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ABSTRACT

Electrooculography (EOG) signal is a widely and successfully used to detect
activities of human eye. Use of the EOG signals as a control signal for human-computer interface
(HCI) plays a central role in the understanding, characterization and classification of eye
movements which can be applied to a wide variety of applications consisting of virtual mouse and
keyboard control, electric power wheelchairs and industrial assistive robots. The advantages of
the EOG-based interface over other conventional interfaces have been presented in the last two
decades; however, due to a lot of information in EOG signals, the extraction of useful features
should be done before the classification task. In this study, sixteen useful features extracted from
two directional EOG signals: vertical (V) and horizontal (H) signals have been presented and
evaluated. There are the maximum peak and valley amplitude values (PAV and VAV), the
maximum peak and valley position values (PAP and VAP), the area under curve value (AUC),
the number of threshold crossing value (TCV), EOG variance (VAR), and Slop (M) which are
derived from both V and H signals. In the experiments, EOG signals obtained from five healthy
subjects with ten directional eye movements were employed: up, down, right, left, up-right, up-
left, down-right down-left clockwise and counterclockwise. The mean feature values and their
standard deviations have been reported. Most features show the difference between the mean
feature values. Using the scatter plot, the differences in features can be clearly seen, particularly
for M of V and H signal. Results show that classification accuracy approaches 100%. The
combination of these features may be useful for the classification of EOG signals in both class

separability and robustness point of views. These features and this result can be useful for various

(5)



advanced HCI applications in future researches, notably eye-exercise and eye-writing

recognitions.

Keywords: Electrooculography (EOG) signal, Eye movement, Human-computer interface

(HCI), Classification, Feature
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Y 4 v
WaNANHMIUTMIMEeanmemdusuaisaied  lideat/asuuiu
veoudn Hvaauazilesnueimsunnsesitesuamlasnale miniaduauenna Jusae
Y A dy [ Ad? [ 9 A Y 1 ~
110N UABTUMNIINTY 81NTUANT 09 pEaarT 0019118 1114 druaunaisa
ax L a dyc:.‘ 1 Yy 9 dy [ 4 A Aa
Unddegudimsuimstingieldndmioauduse devimaala 23] uaziivimumsusuig
A a v A - ' woAa o A A °
annuaNaIsmMIasuyed 1 lnavnTaeluviufsveamy nniutanuienaunaisi

e UTIIUN [24]

d‘ \ = v a A %
2.3 ﬂammnammuaz‘m&ﬂmﬂlmatymgm"lﬂﬁmﬁnaﬂnm
v 9 a 9 1 = [] = [
1NV 2.1.1 TlllﬂﬂanJﬂ\Tﬁ]f”JQﬂ'JTNﬂsll@Qﬁﬂjl u1m‘11/\|1711miﬂaﬂﬂm AU
aAa ) % v Y 1 Y ] d'
wasguaadndmsudyaaldidinisnasnan [18] 1dna121391 3290 udveq
[ a J 4 ] = a o Y a
ﬁmm1m1Wﬂ1ﬂ15ﬂa@ﬂ@1 0.1-30 tFINY Mﬂ’gmﬂ’J1\1ﬂJfJ\1ﬂf’Nﬂ’JnJmJ1ﬂLﬂuhlﬂ ‘Vl’ﬂ'ﬂlﬂﬂﬂ’li
9 (% . £ o o R o A Y
UNINFOUVDITYAIUTUAIU (Noise) s imistiuindyanuiuendloszuy il
. . A o Y 1 o q ¥ R = o
(electrically isolated) ommIaumaonm iy °]5’Jx‘1ﬂ’JWNﬂ"UENﬁﬂUJ‘Q,ﬂm]lWﬂmﬁﬂaﬁ)ﬂ
' I ' [ dy
Gnl,!ﬂJ\TﬂﬂﬂﬂJu 2 BI3 AU
o 1 A Zj 1 a d 1 A
1).ﬁmm1m"lﬂ1711maﬂaﬂﬂmluﬁmﬂmmamsm 0—11d30% 138031 AUD

FaFvesdyna liiimnaena
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v Y
% 1

o ' A a J A ' A
2).dyanaldihimsnaenalugisnnudaue 1 - 30 @5ad Son11 AWD
] =) o
sruedvesdana limsnasnm
£ 9 [ 1 I v A X A FJR A A A AaA
c}fwagamﬂan%zgﬂui‘]ﬁﬁ]ﬂw‘lﬂumsmaﬂi%’;ammmacﬁmm«wmms

[

Jadnana Iifhmsnasnaluuni 3 ae'lal

2.4 MNHHIVRIYAINF YRy IO
MMsAnEIdwrisegaiadgyaan 1danunanun1eImmsawsn

uﬁqé’ﬂymmmsﬁumﬂqgmﬂﬁﬂgﬂﬁm'lﬁlﬂu 12 uuv [1, 3-5, 7-8, 10, 13, 18, 25-64] A4A15 N

2-1

A3 2-1 MIUVIANBULVDIAMNUIIAIAT QYR 19

o

L e dumdagada AU y -
T UNANNO D

WO dayaa 9981909

CHI1:Above and

below the left eye
1 2 - (Yataka et al 1996[1])
CH2: Corners of the

left eye
(Refael et al 1999[25],Refael et al
CH1:Above and 2002[3], Refael et al 2003[8],
below the right eye  Left Sivarajah et al 2008[26], Bartomeu et
2 2
CH2: Right and left ~ forehead al 2008[27], Hari et al 2009[28],
of the outer canthi Andreas et al 2009a[10], Min et al
2010[29])
CHI1:Above and )
(Arie et al 1993[30], Joseph et al
below the right eye
3 2 Right ear 1998[31], Thum et a/ 2005[32],
CH2: Right and left
Manuel et a/ 2010[33])
of the outer canthi
CH1:Right and left (Yoshiaki er al 1997[34], Harry et al
4 1: Ear

eye 2009[7], Chung et al 2009[35])




M99 2-1 MIUVIANHALUVDIA N UIYAIAT Y (410)

11

L T dwmiagada RIAIN Yy -
Hyun , o 9 A UNAITUD NN
SN oy DERRNGN
(Dinesh et al 2002[36], Mrinal et al
2007[37], Tomasz et al 2008[38], Job
R. et al 2008[39], Johnalan et al
CH1:Above and 2009[40], Hirotaka et al 2009[41],
below the right eye ~ Midline Xiaoxiang et al 2009[42], Andreas et
> ? CH2: Right and left  forehead al 2009b[43], Tomasz et al 2009[44],
of the outer canthi Job R. et al 2009[45], Hasnida et al
2009[46], Zhao et al 2009[47],
Gandhi et al 2010[13], Andreas et al
2010[4])
CH1:Above and (Refael et al 2000[48] , Xiu et al
below the left eye Right 2009[49], Ali et al 2009a[50], Ali et
¢ ? CH2: Right and left ~ forehead al 2010a[52], Ali et al 2010b[53],
of the outer canthi Refael et al 2011[54])
CH1:Above and (John et al 1990[55], Svraman et al
below the left eye Midline 2005[56], Tdoyle et al 2006[57],
7 ? CH2: Right and left ~ forehead Jang-Zern et al 2008[5], Ali et al
of the outer canthi 2009b[51], Jang-Zern et al 2009[58])
CHI:Forehead and
chin Mastoid
8 2 (Gregg et al 1997[59])
CH2: Right and left ~ bone
of the temple
CHI: Right-side
CH2: Right-nose
9 4 - (S.H. et al 1999[60])

CH3: Left-side

CH4: Left-nose
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M99 2-1 MIUVIANHALUVDIA N UIYAIAT Y (410)
4 wu dwmiagada CRIILTR Yy -
TSN I 3 - UNAND DY
F04 doyn 9001904

CHI1:Corners of the

right eye
11 2 Forehead (Michael et al 2011[18])
CH2:Corners of the
left eye
CHI1:Right and left ~ Midline (Robert e al 2009[62], Eyup et al
12 1
of the outer canthi forehead 2009[63], Tohru 2010[64])
ilesnninglszasdndndodesmannudumiaiadyaainang e
2KX o 9

Tehimimswauvesmsdenlddumnisgaiadayaruimelimsenldainniwlszney 2-5

W dwvisgadadyanauuui 5 madenlduiniige duasiimsiadyanm 2 ¥eq
@ 1 o { [ 1 @ 09/‘ o '
dya (Channel) Taedonsosdayanad 1 ilugosdnyanmluuuing (Vertical, V) dumii
Aa 1 1 o { I ' [

UInaMuLULAzATUE NI tagidenyesdyaan 2 uvesdyanalunuiueu

Y 1
(Horizontal, H) @UMUAUTOANNMIAIUVIMAZAIUIE T8989 WUV NN

v

9 £ g Y ' I o Aq Y = Yo ] @
UUININ “K\iﬂlﬂﬂuaﬂ\iﬂﬁilfﬂglﬂu%jﬂi]EJ‘V]Gl‘IfGlL!ﬂﬁlﬁi’]ﬂi“]f@nu‘i’iu\i“llﬂxiﬂﬂ?ﬂﬁiy’ﬂlﬂm‘luﬂﬁﬁﬂ

[

dyana lWihmsnasnarluund 3 de'll
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[ S = S Y
o = N

Type

BN Wb U N 0O ©

16

Number fo paper

[

ailsznou 2-4 Suauvesmsiden Iddwmviisgaiadyam

2.5 ﬁ'ﬂymzﬁmmmsmﬁau"lmmem

v
ISR

o 1 A [ @ 1 & Y a
anvuznInensnaou lviansaniuiledeedraniandawaldinag
fyana lviinsnaena Tasmsiaaeu lnaarsmininsasiue inadyana lWiins

A v Y £ A Ao o A 1 o 1 a o
NADNATNANNUAIY «muJufmnmﬂtyvlﬂzGm“lumuunmmamimmﬁmmﬂuaﬂymz

1 = 1w 1 A A J a Ay Y
AN %1ﬂﬂ13ﬁﬂ‘HWW‘U’Nﬁﬂ‘]elﬂl%“l/l']‘l/l']\iﬂ"lﬁlﬂafJuUlW'Jﬂ’NWWll’]_]Uﬂ']ﬁﬂﬁ‘ﬁ"liﬂ’lﬁﬁ'l‘i/lllﬂ‘mﬂ

9
v A

9 <3 4 [~ o
Poyanedu ledannsontailu 26 anvag [21-24, 75-78] Al
2 ) A Y v
1). NADNANIADITUNAD VU AAUAIUYN
2 ) A Yy v 9
2). NADNANIADIT N AR UNDAAUA UG
o 9 A 2 ~ 2
3). napNAIaRIT AR UNeIUU TN areaiun
Y Y 1 Y
4). NADNANIAOIN UM AR UNDIUY N areadne
Y 1
5). napnaidaaItaasuNed i lvaun
Y 1
6). NapNAIaRIt A uNe 11N lnadne
Y
7). napnanaaesdianes luneuavinul sz 30 oemn

k4
8). naangnamMedesdiawes lmedneityulszana 30 oeem
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A 4
9). naeNgNANIFoId N TUTINLTZINY 30 DI
A
10). NABNYNANITDITINEIAIETINLTZIIM 30 DI
i Y o < o A )
11). NARNANIAII NANH AT UNNANIUNIVN (MUANINEN) 1o
ldsouq Juaimsniaawesuinuioulng)
o Y o < y < = y
12). NANANIEId AN BT UNNANIUNIIEI (MIWINUFNT) TN
ldsouq Juaimsniaawesuninuioulng)
4 1 1
13). naumnsgesteldiungaminozila udinaroeon
A 1 Y
14). NIZNIUMNIAOIN NI IUIUKILINTT udnatooen
A A
15). NFENTUAMIADI 19T 1IUADINTI LAIAwDON
4 A
16). NFENTUMMIADIT NI WIUE AT LAIABDEN
a y ¥ A o )
17). NTLNTUMINUNINAGITIUIUNIIATI HAINABDON
a Yy Yy A, L g g
18). NTLNTUMYNFWIIUASITIUIUNTIATI 1A wDN
A
19). Yaaawies Waaeat1e 1aInaleesn
v Y [l v
20). iivnsdestneInn g Taewdsdne udanaton
o ¥ & o ] =
21). WIDWAD NaNAIdeIT NI awayn
] 1 A
22). Bunvuan lldramih luseduders lvadng seninetu Tiamaaes
D = < v Y A v 9 Y 2y
dauesndatetiinm lidae ndires oundudnmial awesmulateiusuny
A 9 9y Y v A o 19 A Y 3
23). Bunvudne lldeni lusgauidean Tnadne seranegu Inasdos
D = < Y, Y A v 9 Y 2y
dauesndaetianm lidae ndiros oundudnmial awesmulateiusuny
24). 14hnm 2 uns unenitsde Pasand drudnunsgu Tl gadansuvu

