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ABSTRACT Background noise h(l1,12)
Eye movement origin electrooculogram (EOG) artifacts SB |§ L---> |>|]
yield significant problems for the saccade-related electroen- Mixture
cephalogram (EEG) and its analysis. The denoising of EOG Matiix  ~—~—— |>[|. ______ el
artifacts is important task to analyze the relationship between A LT R »
a saccade and a brain function. In this paper, a tensor product — : _-="" Estimate
expansion with absolute error (TPE-AE) is applied to reduce \
the EOG artifacts from the EEG signal. The TPE-AE has ® > |>|]—
some difficulty to separate the EOG from the saccade-related
EEG data due to a background noise from a spontaneous Local signal Observed

EEG activity. We show that the TPE-AE, which calculates ) . .
two outer products, is useful to reduce EOG components ré=igure 1: Model of noise reduction using outer product ex-
lated to the eye movement. pansion

1. INTRODUCTION
L : Saccade-related EOG artifacts yield significant problems
Attention is being placed on the saccade-related EEG dafgy the EEG and its analysis. The EOG artifact denoising is
to investigate the brain function in saccadic eye movemeniynortant task to analyze the relationship between the sac-
EEG related to the saccade have researched to achieve:gje and the EEG. In order to find the saccadic EEG, a high-
Brain Computer Interface (BCI) based on eye tracking sySpass filter which rejects from 0 to 4 Hz is often employed to
tem that uses saccadic EEG[1, 2]. However, the artifact dugyoid the effect of the EOG. Generally speaking, however,
to a blinking and eye movement interfere with correct analyynis jower frequency band may include many EEG compo-
sis of EEG related to saccadic eye movement. nents corresponding to a recognition and consciousness.
The typical EEG signal processed with the ensemble av- |, this paper, a tensor product expansion with absolute er-

eraging indicates that the sharp changes of a potential dyg, (TPE-AE) is applied to reduce EOG artifacts in the EEG
to the saccade-related EEG and the eye movement EOG a&gina. The conventional TPE-AE has some difficulty to sep-
recorded before and after the saccade, respectively. Thigate the EOG from the saccade-related EEG data due to a
EOG yields the difficulty of a saccadic EEG analysis. More-geparability limitation. We apply the novel TPE-AE, which
over, the ensemble averaging requires EEG data of many ti|cylates two outer products, to the denoising problem. Re-

als to find characteristics of saccade-related EEG, and is ng}ts show that the TPE-AE employed in this paper is effec-
suitable to extract a change of a latent time related to the sagye to reduce the EOG component in the EEG data.

cade.
Another technique is to reduce EOGs due to a saccadic 2 TPE-AE
eye movement and an eye blinking. In order to character- '
ize the saccadic EEG, the EEG data excluding the eye blinKFPE-AE is the signal separation based on a tensor product
ing noise should be used for accurately analysis. Howeveexpansion[6, 7, 8, 9]. Assume that the observed signal con-
denoising technique rejects important components for EEGists of two source signals, the one is observed in most sig-
analysis since the recorded potential during the saccadic eymils (a background noise) while another is seen in just few
movement contains both the saccade related EEG and EO&ignals (a local signal). In this case, the latter signal can be
Note that the word EOG used here means the artifact due twnsidered as the outlier. TPE-AE estimates a background
a saccadic eye movement. noise from the observed signal as shown in Fig.1, while ma-
Funase shows that a fast independent component analy$is blind source separation, i.e. independent component anal-
with reference signal (FICAR) can analyze single trial EEGysis, often estimates thesources fromm input signals.
data to realize a practical use of BCI[3, 4, 5]. The FICAR  Anabsolute error is employed in TPE-AE as a criterion to
method focuses on the extraction of the saccadic EEG exalculate the outer product [10, 11], since the absolute error
plained by the ensemble averaging by using a reference sigave little influence of outliers. Lédi(l4,l2) be an input 2-
nal. Therefore, a feature extraction of other components a® matrix consists of observed signals. The outer product
sociated with a saccade is not considered. and its bias component &i(l1,15) is given by the L1-norm
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minimization as shown in (1).

q Q2 |

=3 > Ih(yl2) = (fi(l) fa(l2) + fa(l2))| @ Nasion

l1=113=1

whereJ is an error function,fi(l1) f2(l2) and f3(l2) are an
outer product which approximates AC and DC components,
respectively. g; andqy is the length of the signal and the
number of signalsfi(I1) and f(l,) is I1th andl,th element

of a vector, respectively; (I1), f2(l2) andfz(l2), which yield
minimum J, gives us the background noise included in the
observed signdi(ly,12).

