODOODODODODOODOOOODOODO
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=2 [(LLC(r))T C*ILLC(r)} e (2.77)

000000 (276)00000000000000DO0O0OOO0ODOOODOO

w(r) = C~1LYC(r) [(LLC(r))T C’ILLC(T)] e (2.78)
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LCMVOOOOOOOOOOO0OOO0OO0OO0OO0OECDOO DOOOOOOOOOOOOOOODOO
DOODOOODDOOODON-D-10000000000000000000000 (64000000
000 DOOOODOOO [(L¥(E)'C~ LY (r))00000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000 [65]0
00000000000000000JO00000000000000000JO0000000000
00000000000000JO00000000000000000000000000000000
00 DO0DO0OO0OOODOODOOOODOOOODODOOOO0 ry,7r,...,7; 00000 J0O0O ECD
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00000000000000 21100000000 »000000000000000000

0000000000 00D00D00000000000000000
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L = [L(r1),...,L(ry)]

goboobogoboobobooooboo

0 T
0 oo 0 i
LeXt:[a}l,...,.’BN] :
oo 0 T
0 0 --- on Yn

(2.79)

(2.80)

O000x;, 0 Nx10O000OOO0OOODOy;0Dx10000000000;000000000000

(2.81)
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[<t000000000000000 DOOOOOO0OOOOOO0O0O000000000000000
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0 oy 0 Yi
L™ ~[xy,...,zp] :
0 T
0 0 oD Yo

O00pOO0DOOo0ObOOO0OoDOOoOoDboOoOood
LCMVOOOOOOoOOoOoOooOOoOoOooooooooooogooo

w(r) = arg minw " (r)Cw(r)
w(r)

subject to

D

wT (r)LYC(r) = 1,0,...,0

where

LLC(’I’) =[(r),x1,...,xp]

0 (283)00000000000000O0OOOOO

W(r) = L) [(2()" C*ILLC(T)TI (10,0

LCMVOO0OO0O00000000 r=(z,y,2) 0000000 P(r,C)000000000

P(r,C) = tr {eT {(LLC(T))T C_lLLC(r)} B e}
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0000000000000 000000000000000000002250000000000
00000000003000000000 20¢0,00000000003000000000 w,(r)0
wy(r)Dw,(r) 000000000 »000000000000000 s(r, )01 = [n,1,,7.]T 000
000000000000000000000000000000000000000000000 v(¢)
000000000000

v(t) = s(r, t)nale (r) + s(r, t)nyly (1) + s(r, )n=L.(r) (2.86)

00000000000D000000000000000 20y0:000000000s(r,t)n,0s(r,t)n,0
s(r,t)n, 00000000 30000000000000000UOODOOOOOOUOODODOOOOOO
gboooobogbbooobooboooboobobooobuoooboobobooboooboooo
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e 1O0IDOODDOODOO
ooooobo z0000O0OO00DO0O0ODODO0ODODD w, 0OO0OOOOODOODOO

w, () = arg min 'w;f('r‘)C'wx(r)
wq (1)

subject to  wy (7)l.(r) = 1,'w;f(r)ly(r) =0,w!(r)l.(r)=0 (2.87)
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00000000000 w,(r)D0r0000000000 000000000 100000OyO
x000000000000000000000000000000w,(r)Dw,(r)000000
goobogono

w,(r) = arg min w;r('r‘)C'wy(r)
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A _ia A A _ T -1 -1 7 -1
5(r,t) = [84(7, 1), 8y(r, 1), 5.(r,t)] = [L (r)C L(r)} L (r)C  v(t) (2.92)
goooooooon (2.58)DDDDDDDDDDDDDDDDDDDDDDDDDD
P(r,C) = (3(r,0)8"(r,t)), = [L"(r)C'L(r)] " (2.93)
0 (2.60)DDDDDDDDDDDDDDDDDDDDD
P(r,C) = (2(r,1)), = w{[L"(r)C'L(r)] '} (2.94)
e OO OOOOOOOO

doobooboobobo0obooobooboboobobooobooobon

w,(r) = arg minw; (r)Cw,(r)
wq (7)

subject to w2 (1)ly(r) = ||lz(r)||,w;(r)ly(r) =0,wl(r)l.(r)=0 (2.95)

wy(r) = arg zn)ln 'wg(r)Cwy(r)
subject to 'wT('r)lx(r) = O,w;('r)ly(r) = Hly(r)H,wT(r)lz('r) =0 (2.96)

x z

w,(r) = arg minw. (r)Cw.(r)
w(r)
subject to wg('r)lx('r) = O,wg(r)ly('r) = O,sz(r)lZ('r) = [|L.(7)]| (2.97)
0000 W(r)ODOODODO (2.95) - (297) 000000000000000