Y v
naenaIaeIt9dpaNeIthnnunausn udlasu lddesunaness

9 v
o A o ¥ W a’llﬂ}do v A

25). WanwAe ganseomdyanval BnswweszauRetgna luvazi

9 )
Y 9 Y 9
@ @ A v W O

WaMdiiu ntiuAeewIueIganiodyanyal iumung T a1

g

4
v

a 9 Qy Qy 3| (]
26). Yamauiea 910 1¥datena 3 Haveanuia wurenanedi
sEaasedalszana 1-2 W
dy Y o = [ 1 A ~ k4
UoNINI IANIMTANEIEAYALNINIINTADU 11170290719 1a91nUNANY
a [ 1 4 I~ [
MIMMIsusalaapyazmnamaaasy e 1dwly 13 vama [1-3, 7-14, 25-30,

33-34,36-39, 41-42, 44-47, 51-57, 59-84] A9A1T 1 2-2
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A1314 2-2 MIUUIaN¥UzIINIMaaaou 1viaaan

RAAN

UNAMUD1904

Y1 (Up)

a3 (Down)

1 (Right)

(John et al 1990[55], Yataka et al 1996[1], Gregg et al 1997[59],
Refael et al 1999[25], E.C. et al 2001[65], Refael et al 2002[3], Refael
et al 2003[8], Junichi et al 2004[66], Svraman et al 2005[56], Sunmee
et al 2005[61], Kenji et al 2006[2], S.K. et al 2007[69], Sara et al
2007[11], Sivarajah et al 2008[26], Zhao et al 2008[71], Job et al
2008[39], Marco et al 2008[72], Hirotaka et al 2009[41], Harry at al
2009[7], Xiaoxiang et al 2009[42], Andreas et al 2009a[10], Matej et
al 2009[74], Job et al 2009[45], Lawrence et al 2009[75], Hasnida e?
al 2009[46], Ali et al 2009b[51], Zhao et al 2009[47], Lawrence et al
2010[79],Gandhi et a/ 2010[13], Belov et al 2010[80], Min et al
2010[29], Ali et al 2010a[52], Ali et al 2010b[53], Manuel et al
2010[33], Yunyong et al 2010[81], Marco et al 2010[82], Refael et al
2011[54])

(John et al 1990[55], Yataka et al 1996[1], Gregg et al 1997[59],
Refael et al 1999[25], E.C. et al 2001[65], Refael et al 2002[3], Refael
et al 2003[8], Junichi ef al 2004[66], Svraman et al 2005[56], Sunmee
et al 2005[61], Kenji et al 2006[2], S. K. et al 2007[69], Sara et al
2007[11], Sivarajah et al 2008[26], Zhao et al 2008[71], Job et al
2008[39], Marco et al 2008[72], Hirotaka et al 2009[41], Harry et al
2009[7], Xiaoxiang et al 2009[42], Andreas et al 2009a[10], Matej et
al 2009[74], Job et al 2009[45], Lawrence et al 2009[75], Hasnida et
al 2009[46], Ali et al 2009b[51], Zhao et al 2009[47], Lawrence et al
2010[79],Gandhi v 2010[13], Belov et al 2010[80], Min et al
2010[29], Ali et al 2010a[52], Ali et al 2010b[53], Manuel et al
2010[33], Marco et al 2010[82])

(John et al 1990[55], Arie et al 1993[30], Yataka et al 1996[1], Gregg

et al 1997[59], Yoshiaki et al 1997[34], S.H. et al 1999[60], Refael et
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Q1319 2-2 MILUIANHAZNINNMIAADY 111IA9A(9D)

RAAN

UNAMUD1904

418 (Left)

al 1999[25], E.C. et al 2001[65], Refael et al 2002[3], Dinesh et al
2002[36], Refael et al 2003[8], Junichi ef al 2004[66], Svraman et al
2005[56], Mi et al 2005[67], Sunmee et al 2005[61], Antti et al
2005[68], Tdoyle et al 2006[57].Kenji et al 2006[2], Armen et al
2006[14],Sara et al 2007[11], Mrinal et al 2007[37], Sivarajah et al
2008[26], Bartomeu et al 2008[27], Job et al 2008[39], John J. et al
2008[73], Marco et al 2008[72], Hirotaka et al 2009[41], Matej et al
2009[74], Harry et al 2009[7], Xiaoxiang et al 2009[42], Hari et al
2009[28], Andreas et al 2009a[10], Job et al 2009[45], Lawrence et al
2009[75], Eyup et al 2009[63], Masafumi et al 2009[76], Ali et al
2009b[51], Takahiro al et al 2009[77], Lawrence ef al
2010[79],Gandhi et al 2010[13], Belov et 2010[80], Min et al
2010[29], Ali et al 2010a[52], Ali et al 2010b[53], Manuel et al
2010[33], Kazuhiko et al 2010[83], Yunyong et al 2010[81], Marco et
al 2010[82])

(John er al 1990[55], Arie et al 1993[30], Yataka et al 1996[1], Gregg
et al 1997[59], Yoshiaki et al 1997[34], S.H. et al 1999[60], Refael et
al 1999[25], E.C. et al 2001[65], Refael et al 2002[3], Dinesh et al
2002[36], Refael et al 2003[8], Junichi et al 2004[66], Svraman et al
2005[56], Mi et al 2005[67], Sunmee et al 2005[61], Antti et al
2005[68], Tdoyle et al 2006[57], Kenji et al 2006[2], Armen et al
2006[14], Sara et al 2007[11], Mrinal et al 2007[37], Sivarajah et al
2008[26], Bartomeu ef al 2008[27], Job et al 2008[39], John J. et al
2008[73], Marco et al 2008[72], Hirotaka et al 2009[41], Matej et al
2009[74], Harry et al 2009[7], Xiaoxiang et al 2009[42], Hari et al
2009[28], Andreas et al 2009a[10], Matej er al 2009[74], Job et al

2009[45], Lawrence et al 2009[75], Eyup et al 2009[63], Masafumi et
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Q1319 2-2 MILUIANHAZNINNMIAADY 111IA9A(9D)

vimn Uﬂﬂ’)?i]’g]}'lﬂaﬁ

al 2009[76], Ali et al 2009b[51], Takahiro et al 2009[77], Lawrence et
al 2010[79],Gandhi et al 2010[13], Belov et al 2010[80], Min et al
2010[29], Ali et al 2010a[52], Ali et al 2010b[53], Manuel et al
2010[33], Kazuhiko et al 2010[83], Yunyong et al 2010[81], Marco et
al 2010[82])

) wﬁyumm (Kenji et al 2006[2], Marco et al 2008[72], Andreas et al 2009a[10],

(Up-Right) Gandhi et al 2010[13], Belov et al 2010[80], Marco et al 2010[82])

6 ﬂﬂﬁwfhﬂ (Kenji et al 2006[2], Marco et al 2008[72], Andreas et al 2009a[10],

(Up-Left) Gandhi et al 2010[13], Belov et al 2010[80], Marco et al 2010[82])

R4V (Kenji et al 2006[2], Marco et al 2008[72], Andreas et al 20091[10],

(Down-Right)

IR NEAT
(Down-Left)
NIENEUA 1 A%

(Blink)

NTENEUM 2 ATY
(Double-blink)
NINELAT 3 A3s
(Triple-blink)

a 9 9
NITNITIUNUVNEBY

R (Left-wink)

Gandhi et al 2010[13], Belov et al 2010[80], Marco et al 2010[82])
(Kenji et al 2006[2], Marco et al 2008[72], Andreas et al 2009a[10],
Gandhi ez al 2010[13], Belov et al 2010[80], Marco et al 2010[82])
(Gregg et al 1997[59], Junichi et al 2004[66], Sunmee et al
2005[61],Kenji et al 2006[2], Armen et al 2006[14], S.K. et al
2007[6|9], Davz et al 2007[70], Zhao et al 2008[719, Tomasz et al
2008[38], Harry et al 2009[7], Xiaoxiang et al 2009[42], Aleksandra
et al 2009[78], Robert et al 2009[62], Tomasz et al 2009[44], Matej et
al 2009[74], Ali et al 2009b[51], Min et al 2010[29], Ali et al
2010a[52], Ali et al 2010b[53], Mihai et al 2010[84], Tohru 2010[64],
Refael et al 2011[54])

(Davz et al 2007[70], Youngmin et al 2007[9], Ali et al 2010a[52])
(Youngmin et al 2007[9])

(Youngmin et al 2007[9], Harry et al 2009[7])
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A1319 2-2 MIUUISNBULMINIMTAaou 1M192901(@19)

MNN Uﬂﬂ’JWiJfQJ}N’EQN

ATTNTUATI9UN  (Youngmin ez al 2007[9], Harry et al 2009[7])
19R e (Right-

wink)

(11999104 09MINIUANBULIIN M IAFoU THIA MmNz auie
o 9 =) o A 9 o 1 d' 1
11 1¥mslunaaes JsihimsmsiuvesmadenlFdnyazmnamsnaou lriarenie
aznalszneusuMNNasTItuanBazIINamsnaou a1y 26 dnvazdinan
= =) Y v 1 A =~ [
nammilszaey 2-6 wunimsaenlFanvazmmamanaou lvialaiies 13 anyae
o 1 egj £ 9 o 1 I v A 9 A Y 1 o
M 26 anvazmniy Saveyaainarszduiledenlylumsaenldnimalunmsuy

fayana dhmsnaenaluuni 3 ae'll

ATENTUMT9UN

ATTNTUATIHY
NIEWILAT 3 A%e
nIENGUM 2 ATS
nIENGUM 1 A%e

= 9
R E8

Type

=
[RYIAIVN
= dg} 9
[REIVUEY
o &
IRIVUUIN
9
518

UIN

0 10 20 30 40 50 60

Number of paper

amiseneu 2-5 i‘hmummﬂmﬁaﬂi%’ﬁﬂymz‘ﬂ'mnmimﬁau‘lmmqm
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2.6 Insave)szan [85]
1 ~ I~ 4 { v A
Taseelszenmiion WumiesdontinnuamsalumsSeuiuazaaduls
msiseuivedlnsaielszamldnanuuuiiassuesszuutazamnsolsznanivesszuy
A o Y ' a9 Y 1o =2 Y YA ° ' Y
nianususautaz luthuFuduldodramiud 3 1dumaihIasenedszaninlded
9 @ A o A o 9 ~ [~ a 9)
MenuszuuRtuuuimesnFugeu Taomwiz iy liidugadu
d d d
2.6.1 N ualesWantuveslasavny
4 4 v 1 I v a 1 3 a <
niudmosHadsuvesIasesineendluilansusadunse ludhugudun 1@
P s s A ' A ) ' P2
niudloslansunldlulaseiisdszamiiviaeyiia Taga g2 Tngevrsuoasad
aAa 1 a a = a = 1 a S g/ v
YsaMaHOUNANINATT 1 DUNA aUNATHY R BUNA AD p,, p,, ... p, HAADUNANANIINIIN
A o = o Vo Y] P 2 T ] a
A0y, W, ow, . adszend ludanindy b 9z 1Al1AnAve 119933 WEGIT 8N T UTAB U
(n) AU
n=w Pt W Pyt W Pt b (2-1)
4 ] I~
uaz lAgumsuoue1dng (o) vodInseiodu

a =f(Wp+b) (2-2)

Y
A 1 o %

Tagn W=[w,, w,..w, 100 ANHI

A 1 Aa

p=1[p, Pp... p] 10 AOUNAVDITATIVIY

q

4 o o J v 1
e nsmdwlesilantuveslnsaine

a 4 4 du Aa Y v []
%ummmmmWaiWQﬂ%umuau%ﬂuwu
1). Hard Limit Transfer Function
4 4 J v a dy Y 4 1 1 I Aa 1 A
mmﬁw@aaﬂﬂﬂ%u%uﬂu%ﬂwmmmwm 2 ATATNAUUADUNA (n) AN
T 3 Ao v Y 4 3 1 @ A = ' A " W
NINAUHAUAINTNIT 0 %zﬂlwmmmwmﬂu 0 HASHINAUUADUWANATUINNITHIDININD 0 v

Tauednaiu 1 deaums 2-3)

0,n<O0

1,n>0 (2-3)

a = hardlim (n) = hardlim (Wp+b), a = {
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2). Linear Transfer Function