The simple and reasonable method based on Monte
Carlo Simulation (MCS) was applied to calculate the optimal
f1(l1), f2(l2), f3(I2). MCS produces optimal solutions by ex-
tensive trials using random numbers. The feasibility and sep-
arability conditions of this method for the background noise
estimation are confirmed [10].

TPE-AE can reduce the background noise generated by
one source, however, the EEG data with an eye movement
includes two undesired signals due to the EOG and a spon-
taneous EEG. We reduce the undesired signal in EEG data

by estimating two terms of the outer product (Fig.2). TPE-  EEG data is collected from 19 electrodes, which are
AE applying to the EEG data does not require the estimatiopaced at the location based on the international 10-20 sys-
term for DC component since the EEG data is corrected angm as shown in Fig.4. In order to detect an eye movement

processed through a high-pass filter. Therefore, (1) is rewrityng an eye blinking, two pairs of sensors are attached to the

Right ear

Figure 4: International 10-20 electrode system

ten as (2). right-left side (HEOG) and top-bottom side (VEOG) of the
P % right eye. All potentials are digitally sampled at 1000Hz,

J= FZ z Z Ih(I1,12) — f1r(11) f2r(12)] (2) and collected for the offline signal processing. A high-pass
=11i=11=1 filter (cut-off 0.53Hz) and a low-pass filter (cut-off 120Hz)

o ) _is applied to the collected EEG data, while the EOG data is
whereR andr indicates the index and number of an esti-recorded through a high-pass filter (cut-off 0.1Hz) and a low-
mated term for TPE-AE. The EOG and a spontaneous EEGass filter (cut-off 15Hz).

is estimated agy1(11) f21(12) and f12(11) f22(12). The EEG data according to 50 right saccades and 50 left
saccades from the center is collected by visual target task.

3. EEG ANALYSIS The EEG data used here is 25 for each saccade since some of
3.1 EEG data collection recorded data contain an artifact related to eye blinking and

other body movement. 50 EEG signals related to 25 right and

The recording is performed in the shielded dark room in or-g |eft saccades are adopted to the denoising process.
der to reduce an electromagnetic noise and a visual stimuﬁ

The visual target (LED) is set on the board located 30c
away from the nasion of the subject. One LED is place
in front of the subject, two LEDs are located on 25 and -The flow of denoising process using TPE-AE is shown in
25 degree from the center LED (Fig.3). One LED of threeFig.5. The input vectoh(l4,l2) consists of 19 EEG signals
LEDs is illuminated randomly to avoid the prediction of the for two seconds whose starting time indicates 1 second be-
subject which LED is blinking next. The EEG during the fore the eye movement. Outer products are estimated from
saccadic eye movement that a subject moves his eye towaEEG signals using TPE-AE. The denoising is performed by
the illuminated LED placed on a right or left side is recordedsubtracting outer products from the input signal. These pro-
iteratively. cesses are applied to 50 EEG data for denoising undesired

.2 Denoising procedure
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Figure 5: Flow of denoising by TPE-AE
Figure 6: EEG of ensemble averaging in right saccade
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Figure 7: EEG and its denoised signal using TPE-AE (1st right saccade)

02 02

EEG[ nV]
°

EEG[ nV]
EEG[ uV]

: -1 -0.5 o 05 1 ) -1 -0.5 0 0.5 1 -1 -0.5 0 05
Time [sec] Time [sec] Time [sec]

(a):EEG (b):Denoised signal by TPE-AE= 1 (c):Denoised signal by TPE-AE= 2

Figure 8: EEG and its denoised signal using TPE-AE (6th right saccade)

signals due to the EOG and a spontaneous EEG. In this papsibject moves his eyes toward the right side. The denoised
TPE-AE which calculated one/two outer product is referredsignals is the data processed using TPE-AE whose estimated

as TPE-AE =1Ur =2 outer productr is 1 and 2. The result shown in Fig.7 and
Fig.8 is for first and 6th right saccade, respectively. The hor-
4. EXPERIMENTAL RESULT izontal axes of these graphs indicate the time cause, where 0
[sec] represents the starting time of eye movement.
4.1 Typical EEG data in saccade From Fig.7, a sharp decrease of the potential recorded

rom 0 to 0.1sec is reduced by using TPE-AE 1andr =2.