W (r) = arg mintr {W 7' (r)CW (r)},

W (r)
[la(r) 0 0
subject to W (r)L(r) = 0 1Ty ()] 0 (2.98)
0 0 ()l

0(291)00000000000000C0O0O0OO0OOO0O0OO0ODOOOUOOODOOODOOOO
gboogooooboooboooo

| ()] 0 0
W(r)=C 'L(r) [L"(r)C ' L(r)] 0 L, ()] 0 (2.99)
0 0 2. (r)]|
Oo00oo0o0ooooooooooon
P(r,C) = (3(r,1)s"(r,1)),
12 (7)) 0 0 | ()] 0 0
= 0 (12 ()l 0 L™ (r)C7'L(r)] 0 [y ()l 0 (2.100)
0 0 12 (r) ]l 0 12 (r)]]



020 00000 22EEGOOOO

gddododoooodoooiouooooboouoooououoooooa
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goooobogbobooobogn
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Lir) = Lrww’ TGk ulmrd (2.102)

0(260)000000000000000O0O0OOOOO

P(r,C) = (8(r,1)), = tr { [iTc—li] _1} (2.103)
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P(r,T) = tr { [LT(r)r—lL(r)] } (2.104)
0000225000000000000000000000000000
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oooo
C=(C) Ve v? (2.117)
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0 for x <0

Rayleigh(x;0) = {

00000000000 000000c =1000 PDFO f(x)000020000000000 N(0,1)
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g(x) = f(x) * f(—x)
_ / F(r+2) f(r)dr (3.9)

g(x) 0000000000z >0000000000000000002z>00000D0

g(z) = /Ooo(r+:c) exp <—@) 7 exp (_%2) dr

= [ AC+5)-5HE+3) 3

exp (_{(H%) +351 {(r+3)- }) " (3.10)

~exp (_% . [ [ e () au- = exp () du] (3.11)

1
2
= Eexp —— ) + _/00 exp (—u?) du (3.12)
4 4 2 z

0 (3.11)0(3.12) 00 [, exp(—w?) duD0O0O0O0DOOD000O
2

2 oo
erfc(a:):—/ exp (—u?) du (3.13)
googoobogbobooood

h exp (—u?) du = %Eerfc(x) (3.14)

o
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Al Movement C1P, C2P 770-3000 16-40
Imagery C1P, C2P 850-3000 16-37

A2 Movement C1P, C2P 930-3000 16-37
Imagery C1p, C2P 940-3000 16-37

A3 Movement C1, C2 960-3000 18-32
Imagery C1, C2 2160-3000 16-36

A4 Movement C1P, C4P 1000-3000 16-34
Imagery C1P, C4A 2000-3000 16-34

A5 Movement C1, C4 990-3000 16-22
Imagery C3p, C4 570-3000 16-26

A6 Movement C3, C2 820-3000 22-26
Imagery C3, C2 1720-3000 17-32

A7 Movement C1P, C4 1290-3000 20-33
Imagery Cz, C2Pp 1290-3000 17-22

A8 Movement C1P, C2 820-3000 16-37
Imagery Cz, C2 620-3000 16-33
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Subject Task BMI-CDF BMI-SVM

Acc. | ITR Acc. ITR

Al Movement | 81 (96) | 4.32 | 83 (97) | 4.93
Imagery | 63 (81) | 2.29 | 55 (100) | 0.09

A2 | Movement | 71 (94) | 2.23 | 74 (99) | 2.19
Imagery | 60 (83) | 1.48 | 46 (100) | 0.06

A3 | Movement | 66 (85) | 2.38 | 56 (100) | 0.12
Imagery | 50 (68) | 1.36 | 53 (100) | 0.03

A4 | Movement | 66 (94) | 1.37 | 66 (100) | 0.90
Imagery | 53 (79) | 0.82 | 66 (100) | 0.90

A5 | Movement | 43 (65) | 0.60 | 55 (98) | 0.13
Imagery | 44 (64) | 0.80 | 43 (100) | 0.17

A6 | Movement | 42 (65) | 0.49 | 51 (98) | 0.01
Imagery | 42 (63) | 0.62 | 52 (100) | 0.01

A7 | Movement | 58 (94) | 0.45 | 67 (100) | 1.02
Tmagery | 40 (69) | 0.15 | 63 (100) | 0.59

A8 | Movement | 57 (90) | 0.56 | 55 (99) | 0.09
Imagery | 43 (74) | 0.17 | 52 (100) | 0.01
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