4 4 J v a dy Y 4 1 < a a 9
nswdnleslansuriaiiag Idanerdanamuaniadunantloudhun

q

v
a %

J A 1 @ a A ' 1< Y 4 I J Y ] @
NA1IND mﬂmmmuwmummﬂﬂﬂﬂﬂwmmmmmﬂummmummw@uwﬂuuq ANTUNIT

a = purelin (n) = purelin (Wp+b), a=n (2-4)

(2-4)

3). Log-Sigmoid Transfer Function

J J % a dy Y J J 1 =< @
1/]‘51‘11!@'!1/‘]@’517(]\1ﬂ%u%uﬂuﬂ%iﬁﬂ1!ﬂ1@]ﬂ@]i$ﬂ’)1ﬂﬂ1 0 99 1 A3QUNT (2-5)

S

1
= logsig (n) = logsig (Wp+b), a=———= 2-5
a = logsig (n) = logsig (Wp+b), a 1te—1 (2-5)

4). Hyperbolic Tangent-Sigmoid Transfer Function

4 4 J v a dy Y 4 1 1 = [
1/]511&‘1!‘1/163‘171\1ﬂ"]fu‘lfuﬂui]%iﬁﬂ”l!ﬂ”l@ﬁ/!@i%ﬂ’ﬂﬂﬂ"l -1 D9 1 NEUNIT (2-6)

e—e™M

a = tansig (n) = tansic (Wp+b),a=——"—"—— 2-6
g (n) g (Wp+b) TP (2-6)

2.6.2 Jnssaaveslasavelszan
= YA ) [ @ [ g} o @ [l
ﬂ!;]fﬂﬁlﬁﬂugﬂi’)ﬂigﬂﬂuﬂ15ﬁ1ﬁiﬂﬂTﬁﬂiUﬂTUTﬁumlﬁgqﬂﬂﬁﬂl@ﬂiﬂﬁﬂﬂﬂﬂ
A = ' ] o ~ Y} 1 ' < a A
LW@P\]ﬂjﬂﬁ\‘]"lﬂfﬂﬁﬁﬂﬂﬁﬂﬁ]ﬂﬁﬂZﬂLL‘UU ﬂg]ﬂ”l'il'if]l!?fll@ﬂIﬂi\‘ﬂﬂﬂll‘ﬂ\?@@ﬂlﬂu 3 ¥UAND
=~ 9 90 . .
* MITIUFUVVUAYIY (Supervised Learning)
* Mg Eﬂui} LL‘]J‘]Juh\iﬁI%jGﬁ’JEJ (Unsupervised Learning)

* NI Gﬂui} 111U Reinforcement Learning

e

TnseasvesInsaelszamiamsmiunlddmsumsvadigduuuiiaei
= 9 J .
1) ﬂ;]mmﬂuguumﬂmmf‘um@u (Perceptron Learning Rule)
1 L4 o a ] { J a
TasanenlosisuasoudmnsnlFsuundunadsveuvamsuiaiilug

9 Y o'/ 1 J Y
iy aﬂymzm"lﬂmaﬂmwwrﬂ’aswumauuﬁmmmwﬂizﬂ@u 2-7
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p a
Ryl — Toxl
| —- T

NN J

a8 = hardlim (Wp+h)

] J
nnsznou 2-61‘?]3\‘]?{%}1\161]@\1195Qﬂl’]ﬂLﬂ@ﬁl"]ﬁJﬁﬁﬂu

=~ Y o [ [} 4 A s o
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Robust Eye Movement Recognition Using EOG Signal for
Human-Computer Interface

Siriwadee Aungsakun, Angkoon Phinyomark, Pornchai Phukpattaranont,
and Chusak Limsakul

15 Kanjanavanich Road, Kho Hong, Hat Yai, Songkhla 90112 Thailand
{Siriwadee.A, Angkoon.P}@hotmail.com,
{Pornchai.P,Chusak.L}@psu.ac.th

Abstract. Electrooculography (EOG) signal is one of the useful biomedical
signals. Development of EOG signal as a control signal has been paid more
increasing interest in the last decade. In this study, we are proposing a robust
classification algorithm of eight useful directional movements that it can avoid
effect of noises, particularly eye-blink artifact. Threshold analysis is used to
detect onset of the eye movements. Afterward, four beneficial time features are
proposed that are peak and valley amplitude positions, and upper and lower
lengths of two EOG channels. Suitable threshold conditions were defined and
evaluated. From experimental results, optimal threshold values were selected
for each parameters and classification accuracies approach to 100% for three
subjects testing. To avoid the eye-blink artifact, the first derivative was
additionally implemented.

Keywords: Electrooculography (EOG) signal, eye movement, eye blink
artifact, robust pattern recognition, human-machine interface (HMI).

1 Introduction

Recently, many research works are under way into means of enabling disabled to
communicate effectively with machine. Depending on the users’ capabilities, different
kinds of interfaces have been proposed, such as, vision based head/hand gesture,
speech recognition, sip and puff, head or chin controller, ultrasonic non-contact head
controller and brain-computer interface [1-6]. However, due to limitations of each
interface, for instance, speech recognition and vision based head/hand gesture have a
major problem in noisy and outdoor environments or ultrasonic non-contact head
controller has a low classification performance, electrooculography (EOG) signal
have been proposed to be sufficient signal to be used in human-machine interface
(HMI) [7-11]. In this study, we are promoting a usefulness of EOG signal to be used
as an efficient hand-free control interface.

EOG signal is commonly used to record activities of human eye. It is a bio-
electrical signal that detects changes in eye positions. The EOG signal is generated by
the potential difference between the cornea and the ocular fundus. It is ordinarily
referred to be called as a cornea-retinal potential (CRP) [12]. This potential difference
comes from large presence of the electrically active nerves in the retina equate to the

J.M. Zain et al. (Eds.): ICSECS 2011, Part II, CCIS 180, pp. 714-723, 2011.
© Springer-Verlag Berlin Heidelberg 2011
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front of the eye. This potential can be considered as a steady electrical dipole with a
positive pole at the cornea and a negative pole at the retina [13]. Because of its
relatively large amplitude compared to other biomedical signals, which its amplitudes
range between 15 and 200 pV. In addition, due to a linear relationship between EOG
signal and eye movements and easy detection of waveform, the EOG signal may be
look like an ideal candidate for eye movement classification and control system.

EOG signal has been widely and successfully used in biomedical engineering
applications, especially in HMIs. Many efficient HMIs have been developed and
implemented in the last decade, such as, electrical wheelchair control [7], mobile
robot control [8], cursor mouse control [9], eye writing recognition [10], and eye
activity recognition [11]. Various techniques have been used to detect and classify the
EOG signals and eye movements. Pattern recognition techniques, including neural
networks and support vector machine, have been widely used and have been proven
their classification performance [14-15]; whereas, their computational times and
implemental complexity become a major limitation of these techniques, especially for
micro-controller device. In this study, we have been proposed non-pattern recognition
algorithm based on time domain feature and threshold analysis to discriminate eight
commonly used directional eye movements. Moreover, the proposed technique can be
availably implemented for a real-time system and can be used in noisy environment.

2 Materials and Methods

Eight directional eye movements (up, down, right, left, up-right, up-left, down-right,
and down-left) are basic movements for most of the HMIs, particularly the first four
directions [7-11, 14-15]. Normally, two channel EOG signals have been used to
acquire the information from horizontal and vertical eye movements. In this section,
we described procedure of the recorded EOG signals and the proposed algorithm to
characterize these directional movements.

Fig. 1. EOG electrode placements where electrodes Ch.V+ and Ch.V- measure the vertical
movements, and Ch.H+ and Ch.H- measure the horizontal movements
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2.1 Experiments and Data Acquisition

Independent measurements can be obtained from both eyes. However, in the vertical
direction, two eyes move in conjunction; hence, for the vertical signal, only one right
eye was used. Five surface electrodes were put around the eyes, as shown in Fig. 1.
Vertical leads were acquired on the above and below of the right eye (Ch.V+ and
Ch.V-). Horizontal leads were acquired by two electrodes on the right and the left of
the outer canthi (Ch.H+ and Ch.H-). A reference electrode was placed on forehead
(G). All EOG signal recordings were carried out using a commercial wireless system
(Mobi6-6b, TMS International BV, Netherlands). A band-pass filter of 1-500 Hz
bandwidth and an amplifier with 19.5x were set for the recorded system. The
sampling rate was set to 1024 Hz. However, the energy frequency bands of the EOG
signal are fallen in range of 1 to 10 Hz. Thus the sampling rate was reduced to 128 Hz
in pre-processing stage.

The EOG data were recorded from three normal subjects with eight directional eye
movements: eyes move -down (M1), —up (M2), -left (M3), -right (M4), -down and
left (MS5), -down and right (M6), -up and left (M7), and -up and right (M8). All of
these activities were held two seconds. Each activity was performed five times
throughout a trial. As a result, fifteen data sets were obtained from each directional
movement.

2.2 Eye Movement Detecting Algorithm

To discriminate eight directional movements mentioned above, we have been
proposed a simple and effective non-pattern recognition algorithm based on time
domain features and threshold analysis. Our proposed technique can be availably
implemented for a real-time system and can be used in noisy environment. The
procedure of the proposed algorithm is shown in Fig. 2. In this figure, EOG signal
time series ({x(i)}), position of time samples (i), onset threshold value (THRyy),
classified threshold values of upper and lower of vertical V and horizontal H signals
(THRyy, THR; vy, THRyy, and THR;y), and artifact index (Al) were defined.

Firstly, threshold analysis is used to detect simultaneously starting point of
movements from both eyes with suitable level THRyy. Afterward, eight beneficial
time features are respectively proposed that consist of peak and valley amplitude
positions (PAPy, VAPy, PAPy, VAPy), and upper and lower lengths (ULy, LLy, ULy,
LLy) of two EOG channels. Definitions of these features are respectively expressed in
Figs. 3 and 4. Subsequently, suitable threshold conditions, THRyy, THR;y, THRyy,
and THR;y, were defined in Table 1 in order to discriminate eight movements from
eight time features which were early calculated. Through experiments, optimal
threshold values were evaluated for all parameters. Finally, eight movement classes
(M1-M8) were examined for the output parameter (OUT). In addition, when resting
and other movements were detected, output OUT is set to M0. To avoid eye-blink
artifact, the first derivative of ULy was additionally implemented and the Al was also
calculated with a pre-defined threshold from the first derivative result. When the
logical value of Al was defined as true it means that more than one burst signal is
found. That is eye-blink artifact was established.
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Fig. 2. Flowchart of the proposed EOG classification algorithm
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Fig. 4. Parameters of ULy, LLy, ULy, and LLy.

3 Results and Discussion

Firstly, from the observation of amplitude shape, we defined value of the THRy as 50
pV for detecting simultaneously starting point of movements from both eyes.
Afterward, eight time domain features are calculated for two EOG channels. Based on
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Table 1. Distinction feature rule

If PAPy,> VAPyand
THRyy>= ULy, THR;y>=LLy
and THRyy <= ULy,

and THR; ;<= LLy,

then OUT =M1

If PAPy < VAPy and
THRyy>= ULy, THR,y>= LLy
and THRyy<= ULy,

and THR <= LLy,

then OUT = M2

If PAPy> VAP and
THRyy<= ULy, THR;y<=LLy
and THRyp>= ULy,

and THR; ;;>= LLy,

then OUT = M3

If PAPy < VAP and
THR;y<= ULy, THR;y<=LLy
and THRyy>= ULy,

and THR;>= LLy,

then OUT = M4

If PAP, > VAP, PAP; > VAP
and THRyy>= ULy, THR;,>=LLy
and THRyy >= ULy,

and THR;;>= LLy,

then OUT = M5

If PAPy > VAPy PAPy < VAPy
and THRyy>= ULy, THR,y>= LLy
and THRyy >= ULy,

andTHR, ;;>= LLy,

then OUT = M6

If PAPy, < VAPy PAPy > VAPy
and THRyy>= ULy, THR;y>=LLy
and THRyy >= ULy,
andTHR;;>= LLy,

then OUT = M7

If PAPy< VAP, PAP, < VAP,
and THRyy>= ULy THR;y>= LLy
and THRyy >= ULy,

andTHR, ;;>= LLy,

then OUT = M8

Otherwise OUT = MO

the obtained results in Table 2 through 4, all subjects show that values of our
proposed eight features are useful for discriminating eight directional movements.
However, the suitable threshold values of THRyy, THR;y, THRyy, and THR;, were
dependent on each subject. Finally, eight movement classes (M1-M8) were examined
for the output parameter (OUT).