The typical EEG data with right-eye movement recorded or)_". . .
yp g Y his result is not common to all the results we tried. The

the left and right occipital lobe (F7 and F8 in international . X :
10-20 system? is shovr\)/n in Fig.6(. This data is the ensembl harp decrease in EEG is not always extracted by using TPE-

; :BE r = 1. The sharp change corresponding to a 6th right sac-
average calculated from 25 EEG data. The horizontal axi o ; ; .
: ; S P ade in Fig.8(a) is reduced by TPE-AE- 2 (Fig.8(c)) while
's the time, whose 0 [sec] indicates the starting time of artths change remains in the result of TPE-AE 1 (Fig.8(b)).

eye movement to right. The vertical axis indicates the meay| h fal I dic EEG d haro d
sured potential. The amplitude of EEG signal on F7 and F8 i§) the case of aimost all saccadic ata, a sharp decrease
after the eye movement is reduced by using TPEFAE2.

sharply increased and decreased after the eye movement, : - - )
spectively. This component is the dominant undesired signal AS previously noted, the EOG related undesired signal is
related to the EOG due to the eye movement. not est_|mated completely by using TPE-AE 1. The TPE-

AE which calculates one outer product can extract the dom-

L : : inant component in input signals. It is difficult to estimate
4.2 Example of denoising for single trial EEG the EOG related undesired signal by using TPE-AE because
The denoising result of the undesired signal for the EEG siga spontaneous EEG observed at all over the subjects’ head is
nal with eye-movement is described here. Fig.7 and Fig.@xtracted. Therefore, the undesired signal related to EOG is
indicates the EEG on O2 and its denoised signal when thextracted successfully by estimating two outer products us-
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Table 1: Difference of the averaged amplitude spectrum between EEG and denoised EEG [dB]

(a): 0-4Hz (EOG) for right saccade
FpI F7 F3 T3 C3 T5 P3 O1 Fz Cz Pz Fp2 F8 F4 T4 C4 T6 P4 02 Ave.
TPE-AE(=1) 16 20 25 04 71 43 60 46 105 134 73 15 54 16 07 06 13 09 22 39
TPE-AE(=2) 26 79 45 32 84 51 69 49 123 141 8030 92 46 19 74 83 99 108 7.0
Ensemble | 116 06 74 97 26 15 11 0.6 0.5 10 22 69 -09 86 93 56 22 23 04 39

(b): 0-4Hz (EOQG) for left saccade
Fp1 F7 F3 T3 C3 T5 P3  O1 Fz Cz Pz Fp2 F8 F4 T4 C4 T6 P4 02 Ave.
TPE-AE(=1) [ 1.8 18 22 04 78 59 81 50 109123 74 20 59 10 10 -01 02 -03 07 39
TPE-AE(=2) | 49 116 59 36 87 75 108 98 110 123 97 37 69 4828 60 28 26 31 68
Ensemble | 59 04 6.1 7.1 38 0.8 09 0.3 2.3 19 05 -14 03 37103 37 22 48 25 30

EEG [uV]
EEG [uV]
°
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Figure 9: Ensemble averaging data Fogure 10: Ensemble averaging data fagure 11: Ensemble averaging data for
group A (Fpl, F3, T3, Fp2, F4,T4)  group B (C3, T5, P3, O1, Fz, Cz, Pz) group C (F7, F8, C4, T6, P4, O2)

ing TPE-AE. sponding to the right saccade shown in Fig.9 indicates that
the sharp change of a potential after the saccade is smaller
4.3 Evaluation in frequency domain than a potential recorded on F7 and F8 (see Fig.6). There-