Our proposed algorithm for a robust classification of eight directional movements
based on EOG signals has two advantages compared to other publication algorithms.
Firstly, the algorithm does not affected by various noises, i.e., involuntary single blink
(ISB), involuntary double blinks (IDB), and short-duration eye closed (SDC). Fig. 5.
shows the detection of left eye movement (M3) on the top panel using the EOG
signals from the vertical and horizontal channels on the middle and bottom panels,
respectively. Although, there are ISB, IDB, and SDC noises shown in thick lines
generated in vertical leads, our proposed algorithm still can detect the motion with
100% accuracy as shown in the top panel.

Secondly, the proposed algorithm provides high accuracy for the classification
of eight directional movements based on EOG signals compared to other publications.
Fig. 6. shows the detection of eight eye movements (M1-M8) on the top panel
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Table 2. Mean values and standard deviation values of 8 features for subject 1

Down Up Left Right
Feature Mean Std Mean Std Mean Std Mean Std
UTLy 50.8 6.4 714 11.3 12.0 5.1 7.6 12.6
LTLy 56.0 1.7 56.4 14.1 54.2 112.3 4.8 10.7
UTLy 3.2 5.2 3.6 34 57.6 8 514 1.9
LTLy - - 2.4 34 62.6 9.5 53 6.2
PAPy 100.8 239 13 4.1 144.8 67.7 65.4 96.1
VAPy 14.0 1.0 110 11.1 101.4 133.1 48 107.3
PAPy 3.2 4.4 5.2 5.8 101.8 15.1 12.6 0.5
VAPy - - - - 14 1.6 102.8 12.6
Down left Down right Up left Up right
Feature Mean Std Mean Std Mean Std Mean Std
UTLy 50.8 10.5 334 5.4 65.6 3.8 61.2 1.9
LTLy 62.6 17.8 41.2 5.4 59.8 2.4 53.6 2.1
UTLy 44 4 2.5 50.8 3.8 55.4 2.4 54.4 2.3
LTLy 57.2 3.9 46.8 5.3 58.8 4.3 53.4 3.2
PAPy, 97 38.3 102.4 9.6 12.6 1.1 10.6 0.9
VAPy 30.2 329 15.8 1.6 121.4 11.7 107 13.6
PAPy 82.6 59.9 134 1.3 116.6 11.1 154 1.7
VAPy 24.6 34.3 105.4 8.6 18.8 2.3 99.2 7.9

Table 3. Mean values and standard deviation values of § features for subject 2

Down Up Left Right
Feature Mean Std Mean Std Mean Std Mean Std
UTLy 53.6 3.1 84.8 13.1 16.6 6.8 7.6 4.7
LTLy 73.6 11.8 66.8 7.5 12.8 13.3 3 6.7
UTLy 2.4 4.8 7.2 8.2 52.2 9.4 68.4 53
LTLy - - 9.2 104 69.4 11.5 61.4 9.9
PAPy 183 20.1 194 11.1 24.2 284 124.6 72.4
VAPy 18.6 34 183.8 26.2 472 72.1 3.4 7.6
PAPy 9.2 13.1 55.6 934 204.4 29 334 35.7
VAPy - - 80.4 79.3 32.8 28.1 172.6 359
Down left Down right Up left Up right
Feature Mean Std Mean Std Mean Std Mean Std
UTLy 46.8 5.4 41.6 3.6 61.8 2.2 61.8 8.5
LTLy 64.4 3.4 49.6 4.6 50.6 10.8 52 7.2
UTLy 45.2 3.7 65.6 6.6 46.8 9 69.8 7.3
LTLy 46.6 7.6 54.4 134 63.6 5.1 67 4.5
PAPy, 165.6 22.5 169.8 63.9 22.6 17.1 14 2.5
VAPy 20.6 5 20.2 2.8 209 18.8 188.8 13.7
PAPy 172.4 23.5 54.4 82.5 209.4 184 17.8 1.5
VAPy 13.6 2.4 203.6 22.7 26 18 187.8 12.9

from- the vertical and horizontal channels on the middle and bottom panels,
respectively. The detection accuracy of eight eye movements is 100% resulting from
three healthy subjects. However, the accuracy from other publications is less than
100%. Examples from papers showing the results from four directional eye
movements are as follows.
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Table 4. Mean values and standard deviation values of 8 features for subject 3

Down Up Left Right
Feature Mean Std Mean Std Mean Std Mean Std
UTLy 43.8 8.9 51.6 1.3 4.4 6.1 1.6 3.6

LTLy 53 3.7 50 8.8 - - - -
UTLy 1.2 2.7 32 7.2 57.6 4.6 66.4 5.5
LTLy - - 2.4 54 58.6 32 65 3.6
PAPy 100.6 12.3 30 458 21 432 32 7.2
VAPy 15.4 1.1 159.2 46.4 - - - -
PAPy 1.6 3.6 24.6 55 109.8 19.7 14.8 0.4
VAPy - - 444 99.3 13.4 0.9 117.2 15.1
Down left Down right Up left Up right
Feature = Mean Std Mean Std Mean Std Mean Std
UTLy 48.2 7.5 33 4.4 45.8 1.3 57.8 17.3
LTLy 56.8 2.2 51 10.3 49.8 8.6 57.6 6.6
UTLy 51.6 4 53.6 2.9 54 4.2 61.6 5.5
LTLy 61.6 54 40 21.4 62 2.3 55.8 5.6
PAPy 83.8 8.4 127.6 71.9 24.4 30.6 11.2 4.1
VAPy 18.6 1.1 43.8 61.1 121 349 129 17.5
PAPy 88 7.4 44 59.9 121 347 18.8 2.5
VAPy 14.6 2.4 134.2 68.3 27.2 29 128.2 18.9
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In a work by Deng et al. [16], 90% detection accuracy is achieved for the
applications in game control, eye test, and TV controller. In Merino et al. [17], 94%
average rate is achieved when the derivative and amplitude levels are used for
detecting the direction. Examples from papers showing the results from eight
directional eye movements are as follows. In a work by Yamagishi et al. [18], 90.4%
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Fig. 6. Example result of EOG classification algorithm for 8 directional movements

accuracy is achieved for the applications in screen keyboard when the algorithm
based on logical combination is realized. In Itakura and Sakamoto [19], 96.7%
accuracy is obtained from the algorithm based on the integration method when EOG
data were acquired from six subjects.

4 Conclusion

EOG signal is widely employed in many clinical applications, such as, evaluation of
eye injuries and diagnosis of eye diseases and in many engineering applications, such
as, eye-controlled wheelchair and eye-writing recognition. In this paper, we proposed
a non-pattern recognition algorithm to classify eight directional movements from
EOG signals. From experimental results, the proposed features and threshold analysis
showed the best performance to be used in classification of EOG signal. Moreover,
the avoiding artifact method that is defined from the first derivative can be effectively
used to avoid most noises in EMG signal.

Acknowledgments

This work was supported in part by NECTEC-PSU Center of Excellence for
Rehabilitation Engineering, Faculty of Engineering, Prince of Songkla University
through contact no. ENG540638S, and by the Thailand Research Fund (TRF) through
the Royal Golden Jubilee Ph.D. Program (Grant No. PHD/0110/2550).



Robust Eye Movement Recognition Using EOG Signal for Human-Computer Interface 723

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Jia, P., Hu, H., Lu, T., Yuan, K.: Head Gesture Recognition for Hand-free Control of an

Intelligent Wheelchair. Int. J. Ind. Rob. 34, 60-68 (2007)

. Levine, S.P., Bell, D.A., Jaros, L.A., Simpson, R.C., Koren, Y., Borenstein, J.: The

NavChair Assistive Wheelchair Navigation System. IEEE Trans. Rehabil. Eng. 7, 443451
(1999)

Evans, D.G., Drew, R., Blenkhorn, P.: Controlling Mouse Pointer Position Using an
Infrared Head-operated Joystick. IEEE Trans. Rehabil. Eng. 8, 107-117 (2000)
Schmeisser, G., Seamone, W.: An Assistive Equipment Controller for Quadriplegics.
Johns Hopkins Med. J. 145, 84-88 (1979)

Coyle, E.D.: Electronic Wheelchair Controller Designed for Operation by Hand-operated
Joystick, Ultrasonic Non-contact Head Control and Utterance from a Small Word-
command Vocabulary. In: IEE Colloquium on New Developments in Electric Vehicles for
Disabled Persons, pp. 3/1-3/4. IEEE Press, New York (1995)

. Tanaka, K., Matsunaga, K., Wang, H.O.: Electroencephalogram-based Control of an

Electric Wheelchair. IEEE Trans. Rob. 21, 762-766 (2005)

Barea, R., Boquete, L., Mazo, M., Lopez, E.: System for Assisted Mobility Using
Eye Movements based on Electrooculography. IEEE Trans. Neural. Syst. Rehabil. Eng. 4,
209-218 (2002)

Kim, Y., Doh, N.L., Youm, Y., Chung, W.K.: Robust Discrimination Method of the
Electrooculogram Signals for Human-computer Interaction Controlling Mobile Robot.
Intell. Autom. Soft Comp. 13, 319-336 (2007)

. Norris, G., Wilson, E.: The Eye Mouse, an Eye Communication Device. In: 23rd Northeast

IEEE Bioengineering Conference, pp. 66—67. IEEE Press, New York (1997)

Tsai, J.Z., Lee, C.K., Wu, C.M., Wu, J.J., Kao, K.P.: A Feasibility Study of an Eye-writing
System Based on Electro-oculography. J. Med. Biol. Eng. 28, 39-46 (2008)

Bulling, A., Ward, J.A., Gellersen, H., Troster, G.: Eye Movement Analysis for Activity
Recognition Using Electrooculography. IEEE Trans. Pattern Anal. Mach. Intell. 33,
741-753 (2011)

Measurement of Eye Movement Using Electro Oculography ,
http://ee.ucd.ie/~smeredith/EOG_Frameset.htm

Brown, M., Marmor, M., Vaegan, Z.E., Brigell, M., Bach, M.: ISCEV Standard for
Clinical Electro-oculography (EOG). Doc. Ophthalmol. 11, 205-212 (2006)

Giiven, A., Kara, S.: Classification of Electro-oculogram Signals Using Artificial Neural
Network. Expert Syst. Appl. 31, 199-205 (2006)

Shuyan, H., Gangtie, Z.: Driver Drowsiness Detection with Eyelid related Parameters by
Support Vector Machine. Expert Syst. Appl. 36, 7651-7658 (2009)

Deng, L.Y., Hsu, C.L., Lin, T.Z., Tuan, J.S., Chang, S.M.: EOG-based Human-Computer
Interface System Development. Expert Syst. Appl. 37, 333-3343 (2010)

Merino, M., Rivera, O., Gomez, 1., Molina, A., Doronzoro, E.: A Method of EOG Signal
Processing to Detect the Direction of Eye Movements. In: 1st International Conference on
Sensor Device Technologies and Applications, pp. 100-105. IEEE Press, New York (2010)
Yamagishi, K., Hori, J., Miyakawa, M.: Development of EOG-Based Communication
System Controlled by Eight-Directional Eye Movements. In: 28th EMBS ANNual
International Conference, pp. 2574-2577. IEEE Press, New York (2006)

Itakura, N., Sakamoto, K.: A New Method for Calculating Eye Movement Displacement
from AC Coupled Electro-oculographic Signals in Head Mounted Eye-gaze input
Interfaces. Biomed. Signal Process. Control 5, 142—146 (2010)



February 2-5, 2012
Rose Garden Riverside
Nakhon Pathom, Thailand

& Abstracts Book

ORGANIZED BY SUPPORTED BY




Available online at www.sciencedirect.com

SciVerse ScienceDirect Procedia
Engineering

Pk

ok F
ELSEVIER Procedia Engineering 32 (2012) 246 — 252

www.elsevier.com/locate/procedia

[I-SEEC2011

Evaluating Feature Extraction Methods of Electrooculography
(EOG) Signal for Human-Computer Interface

S. Aungsakul®, A. Phinyomark, P. Phukpattaranont, C. Limsakul

Department of Electrical Engineering, Faculty of Engineering, Prince of Songkla University, Songkhla, 90112, Thailand

Elsevier use only: Received 30 September 2011; Revised 10 November 2011; Accepted 25 November 2011.

Abstract

Electrooculography (EOG) signal is a widely and successfully used to detect activities of human eye. Use of the EOG
signals as a control signal for human-computer interface (HCI) plays a central role in the understanding,
characterization and classification of eye movements which can be applied to a wide variety of applications
consisting virtual mouse and keyboard control, electric power wheelchairs and industrial assistive robots. The
advantages of the EOG-based interface over other conventional interfaces have been presented in the last two
decades; however, due to a lot of information in EOG signals, the extraction of useful features should be done before
the classification task. In this study, fourteen useful features extracted from two directional EOG signals: vertical (V)
and horizontal (H) signals have been presented and evaluated. There are the maximum peak and valley amplitude
values (PAV and VAYV), the maximum peak and valley position values (PAP and VAP), the area under curve value
(AUC), the number of threshold crossing value (TCV), and EOG variance (VAR), which are derived from both V and
H signals. In the experiments, EOG signals obtained from three healthy subjects with eight directional eye
movements were employed: up, down, right, left, up-right, up-left, down-right and down-left. The mean feature
values and their standard deviations have been reported. Most features show the difference between the mean feature
values. Using the analysis-of-variation test, the differences in mean features between the movements are statistically
significant for ten features (p < 0.0001), particularly for the VAV, VAP, AUC, TCV and VAR of V signal, and the
PAV, VAV, AUC, TCV and VAR of H signal. The combination of these features may be useful for the classification
of EOG signals in both class separability and robustness point of views. Using multiple features with sufficient
classifiers or threshold techniques is recommended to be evaluated in further analysis. These features can be useful
for various advanced HCI applications in future researches, notably eye-exercise and eye-writing recognitions.
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1. Introduction

Many human-machine interfaces (HMIs) have been established during the last two decades such as
vision based head/hand gesture, speech recognition, sip and puff, head or chin controller, ultrasonic non-
contact head controller and brain-computer interface [1-6]. However, each HMI has its limitations. For
instance, speech recognition and vision based head/hand gesture have a major problem in noisy and
outdoor environments. Ultrasonic non-contact head controller has low classification accuracy. For
patients with amyotrophic lateral sclerosis (ALS), a few HMIs can be used. One of the challenging HMIs
is electrooculography (EOG) signal. EOG signal is a widely used to detect activities or movements of
human eye. The use of EOG signals as a control signal for HMI [7-12] plays a central role in the
understanding, characterization and classification of eye movements which can be applied to a wide
variety of applications such as electrical wheelchair control [7], mobile robot control [8], cursor mouse
control [9], eye writing recognition [10], eye activity recognition [11] and eye exercise recognition [12].
In order to yield the high performance in recognition of EOG signal, various techniques have been
proposed such as derivative technique [13], threshold analysis technique [14], slope analysis technique
[10] and peak detection analysis [15]. One of the most important components in the classification of EOG
signal is feature extraction. In this study, the evaluation of EOG feature extraction is proposed. All
features are calculated based on time domain and are used for discriminating the eight commonly used
directional eye movements.

2. Materials and Methods
2.1. Data acquisition

Eight directional eye movements were used: up, down, right, left, up-right, up-left, down-right and
down-left, while the EOG signals are recorded from two EOG channels: vertical (V) and horizontal (H).
Commonly, independent measurements can be obtained from both eyes, V and H. However, in V
channel, either left or right side gives the similar EOG signal. Hence, only one right eye was used in the
experiments. Five surface electrodes were put around the eyes as can be observed in Fig. 1. Vertical leads
were acquired on the above and the below of the right eye, Ch.V+ and Ch.V-. Horizontal leads were
acquired by two electrodes on the right and the left of the outer canthi, Ch.H+ and Ch.H-. A reference
electrode was placed on forehead, G. All EOG signal recordings were carried out using a commercial
wireless system (Mobi6-6b, TMS International BV, Netherlands). A band-pass filter of 1-500 Hz
bandwidth and an amplifier with 19.5 times were set for the acquisition system. The sampling rate was set
to 1024 Hz. However, the energy frequency bands of the EOG signal are fallen in range of 1 to 10 Hz,
thus the sampling rate was reduced to 128 Hz in pre-processing process. The EOG signals were recorded
from 3 normal subjects with 8 directional eye movements as mentioned above. All of these activities were
held for 2 s. Each activity was performed 5 times throughout a trial. As a result, 15 datasets were obtained
from each directional movement.

Fig. 1. EOG electrode placements
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2.2 Feature Extraction Methods

Fourteen features are evaluated in this study. They are a combination between seven techniques and
two EOG channels. All features are calculated based on time domain in order to yield a computational
simplicity. The definition of seven techniques has been described in the following:

1.

2.

Maximum peak amplitude value (PAV): It is a measure of the EOG signal amplitude value at the
highest point, maximum positive value, in both V and H channels, as shown in Fig. 2.

Maximum valley amplitude value (VAV): It is a measure of the EOG signal amplitude value at
the lowest point, maximum negative value, in both V and H channels, as shown in Fig. 2.
Maximum peak amplitude position value (PAP): It is a measure of the EOG signal amplitude
position value at the highest point, maximum positive value, in both V and H channels, as shown
in Fig. 3.

Maximum valley amplitude position value (VAP): It is a measure of the EOG signal amplitude
position value at the lowest point, maximum negative value, in both V and H channels, as shown
in Fig. 3.

Areas under curve value (AUC): AUC of EOG signal is a summation of absolute value of the
amplitude under both positive and negative curves in both V and H channels, as shown in Fig. 4. It
can be expressed as

N
AUC=)|x], @
i=1

where x; is the ith sample of EOG signal and N is the window size for computing features.
Number of threshold crossing value (TCV): It is the number of times that the EOG signal passes
the threshold amplitude value for both positive and negative threshold values, in both V and H
channels, as shown in Fig. 5.

Variance of EOG signal (VAR): The variance is a measure of the signal power and calculated as
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3. Results and Discussion

From the observation of EOG waveform shape, the extraction of useful features should be done before
the classification task. Waveforms of eight eye directional movements can be observed in Fig. 2 through
Fig 5. In order to avoid a background noise and involuntary eye movements, the onset threshold value is
set at 50 puV in the study [12] for using as a starting point of eye movements in both eyes and also using
as a starting point in extracting feature. The mean feature values and their standard deviation of all
features have been shown in Table 1. In order to find the better feature, the analysis-of-variation
(ANOVA) test is used to present the difference between the mean feature values of eight movements. The
results obtained from ANOVA are presented in Table 2 for all features. The results showed that the
differences in mean feature values between the movements are “statistically significant” for ten features
(» < 0.0001), consisting the VAV, VAP, AUC, TCV and VAR of V signal, and the PAV, VAV, AUC,
TCV and VAR of H signal.

In order to find the best feature the value of the F statistical obtained from the ANOVA test can be
used. As we know that F value is the ratio between the variance of the group means and the mean of the
within group variances. Hence, the best feature is yielded if its ' value is higher than the F value of other
features. Based on fourteen features extracted, the VAP of V signal has the highest F’ value (F = 1055),
followed by the AUC of H signal (F = 594.76) and the PAV of H signal (F = 259.25). On the other hands,
the PAP features contain the lowest F values. The F values of PAPy, and PAPy are only 4.03 and 7.08,
respectively.

Table 1. Mean (L) and standard deviation (O) values of all features from three subjects. Note that n/a is information in a field is not

provided or is not available.

Movement Vertical (V) channel
types PAV VAV PAP VAP AUC TCV VAR

n o n o n o n o n o n o 1 o
Up 301 24 320 7 13 6 144 23 | 23346 | 4008 9 2 17599 | 4839
Down 430 28 285 16 128 19 16 2 22792 | 1916 5 1 20563 | 3483
Right n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Left n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Up- left 292 23 323 9 12 2 145 16 | 20070 | 1050 5 1 15772 | 1530
Up- right 227 23 221 60 12 3 142 15 17454 | 2293 7 2 9720 1928
Down- left 390 13 276 6 110 13 18 2 20994 | 1580 5 1 17220 | 2593
Down-right | 375 6 220 9 123 12 17 2 17332 | 1396 4 0 13701 | 1754
Movement Horizontal (H) channel
types PAV VAV PAP VAP AUC TCV VAR

n c 1 c u c 1 c u c n c 1 c
Up n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Down n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Right 364 9 307 23 153 19 16 6 22851 | 1356 4 1 18423 | 5022
Left 355 4 402 30 15 2 126 17 | 26079 499 4 0 24469 | 7297
Up- left 325 13 243 43 144 16 16 2 20845 | 1216 4 1 14007 | 2986
Up- right 266 48 321 24 16 4 138 13 | 22557 | 1202 4 0 17577 | 4406
Down- left 241 2 143 63 113 13 14 3 15198 463 4 1 7544 2164
Down-right | 213 10 244 32 15 2 129 12 16563 | 1407 4 0 9161 3672
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Table 2. Average p-value of fourteen features.

Feature extraction Average p-value

v H
PAV >0.0001 <0.0001
VAV <0.0001 <0.0001
PAP >0.0001 >0.0001
VAP >0.0001 >0.0001
AUC <0.0001 <0.0001
TCV <0.0001 <0.0001
VAR <0.0001 <0.0001

Based on the finding results, four features including VAV, AUC, TCV and VAR showed the
statistically difference for both EOG channels. Thus in future algorithms, these features should be
considered to use in the classification of EOG signal, because usually, in order to classify eight directions,
the classification algorithm needs information from both EOG channels, V and H. On the other hands,
PAV and VAP features showed a statistical difference only for one channel; however, it may be necessary
to help the main features to discriminate the advanced movements such as in eye-writing, eye-exercise
and activity recognitions [10-12]. In addition, both features showed the higher value of F statistical
compared with other features. For the PAP feature, there is no significant for both EOG channels,
therefore it is not recommended to be used as an EOG feature in future research.

4. Conclusion

In this study, several frequently used and newly proposed EOG features have been evaluated. The
study provides a relatively comprehensive comparison of a variety of the EOG features in the class
separability viewpoint which has not been reported before. It found that the VAPy, AUCy and PAVy
appear effective to discriminate the eight EOG movements. In order to extract the useful features for both
eyes, VAV, AUC, TCV and VAR features are recommended. All of these features have a statistically
significance at p < 0.0001. The combination of these features may be useful for the classification of EOG
movements in future research works, particularly in class separation point of view. Using multiple-feature
set with the sufficient classifiers or threshold analysis techniques is suggested to be evaluated in future
works. Although this study did not include any classification algorithms, some researchers have applied
some of them in the past, and we plan to apply them in the future.
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Electrooculography (EOG) signal is one of the useful electro-physiological signals. The EOG signals
provide information about eye movements that can be used as a control signal in human-computer
interface (HCI). Usually, eight-directional movements, including up, down, right, left, up-right, up-left,
down-right and down-left, are proposed. Development of the EOG signal classification has been shown
more increasing interest in the last decade; however, the effect of noises on classification system is a
major problem to degrade the usefulness of EOG-based HCI. A robust classification algorithm of the
eight movements is proposed, in which this technigue can conduct the effect of noises in EOG signal,
particularly for involuntary movements and eye-blink artifacts. The proposed algorithm was based on
the onset analysis, feature extraction, the first derivative technique and threshold classification. Eight
beneficial time domain features were proposed including the peak and the valley amplitude positions,
and the upper and the lower wavelengths of two EOG channels, vertical and horizontal channels. Based
on the optimal threshold values and conditions, the results showed that classification accuracy
reached 100% for three-subject testing. In addition, the first derivative technique was additionally
implemented in order to avoid the eye-blink artifact and other eight time domain features, that is, peak
amplitude and area under curve, have been investigated for use in advanced HCI interfaces, notably,
eye activity and eye writing recognitions.

Key words: Electrooculography signal, eye motions, eye blink artifacts, feature extraction, interference, noises,
non-pattern recognition, robustness, threshold analysis.

INTRODUCTION

Currently, many research studies are underway into
means of enabling the disabled and elderly to
communicate effectively with machine or computer.
Depending on the users’ capabilities, different types of
interface have been proposed, such as speech
recognition based on both voice (Raab et al., 2011) and
surface electromyography (Fraiwan et al., 2011), lip
movement control system (Shaikh et al., 2011), vision-
based multiple gestures (Reale et al., 2011), sip-and-puff

*Corresponding author. E-mail: angkoon.p@hotmail.com.

controller (Jones et al.,, 2008), tooth-click controller
(Simpson et al., 2008), infrared and ultrasonic non-
contact head controllers (Coyle, 1995; Evans et al,
2000), multifunction myoelectric control system (MMCS)
(Phinyomark et al., 2011a) and brain-computer interface
(BCIl) (Panicker et al., 2011). However, due to the
limitations of each interface, for example, speech
recognition and vision-based head gesture have a major
problem in outdoor and noisy environments (lkuta and
Orimoto, 2011), infrared and ultrasonic non-contact head
controllers have a low classification performance, or
MMCS and BCI have a problem with noise (Phinyomark
et al., 2011b; Suresh and Puttamadappa, 2008); therefore,



the electrooculography (EOG) signal is one of the
sufficient candidate signals to be deployed in human-
computer interface (HCI) (Ubeda et al., 2011). This
interface is very useful for patients with amyotrophic
lateral sclerosis (ALS). ALS patients may lose the oral
speaking and hand movements abilities; however, their
eye movement functions generally remain relatively intact
and become the last resource for communication (Park et
al., 2005; Tomita et al., 1996; Tsai and Chen, 2009).