In order to evaluate the denoising performance of TPE-AE, %ore, a decrease of EOG component in the group A is rela-
decrease of the EOG component from 0 to 4Hz is employe V‘leyesdmvsiltlﬁ -'E;h_le_lfggérlcf’i*gg’esi’ag;a ';Zt*tﬁé 222138%;0"
here. Table 1 represents the decrease of the EOG compdt 5 Th ol - ded on C3. T5. P3. O1. Fz. C
nent between an averaged amplitude spectrum of raw EEérsuro:’z.areedgs‘)ifencltlgi ;ec?(;ue BonThe’EEé dé\ta EZXC|ZL’JdiI§
and its denoised EEG in decibel base. In order to extrac'?1 4 9 fp g cuh OGg
the difference, 25 amplitude spectra of an input signal, i.e' oerngprgrlljgn?ignre(?l:ggg Eyli g?nzr;?PEaig—rozupTheWer?::mE
raw EEG, denoised EEG processed with ensemble averag: ) n= e TSR )
ing, TPE-AEr — 1 andr — 2, are calculated by using the fast Ble averaging data for group B and C is shown in Fig.10 and

Fourier transform. TPE-AE — 1,2 in Table 1 indicates the Fig.11, respectively. The horizontal axes of these figures rep-

difference between the averaged amplitude spectrum of raffgSents a time span where 0 [sec] indicates the starting time

EEG and its denoised EEG extracted by TPE-AE. E piaf the eye movement. The ve_rtical axes show t_he measured
and s denoise extracied by nset tential. From Fig.10, EEG is decreased rapidly after the

indicates the result after subtracting the averaged amplitud® . 1S C
g 9 P tgaccade, while EEG shown in Fig.11 represents the abrupt

spectrum of recorded EEG from its ensemble averaging data’ >
P ging crease after the eye movement. These results indicates that

Table 1 (a) and (b) shows the difference corresponding to an' = ;
eye movement toward right and left side, respectively. the influence of EOG is recorded as three patterns of trends

From Table 1 (a), EOG component corresponding to théhat are the increase, decrease and few change of a potential

saccadic task to a right is decreased an average of 3.9, 7ger an eye movement.
and 3.9 decibel by using the TPE-AE=1, r = 2 and the As we described above, EEG data during an eye move-
ensemble averaging, respectively. Table 1 (b) indicates thahent includes an EOG and a spontaneous EEG. A sponta-
the TPE-AEr = 1, r = 2 and ensemble averaging perform aneous EEG represents the similar trend at almost all posi-
decrease of the EOG component, which is related to the lefions, while EOG indicates three patterns of EEG change.
saccade, with an average of 3.9, 7.0 and 3.9 decibel, respetherefore, the EEG applied to this research includes two
tively. dominant components whose mixing coefficient is signifi-
In Table 1 (a), TPE-AE = 2 reduces the EOG compo- cantly different. A spontaneous EEG and EOG component,
nent more than other denoising methods excluding Fp1, F3yhich has a similar mixture coefficient measured on a spon-
T3, Fp2, F4 and T4. We call Fpl, F3, T3, Fp2, F4 and T4taneous EEG (in this case, the EOG trend shown in group
a group A. The ensemble averaging data of group A correB), are extracted by TPE-AE= 1 wrongly since it can es-
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timate the background noise from one source. On the other  with Absolute Error, IEICE Trans., Vol.E90-A, No.4,
hand, TPE-AE = 2 decrease the EOG component in EEGs pp.778-783, 2007.

recorded on group B and C which include a little influence[11] A tai, and H.Yasukawa: Background Signal Estima-
of the saccade. tion from Multi-sensor Signals Based on Outer Product

These results show that the proposed TPEFAE2 s ef- and Non-linear Filters, Proc. of EUSIPC0O2008, poster,
fective to reduce EOG artifacts related to the eye movement.  2008.

5. CONCLUSION

This paper presents the method for reducing the EOG arti-
facts corresponding to the saccadic eye movement. We con-
firmed that a TPE-AE, which estimates two outer products,
is effective to reduce EOG artifacts in a raw EEG. Remain-
ing problems are to only remove the EOG component and to
extract the saccade-related EEG from denoised signals.
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