EOG signal is one of the useful electro-physiological
signals that provide information about activities of the
human eye, detecting changes in eye positions. It is
generated by the potential difference between the cornea
and the ocular fundus, and it is known as the “cornea-
retinal potential (CRP)” (North, 1965). This potential
difference comes from large presence of the electrically
active nerves in the retina equate to the front of the eye
and can be considered as a steady electrical dipole with
a positive pole at the cornea and a negative pole at the
retina (Brown et al., 2006). Because of its relatively large
signal-to-noise ratio (SNR) as compared to other electro-
physiological signals, its amplitudes range between 15
and 200 pV, and a linear relationship between its
amplitude and eye movement angle, the EOG signal may
look like an ideal candidate for eye movement
classification system.

In this study, we are promoting the usefulness of EOG
signal to be used as an efficient hand-free control
interface. Non-pattern recognition algorithm based on
threshold analysis and time domain features to classify
eight-directional eye movements has been investigated.
The robustness of EOG-based HCI has been considered
in developing classification algorithm (Bulling et al., 2008;
Kim et al., 2007; Yagi, 2010). This technique can be used
in noisy environment and can be availably implemented
for a real-time application. The preliminary result of this
algorithm is presented in Aungsakun et al. (2011). This
study presented an extensive review of EOG applications
and classification algorithms, after which the proposed
EOG time domain features used for classification
algorithm was described. This was followed by a report
given on the results and discussion. Finally, summary
and concluding remarks were given.

PREVIOUS RESEARCH

The EOG signals have been successfully and widely
used in biomedical and rehabilitation engineering
applications, particularly in HCls. Many efficient HCls
have been developed in the last two decades, such as
computer cursor control (Septanto et al., 2009), computer
animation application (Krupinski and Mazurek, 2009),
home automation (Harun and Mansor, 2009), multitask
gadget control (Gandhi et al., 2010), electrical wheelchair
control (Barea et al., 2002), mobile robot control (Kim et
al., 2007), hospital alarm system (Venkataramanan et al.,
2005), activity recognition based on eye movement
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analysis (Bulling et al., 2011), visual improvement system
for the elderly (Yu et al., 2005) and eye writing
recognition (Tsai et al., 2008). In order to develop all of
these HCls, various techniques have been proposed,
which can be divided into two main types: pattern
recognition and non-pattern recognition.

In pattern recognition, features extracted are
discriminated by a suitable classifier (Brunner et al.,
2007). Time-domain features that have been frequently
used are mean value, peak duration, peak polarity and
slope (Kherlopain et al., 2006). In addition, spectral
analysis has been deployed as the useful features for eye
movement classification (Bukhari et al., 2010; Lv et al.,
2010). All of these features are usually implemented with
two classifier types, that is, neural networks (Barea et al.,
2000; Gluven and Kara, 2006; Kikuchi and Fukushima,
2000; Lee and Lee, 1993) and support vector machine
(Bulling et al.,, 2011; Shuyan and Gangtie, 2009).
However, computational times and implementation
complexity become a major limitation of algorithm based
on pattern recognition, particularly for implementing in
microcontroller devices. Several research studies have
established better performance of EOG signal
classification based on non-pattern recognition (Deng et
al., 2010; Gandhi et al., 2010). This technique has a
simple structure. The classifier module of pattern
recognition algorithm has been degraded to a simple
threshold comparison module. In this study, non-pattern
recognition algorithm has been implemented in order to
be used in microcontroller devices.

Eight-directional eye movements: up, down, right, left,
up-right, up-left, down-right and down-left, are the basic
movements for most of the HCIs (Yamagishi et al., 2006),
especially the first four directions (Barea et al., 2002;
Guven and Kara, 2006; Kim et al.,, 2007; Shuyan and
Gangtie, 2009). The eight types of directional movements
can be used as basis of various advanced movements,
that is, eye activity and eye writing recognitions (Bulling
et al., 2011; Tsai et al., 2008), thus the classification of
these movements has become a challenge for many
advanced EOG-based HClIs in the near future.

EXPERIMENTS AND DATA ACQUISITION

Two channel EOG signals, horizontal and vertical signals, have
been commonly used to acquire information from human eye
movements. Independent measurements can be obtained from
both eyes. However, in vertical directional movements, two eyes
move in conjunction, thus only one right eye was deployed. The
procedure of recorded EOG signals is presented in the following.
Five surface electrodes were placed around the eyes. All positions
are as shown in Figure 1. Vertical-channel electrodes were placed
above and below the right eye (Ch.V+ and Ch.V-) and horizontal-
channel electrodes were placed on the right and left of the outer
canthi (Ch.H+ and Ch.H-). Additionally, a reference electrode was
placed on the forehead (G).

Recordings of all EOG signals were carried out using a
commercial wireless system (Mobi6-6b, TMS International BV,
Netherlands). The amplifier, with a gain of 19.5 and a band-pass
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Figure 1. Five electrode positions: vertical channel (Ch.V+ and Ch.V-), horizontal channel (Ch.H+ and Ch.H-) and

reference channel (G) (Aungsakun et al., 2011).

filter of 1 to 500 Hz bandwidth were set for the recording system.

The sampling rate was set at 1024 Hz for analog-to-digital
conversion. However, the energy frequency bands of EOG signal
are in range of direct current (DC) to 15 Hz, thus the sampling rate
was reduced to 128 Hz in pre-processing stage. The EOG data
were recorded from three normal subjects with 8 directional eye
movements: eyes move -down (M1), —up (M2), -left (M3), -right
(M4), -down and left (M5), -down and right (M6), -up and left (M7)
and -up and right (M8). Each movement was held for 2 s and it was
performed five times throughout a trial. In total, fifteen data sets
were obtained from each directional movement.

Eye movement classification algorithm

To discriminate the aforementioned eight directional eye
movements, the simple and effective non-pattern recognition
algorithm based on threshold analysis and time domain features
was proposed. Two main advantages of the proposed algorithm are
that it can be availably implemented for a real-time system and can
also be used in noisy environment. Procedures of the proposed
algorithm are as follows:

1. Onset analysis was used to detect simultaneously starting
point of eye movement, point-by-point, from both EOG signals,
Ch.V and Ch.H, with a suitable threshold level THRon. Based on a
preliminary result (Aungsakun et al., 2011), the value of THRon Was
set to 50 yV. Itis approximately 25% of the maximum amplitude

value, which is approximately 200 pV. This threshold is
implemented in order to avoid background noise and small
involuntary EOG movements. Further, THRon is implemented for
both positive and negative values to detect either up/right or
down/left movement, examples of the threshold levels can be
observed as shown in Figures 2 to 4.

2. Firstly, eight types of time domain features were calculated:
peak and valley amplitude values (PAV and VAV), peak and valley
amplitude positions (PAP and VAP), upper and lower wavelengths
(UWL and LWL) and area under upper and lower curves (AUC and
ALC) for both EOG channels, vertical (V) and horizontal (H), are as
shown in Figures 2 to 5, respectively. In total, sixteen features from
two-channel EOG signals were obtained. Subsequently, eight
features were selected to be used in the classification algorithm for
eight-directional movements. There were PAPy, PAPy, VAP,
VAPy, UWLy, UWLy, LWLy and LWLy4. The remaining features were
deployed to be used in future classification algorithms which can
classify other advanced movements.

3. Avoiding eye-blink artifact, the first derivative of UWLy feature
was implemented and then the artifact index (Al) was calculated
with a pre-defined threshold, THRse. If the logical value of Al was
defined as true, it means that more than one burst signals were
found. In other words, the eye-blink artifact or involuntary eye
movement was established. Then, step 1 will be repeated.
Procedure of noise avoiding technique is as shown in Figure 6.

4. Suitable conditions were proposed in Table 1 in order to
discriminate the eight movements from the eight features selected.
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If PAPy > VAPy

and UWLy <= THRyy or LWLy <= THR_v
and UWLy >= THRun,

and LWLH >= THRLH,

then OUT = M1

If PAPy < VAPy

and UWLy <= THRyv, LWLy <= THRLv
and UWLy >= THRun,

and LWLy >= THRH,

then OUT = M2

If PAPy > VAP

and UWLy >= THRuv, LWLy >= THR.v
and UWLy <= THRyg,

and LWLy <= THRpy,

then OUT = M3

If PAPy < VAP

and UWLy >= THRuv, LWLy >= THRLv
and UWLy <= THRuyn,

and LWLy <= THRH,

then OUT = M4

If PAPy > VAPy, PAPy > VAPY

and UWLy <= THRyv, LWLy <= THRLv
and UWLy <= THRuyn,

and LWLy <= THR_y,

then OUT = M5

If PAPy > VAPy, PAPy < VAPy

and UWLy <= THRyv, LWLy <= THRLv
and UWLy <= THRuw,

and LWLy <= THR_H,

then OUT = M6

If PAPy < VAPy, PAPy > VAPH

and UWLy <= THRuyv, LWLy <= THRLy
and UWLy <= THRyR,

and LWLy <= THR_y,

then OUT = M7

If PAPy < VAPy, PAPy < VAPy

and UWLy <= THRuyv, LWLy <= THRLy
and UWLy <= THRuyH,

and LWLy <= THR_y,

then OUT = M8

Otherwise OUT = MO

The PAP and VAP features were used to detect the arrival of the
positive and negative amplitudes. If the positive amplitude has
occurred before, the output is expected to be up or right. On the
other hand, the output is expected to be down or left if the positive
amplitude occurred after. Discrimination between up and right or
down and left can be conducted by information from two channels.
In addition, up and down are vertical movements and right and left
are horizontal movements. The other four directional movements
can be seen as a combination of four basic movements. In order to
avoid classifying uninterested and involuntary eye movements, four
threshold values have been proposed, including THRyy, THRLy,
THRuw and THR.u. These thresholds were implemented for
application with the UWL and LWL features. Throughout the
experiments, optimal values of all thresholds were defined.

5. As a result, eight movement classes (M1 to M8) were
examined for the output parameter (OUT). In addition, if resting and
other movements were detected, output OUT is set to MO. The
procedure of the proposed algorithm is as shown in Figure 7. Note
that in this figure, {x(i)} is EOG signal time series and i is the
position of time samples.

RESULTS AND DISCUSSION

Generally, when the eyes move to the left, the positive
cornea moves closer to the left electrode which becomes
more positive with zero potential at the right electrode,
and vice versa. As a result, eye movement will generate
voltage in horizontal direction. This finding can also be
observed from up and down movements in vertical

channel. From this knowledge and amplitude shape
observed, the detection algorithm was designed as
presented in the study’s results and discussion.

Throughout the experiments, THRoy as 50 pV was
optimized for both detecting the starting point of
movement and avoiding the background noise.
Afterwards, all features were calculated for two EOG
channels. The features calculated were presented as
shown in Tables 2 to 4 with their mean and standard
deviation values. All subjects showed that values of the
selected eight features, PAPy, PAPy, VAP,, VAP,
UWLy, UWLy, LWLy and LWLy, are useful enough for
discriminating eight-directional movements. Based on the
results obtained, the suitable thresholds of THRyy,
THR.y, THRyy and THR 4 were defined, and the optimal
threshold values were dependent on each subject. To be
easily used, however, universal threshold can be defined.
Approximately, 10% of the window size features was
recommended, that is, in this study, the feature length
was set at 256 samples. Interestingly, the resting eight
features, PAVy, PAVy, VAV, VAV, AUCy, AUCy, ALC,
and ALCy are useful for discriminating other advanced
eye movements. For instance, peak and valley amplitude
values can distinguish the movement associated with
EOG signals at different angles (10, 20 and 30°) as
shown in Figure 8. Note that its behaviour is practically
linear for gaze-movement angles of +30°.
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Figure 7. Flowchart of the proposed EOG classification algorithm.

The proposed algorithm has two advantages as
compared to other publication algorithms for a
classification of eight-directional movements based on
EOG signals. Firstly, the proposed algorithm provided a
high accuracy as shown in Figure 9. The figure showed
the detection of 8 eye movements (M1 to M8) on the top
panel from both Ch.V on the middle panel and Ch.H on
the bottom panel. The classification accuracy of 8 eye
movements is 100% resulting from three healthy
subjects, whereas the accuracy from other publications is
less than 100%. Examples from previous publications
showing the results from 4 directional eye movements
are as follows. In a study by Deng et al. (2010), 90%
classification accuracy was achieved for applications in
game control, eye test and Television controller. In
Merino et al. (2010), 94% average rate was achieved
when the derivative and amplitude levels were used for

detecting the direction. Examples from previous
publications showing results from eight-directional eye
movements are as follows. In a study by Yamagishi et al.
(2006), 90.4% classification accuracy was achieved for
applications in screen keyboard when algorithm based on
logical combination was realized. In Itakura and
Sakamoto (2010), 96.7% classification accuracy was
obtained from algorithm based on the integration method
when EOG data were acquired from six subjects.
Secondly, the algorithm was not affected by various
noises and involuntary movements, that is, single blinking
(SB), double blinking (DB) and involuntary eye closing
(IEC). Figure 10 showed the detection of left eye movement
(M3) on the top panel using the EOG signals from Ch.V
and Ch.H on the middle and bottom panels, respectively.
Although, there are SB, DB and IEC noises as shown in
thick lines generated in Ch.V, the proposed algorithm can



Table 2. Mean (u) and standard deviation (o) values of all features from subject 1.
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Down Up Left Right

Feature

1] o 1] o 1] o V] (o)
PAPy 100.8 23.9 13 4.1 n/a n/a n/a n/a
VAPy 14.0 1.0 110 11.1 n/a n/a n/a n/a
PAPH n/a n/a n/a n/a 101.8 15.1 12.6 0.5
VAPH n/a n/a n/a n/a 14 1.6 102.8 12.6
UWLy 50.8 6.4 71.4 11.3 n/a n/a n/a n/a
LWLy 56.0 1.7 56.4 14.1 n/a n/a n/a n/a
UWLH n/a n/a n/a n/a 57.6 8 51.4 1.9
LWLu n/a n/a n/a n/a 62.6 9.5 53 6.2
PAVy 393.9 44.8 33.42 21.1 n/a n/a n/a n/a
VAVy -289.6 11.8 -355.8 26.7 n/a n/a n/a n/a
PAVH n/a n/a n/a n/a 353.9 8.0 280.6 5.7
VAV n/a n/a n/a n/a -303.6 8.0 -298.7 41.1
AUCy 10045.6 701.5 11814.2 409.6 n/a n/a n/a n/a
ALCy 9676.2 113.7 9326.2 817.6 n/a n/a n/a n/a
AUCH n/a n/a n/a n/a 9419.0 385.6 8020.0 158.5
ALCH n/a n/a n/a n/a 9769.0 251.7 8193.6 420.3
Feature Down-left Down-right Up-left Up-right

1] o 1] o 1] o 1] o
PAPy 50.8 105 33.4 5.4 65.6 3.8 61.2 1.9
VAPy 62.6 17.8 41.2 5.4 59.8 2.4 53.6 2.1
PAPy 44.4 25 50.8 3.8 55.4 2.4 54.4 2.3
VAP 57.2 3.9 46.8 5.3 58.8 4.3 53.4 3.2
UWLy 97 38.3 102.4 9.6 12.6 11 10.6 0.9
LWLy 30.2 32.9 15.8 1.6 121.4 11.7 107 13.6
UWLy 82.6 59.9 13.4 1.3 116.6 111 15.4 1.7
LWLy 24.6 34.3 105.4 8.6 18.8 2.3 99.2 7.9
PAVy 398.8 59.0 285.5 40.8 355.9 58.5 259.5 20.4
VAVy -285.5 10.6 -191.4 31.6 -425.9 28.8 -259.9 128.9
PAVy 231.8 9.8 193.1 35.3 304.2 15.2 274.8 5.5
VAV -33.7 164.4 -237.2 29.4 -250.2 20.2 -289.7 13.2
AUCy 9133.6 1047.5 5483.8 922.1 11727.0 1023.8 7566.4 474.3
ALCy 8863.6 258.5 5577.8 1037.7 11796.8 872.4 6948.8 3381.1
AUCH 5893.0 266.2 6356.4 956.5 9011.6 701.1 9035.6 203.0
ALCH 6309.8 168.3 6234.4 947.3 9078.2 1127.8 8505.2 511.0

Note that n/a is information in a field that is not provided or is not available.

still detect the motion with 100% accuracy as shown in
the top panel. The value of threshold THRg: was set at
30, in order to keep away from small fluctuation during
eye movement. The threshold value is approximately
12% of the feature length. Several noise removal
techniques have been presented in the past few years,
for instance, a simple median filter and a wavelet packet
approach, using Daubechies wavelets at level nine
(Bulling et al., 2008), a velocity shape algorithm and a
threshold and correlation technique (Kim et al., 2007), a
calibration technique and a low-pass filter (Yagi, 2010).

More attention should be paid to the development of
noise removal techniques in future studies, since it is still
an active topic of research.

Conclusions

EOG signal is widely employed in various clinical
applications, such as diagnosis of the eye diseases and
evaluation of the eye injuries, and in various engineering
applications, such as eye-controlled cursor mouse and
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Table 3. Mean (u) and standard deviation (o) values of all features from subject 2.

Down Up Left Right

Feature

1] o 1] o 1] o 1] o
PAPy 183 20.1 19.4 11.1 n/a n/a n/a n/a
VAPy 18.6 34 183.8 26.2 n/a n/a n/a n/a
PAPH n/a n/a n/a n/a 204.4 29 334 35.7
VAPH n/a n/a n/a n/a 32.8 28.1 172.6 35.9
UWLy 46.8 54 41.6 3.6 n/a n/a n/a n/a
LWLy 64.4 34 49.6 4.6 n/a n/a n/a n/a
UWLH n/a n/a n/a n/a 46.8 9 69.8 7.3
LWLu n/a n/a n/a n/a 63.6 51 67 4.5
PAVy 570.6 83.8 335.8 53.6 n/a n/a n/a n/a
VAVy -353.3 36.5 -355.2 36.9 n/a n/a n/a n/a
PAVH n/a n/a n/a n/a 395.9 25.5 410.1 9.8
VAV n/a n/a n/a n/a -309.4 43.9 -470.0 21.9
AUCy 14604.8 2133.9 12743.4 1538.7 n/a n/a n/a n/a
ALCy 12939.6 2374.9 11654.8 1858.8 n/a n/a n/a n/a
AUCH n/a n/a n/a n/a 11434.2 519.1 14454.4 338.2
ALCq n/a n/a n/a n/a 31490.0 44816.3 14443.4 276.0
Feature Down-left Down-right Up-left Up-right

1] o 1] o 1] o 1] o
PAPy 165.6 22.5 169.8 63.9 22.6 171 14 2.5
VAPy 20.6 5 20.2 2.8 209 18.8 188.8 13.7
PAPy 172.4 23.5 54.4 82.5 209.4 18.4 17.8 15
VAP 13.6 2.4 203.6 22.7 26 18 187.8 12.9
UWLy 46.8 5.4 41.6 3.6 61.8 2.2 61.8 8.5
LWLy 64.4 3.4 49.6 4.6 50.6 10.8 52 7.2
UWLy 45.2 3.7 65.6 6.6 46.8 9 69.8 7.3
LWLy 46.6 7.6 54.4 134 63.6 5.1 67 45
PAVy 435.6 63.7 492.2 38.0 284.8 12.1 193.2 63.2
VAVy -276.3 23.0 -265.9 22.5 -280.9 15.3 -208.6 41.1
PAVy 232.9 9.9 230.3 17.1 352.2 22.8 328.3 29.3
VAV -184.3 18.4 -256.3 105 -277.4 6.6 -381.8 41.8
AUCy 9471.0 1025.1 10875.0 572.8 8495.4 118.7 6016.0 1375.1
ALCy 10826.2 487.3 10934.8 657.9 8120.2 271.2 6693.4 13725
AUCH 6280.2 412.0 8126.8 728.8 10230.0 364.9 13315.2 851.4
ALCy 5095.6 627.5 7756.6 782.6 10872.8 677.7 12941.6 588.7

Note that n/a is information in a field that is not provided or is not available.

wheelchair. In this study, we have proposed a non-
pattern recognition algorithm to classify eight eye dire-
ctional movements from EOG signals. From experimental
results, the features proposed (peak and valley amplitude
values and upper and lower wave-lengths) and threshold
classification algorithm showed the best performance to
be used in discrimination of EOG signal. Avoiding artifact
method that was defined from the first derivative
technique, can be effectively used to avoid most noises in
EOG signal. The resting features (peak and valley
amplitude positions and area under upper and lower

curves) have shown that they can be added to increase
the classification performance of advanced movements,
such as eye movements with different angles (10 to 30°),
eye writing 0 to 9, A to Z, +, -, x, /) and activity based on
eye movement (reading, typing and browsing). Interestingly,
more interest should be paid on two issues in future
studies for real-world applications: (1) noise removal or
(noise avoiding techniques (Bulling et al., 2008; Kim et
al., 2007; Yagi, 2010) and (2) minimi-zation of EOG
electrode positions (Usakli and Gurkan, 2010) and design
of wearable EOG goggles (Bulling et al., 2009).
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Table 4. Mean (u) and standard deviation (o) values of all features from subject 3.
Feature Down Up Left Right Down-left Down-right Up-left Up-right
o v o 1] o 1] o 1] o 1] o Y] o Y] o

PAPy 100.6 12.3 30 45.8 n/a n/a n/a n/a 83.8 8.4 127.6 71.9 24.4 30.6 11.2 4.1
VAPy 154 11 159.2 46.4 n/a n/a n/a n/a 18.6 1.1 43.8 61.1 121 34.9 129 175
PAPy n/a n/a n/a n/a 109.8 19.7 14.8 0.4 88 7.4 44 59.9 121 34.7 18.8 25
VAPy n/a n/a n/a n/a 13.4 0.9 117.2 15.1 14.6 2.4 134.2 68.3 27.2 29 128.2 18.9
UWLy 43.8 8.9 51.6 1.3 n/a n/a n/a n/a 48.2 7.5 33 4.4 45.8 1.3 57.8 17.3
LWLy 53 3.7 50 8.8 n/a n/a n/a n/a 56.8 2.2 51 10.3 49.8 8.6 57.6 6.6
UWLH n/a n/a n/a n/a 57.6 4.6 66.4 5.5 51.6 4 53.6 29 54 4.2 61.6 5.5
LWLy n/a n/a n/a n/a 58.6 3.2 65 3.6 61.6 54 40 214 62 2.3 55.8 5.6
PAVy 326.4 28.7 227 6.2 n/a n/a n/a n/a 336.5 389 347.2 49.6 235.8 334 227.7 29.2
VAVy -213.2 7.5 -248.9 238 n/a n/a n/a n/a -265.2 17.9 -201.6 13.7 -261.8 10.7 -195 13
PAVH n/a n/a n/a n/a 3435 216 373.9 13 259.7 127 216.1 18 3184 40 195.6 97.2
VAVy n/a n/a n/a n/a -307.7 173 -437.3 25.9 -211.8 5.3 -238.8 56.6 -202.4  100.7 -290.6 16.6
AUCy 20359 29769.9 71108 291.1 n/a n/a n/a n/a 8362.8 426.4 1489.2 1553.9 5459.8 1804.2 7040.4 2155.5
ALCy 6934.4 469 6848  798.7 n/a n/a n/a n/a 8840.6 447.7 5809.6 1162.8 7144 146.4 6592.8 656.8
AUCH n/a n/a n/a n/a 9489 525.2 6237 1051.1 7170 1845 5489  1133.7 9029.8 502 8975.2 547.4
ALCH n/a n/a n/a n/a 9980.4 744.5 4676.6 3038.2 7534.4 4223 2407.4 2346.3 9003.4 167.4 8859.2 1009.7

Note that n/a is information in a field that is not provided or is not available.
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Figure 9. Example result of the proposed EOG classification algorithm for discriminating eight-directional movements.
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Abstract

Over the last decade, there have been an increasing number of people who wear glasses because
they spend more time in front of a computer or television every day. To improve vision and eye health of
people, the eye exercise system based on electrooculography (EOG) signal is proposed. EOG is an
efficient bio-electrical signal that can be used to measure the change in eye positions. Based on our
previous preliminary research, the classification of eye exercises according to their type using EOG is
feasible. The classification outputs can be used not only for checking the correctness of eye exercises but
also for counting the number of trials. As a result, the eye exercise program based on EOG can be
implemented.

Purpose: The paper presents the design and development of eye exercise recognition system
based on EOG signals to promote the eye exercise in daily life of human.

Methods and Results: Several popular eye exercises were selected and detected by using EOG;
however, such eye exercises can be combined into four main groups: (1) Eight-directional eye
movements, (2) Eye clockwise and counter-clockwise, (3) Eye tightly closed, and (4) Blinking. Several
eye exercises can be classified based on these four groups, such as, looking at any hour mark on a clock,
writing the letters, and tracing the figure of eight. EOG data in the recognition system are measured from
horizontal and vertical channels. However, the classification of EOG can be either DC or AC recording.
The advantage and disadvantage of each recording were discussed, and the suitable filtering conditions
also were suggested. Such eye exercises can be classified based on two types of recognition: pattern and
non-pattern. In addition, several useful EOG features were calculated and evaluated to measure their
performance.

Conclusion: The proposed EOG based eye exercise recognition system can be widely used in
future due to the rapid development of wearable EOG recording devices that are reliable, low-cost,

lightweight, and wireless communication.

Key Words : electrooculography (EOG) signal / eye exercise / eye movement / classification / feature

extraction / filtering



1. Introduction

Over the last decade, there have been an increasing number of people who wear glasses because
they spend more time in front of a computer or television every day. Eyes are among the most meaningful
organs of the body. Just like any other muscle in the body, eyes need regular exercises for maintain them
healthy. The aims of eye exercise are to strengthen the eye muscles, and also maintain the flexible lenses
and sharper vision. To improve vision and eye health of people, the eye exercise system based on
electrooculography (EOG) signal is proposed in order to promote the eye exercise in daily life of human.

EOG is an efficient bio-electrical signal that can be used to measure the change in eye positions.
It is an electrical signal generated by the potential difference between the cornea and the ocular fundus,
which is commonly referred to as cornea-retinal potential (CRP) (Brown et al., 2006). Based on our
previous preliminary research (Aungsakun et al., 2010), the classification of eye exercises according to
their type using EOG is feasible. However, in that study, only some basic eye exercises are proposed.
Furthermore, based on the linear relationship between EOG signal and eye movements, and easy
waveform detection, the EOG signal may look like an ideal candidate for the eye exercise recognition
system (Barea et al., 2002). The classification outputs can be used not only for checking the correctness of
eye exercises but also for counting the number of trials. As a result, the eye exercise program based on

EOG can be implemented.

2. Purpose

The paper presents the design and development of eye exercise recognition system based on EOG
signals to promote the eye exercise in daily life of human. At first EOG data recorded from four healthy
subjects performing several possible eye exercises were analyzed and grouped based on the signal
characteristics. More details about EOG data acquisition and experiments are described in Section 3. After
that the suitable comprehensive exercises that response to the eye muscles were selected. However, the
classification of EOG can be either DC or AC recording. The advantage and disadvantage of each
recording were discussed, and the suitable filtering conditions were suggested in Section 4. Such eye
exercises can be classified based on two types of recognition: pattern and non-pattern. In addition, several
useful EOG features were calculated and evaluated to measure their performance, all of which are
described in Section 5. Finally, concluding remarks and recommendations for future research are given in

Section 6.

3. EOG Data Acquisition and Experiments

Generally, EOG signals are frequently measured from both eyes with independent measurement.
However, two eyes move in conjunction in the vertical direction, thus only one eye (left or right) was used
for the detection of eye movement in vertical direction. In this research, five surface electrodes were put
around the eyes, as shown in Fig. 1. The vertical leads (Ch. V) were measured by two electrodes on the
above and the below of the right eye (V+ and V-), and the horizontal leads (Ch. H) were measured by two
electrodes on the right and left of outer canthi (H+ and H-). A reference electrode was placed on the

forehead (G). All EOG signal recordings were carried out using a Mobi6-6b (TMS International BV,



Netherlands) with a band-pass filter of 1-500 Hz bandwidth and an amplifier with 19.5x. The sampling
frequency was set at 1024 Hz with a high resolution of 24 bits.

EOG signals were firstly recorded from four normal young subjects with twenty-eight eye
exercises. All exercises were hold for three seconds. Each activity was performed five times for each
subject. However, nine exercises did not generate the useful EOG signals, thus such exercises were
removed from the experiments. Figure 2 shows a sample of the EMG data from two channels during two
exercises: keeping the eyes focus on the finger movement and keeping the eyes wide open in time domain.
As can be observed in Fig. 2(a), keeping the eyes wide open exercise did not generate any change in EOG
signal. The EOG signals acquired from near and far focusing, focusing on a distant object, and eye
massage including eyelid massage and face massage were similar as the keeping the eyes wide open
exercise. On the other hand, in Fig. 2(b), keeping the eyes wide open exercise did not generate the useful
EOG signals, thus the exercises, i.e. keeping the eyes wide open and eyes look to nose tip, were also not
included in the study. However, the classification of EOG signals obtained from this exercise group is still

possible.

Figure 1. Recording electrode positions.
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Figure 2. Two-channel EOG signals (Ch. V and Ch. H) from (a) keeping the eyes focus on the finger

movement, (b) keeping the eyes wide open, in the time domain.
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Figure 3. Two-channel EOG signals with a band-pass filter of 1-10 Hz bandwidth (Ch. V and Ch. H)
from (a) up, (b) down, (c) right, (d) left, (e) up-right, (f) up-left, (g) down-right, and (f) down-left, at 30-

degree movement in the time domain. Sample data are from Subject 2.
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Figure 4. Two-channel EOG signals with a band-pass filter of 1-10 Hz bandwidth (Ch. V and Ch. H)

from down-left, at (a) 10 (b) 20 (c) 30-degree movement in the time domain.

3.1 Signal Analysis

As a result, the remaining useful eye exercises can be combined into four main groups: (1) Eight-
directional eye movements, (2) Eye clockwise and counter-clockwise, (3) Eye tightly closed, and (4)
Blinking, based on the characteristic of EOG waveform.

The first group, the eight-directional eye movements consists of up, down, right, left, up-right,
up-left, down-right, and down-left as shown in Fig. 3, respectively. From the figure, for instance, the EOG
patterns of the up-right movement is similar to a combination of the EOG patterns of the up movement
from Ch. V and of the right movement from Ch. H with a slightly decrease of signal amplitude. In
addition, each directional movement can be discriminated by the degree of movement (10°, 20°, and 30°).
The example data of down-left at 10°, 20° and 30° movement from both EOG channels is shown in Fig. 4.
The signal amplitudes increase with increasing degree movement. It should be noted that the linear
relationship between EOG signal and eye movements has in range of 0°-30° movement. Several basic eye
exercises can be classified into this group, such as eyes look to left and right cheeks, and eyes look to left
and right tail eyebrows. In addition, a number of advanced eye exercises can be classified based on the

EOG patterns in this group, such as looking at any hour mark on a clock and writing the letters.
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Figure 5. Two-channel EOG signals with a band-pass filter of 1-10 Hz bandwidth (Ch. V and Ch. H)

from (a) eye clockwise, and (b) eye counter-clockwise, at 30-degree movement in the time domain.
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Figure 6. Two-channel EOG signals with a band-pass filter of 1-10 Hz bandwidth (Ch. V and Ch. H)
from (a) eye tightly closed, and (b) eye slightly closed, at 30-degree movement in the time domain.

The second group, the eye clockwise and counter-clockwise, is a dynamic movement that has a
complex pattern of EOG signals. Both movements have a similar EOG pattern for the vertical signal, but
have an inverse EOG pattern for the horizontal signal, as can be observed from Fig. 5. The tracing the
figure of eight exercise is one of the advanced exercises extended from this group.

The third group, eye closed exercise consists of eye tightly closed and eye slightly closed as
respectively shown in Fig. 6. The patterns of EOG signals from both exercises are similar, except the
difference in signal amplitude. However, the EOG patterns of this exercise group are also similar to the
down-right or down-left movements, except the duration between positive and negative waveforms. The
duration between positive and negative waveforms of the eye closed was shorter than that of the down-
right/down-left.

The last group is blinking. It can be used as one of the eye exercise types (voluntary blinking) and

can be assumed as noise in EOG signals (involuntary blinking). The effect of blinking is usually occurred



in vertical EOG signal, as can be observed in Fig. 7(a). In order to detect the correct movement, the
removal of blinking in vertical EOG signal is needed (Aungsakun et al., 2011a). However, for eye
exercise context, blinking is important. It will help to improve eyesight naturally and will provide several
benefits, such as relaxing the eyes, preventing Dry Eye condition or reliving its symptoms, and
strengthening and improving the flexibility of the eye muscles. In this research, three types of blinking
were measured and analyzed: 1-blinking, 2-blinking, and 3-blinking, as shown in Figs. 7(b) to 7(d).
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Figure 7. Two-channel EOG signals with a band-pass filter of 1-10 Hz bandwidth (Ch. V and Ch. H)
from (a) up-left with involuntary blinking, (b) 1-blinking, (¢) 2-blinking, and (d) 3-blinking, at 30-degree

movement in the time domain.

4. DC/AC Recording and Filtering

The classification of EOG can be either DC or AC recording. It should be noted that all EOG
signals in Fig. 3 through Fig. 7 are AC recording with a band-pass filter of 1-10 Hz bandwidth. The
difference between DC and AC recording can be observed in Fig. 8. To obtain recording of eye
movements with an ideal DC recording (square wave), a DC amplifier without a high-pass filter is
required, however, there are a problem in terms of based line shift. Hence, a high-pass filter with a 0.1 Hz

is usually implemented for DC recording in order to partially eliminate based line interference, as shown



in Figs. 8(a) and 8(b). On the other hand, for AC recording, a higher frequency, i.e. 0.5-1 Hz, is used as
shown in Figs. 8(c) and 8(d). Both recording types have been used to classify eye movements in previous
research. Based on the observation in Fig. 8, it showed that the patterns of AC recording have a significant
difference between each of the channels and exercises. Therefore, eye exercises are possible to classify
using the AC recording. However, the amplitude of noises in AC recording is also larger than that of
noises in DC recording. In total, difference of AC recording patterns is important for the classification of
advanced and complex eye movements, but for simple movement classification, DC recording is good in
order to avoid the effect of noises.

For the low-pass filter, 30 Hz is recommended by ISCEV standard (Brown et al., 2006) in order
to remove the high frequency noises such as electromyography (EMG) signal and power-line interference.
However, based on one of our previous research, a low-pass filter with a corner frequency of 10 Hz is
recommended (Aungsakun et al., 2010). However, the high-frequency signals may be useful for using as

an augmenting feature for the classification of eye exercises (Aungsakun et al., 2010).
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Figure 8. Two-channel EOG signals with a high-pass filter of (a-b) 0.1 Hz and (c-d) 1 Hz from (a, ¢) right

and (b, d) eye clockwise, in the time domain.



5. EOG Feature Extraction and Classification

In order to develop the eye movement recognition system, various techniques have been proposed
in many applications. However, the techniques can be divided into two major types: (1) pattern
recognition and (2) non-pattern recognition.

In pattern recognition, features extracted are discriminated by an effective classifier such as
neural networks (Barea et al., 2000; Giiven and Kara, 2006; Kikuchi and Fukushima, 2000; Lee and Lee,
1993) and support vector machine (Bulling et al., 2011; Shuyan and Gangtie, 2009). Generally, time-
domain features are frequently used in EOG pattern recognition such as mean value, peak duration, peak
polarity, and slope (Kherlopain et al., 2006). The evaluation of time-domain EOG features is presented in
one of our previous research (Aungsakun et al., 2011b). In recent years, several spectral analysis methods
have been proposed (Bukhari et al., 2010; Lv et al., 2010). However, the computational time and
implementation complexity are a major limitation of pattern recognition technique, particularly for
implementing in microcontroller or mobile devices.

A number of researches have established the better performance of EOG classification based on
non-pattern recognition (Deng et al., 2010; Gandhi et al., 2010), that has a simple structure. The classifier
module of pattern recognition has been degraded to a simple threshold comparison module for non-pattern

recognition.

6. Conclusion and Future Research

The proposed EOG based eye exercise recognition system can be widely used in future due to the
rapid development of wearable EOG recording devices that are reliable, low-cost, lightweight, and
wireless communication. In order to create efficient human-computer interfaces (HCIs), recent new
researches have focused on developing novel electrode configurations to produce wearable EOG
recording devices. The eye exercise recognition system based on EOG signal can apply with the novel
wearable EOG recording devices in future research, such as wearable EOG goggles (Bulling et al., 2006),
wearable headphone-type gaze detectors (Manabe and Fukumoto, 2006), or light-weight headcaps
(Vehkaoja et al., 2005). Further, the classification of eye exercises, which consist of various eye
movements, can be useful for various advanced HCI applications in future researches, notably activity

recognition system (Bulling et al., 2011) and eye-writing recognition system (Tsai et al, 2008).
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