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Abstract Brain-Machine Interfaces(BMI) are interfaces that control machines by decoding brainwaves,
which are electrical signals generated from neural activities. Although BMIs can be applied in various
fields, their widespread usage is hindered by the low portability of the hardware required for brainwave
measurement and decoding. To address this issue, previous research proposed a brain-machine
interface system based on the Internet of Things (IoT) using cloud computing. In this study, we
developed and tested an application that uses brainwaves to control the Pong game, demonstrating the
real-time usability of the system. The results showed that users of the proposed BMI achieved scores
comparable to optimal control artificial intelligence in real-time Pong game matches. Thus, this
research suggests that [oT-based brain-machine interfaces can be utilized in a variety of real-time

applications in everyday life.
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1. M2

ARERIEY, 134l & 34l 7 dda ghEE ok
gk HofollA] QI o] A9 HlJo] FRAIEL Tt
F|Zolle HuE o]gste gZweg AnEZ|VE &
215 4= Qle H-71A QI HolA At SsAl X1
H3 IeH1-2]. H-714] UEHe]ABMI, Brain-machine
Interface)= AAAMEO] H7ASE ZHsto] Q171
AB2-E t39(decoding)dh= 71&0lth. BMI 7142 &
|0l =2 7IeREA BR, EE A AX 2F 2
2 o FAY 2A{3-5180 ofd=t B AdE) mpet
(6], AAA(7] & ThFet EofollA A= Jirh

Hukg SAcks WS 3A JE5H T HREE
U o 2 ro]Ath Electroencephalogram(EEG)
HIZAEH 08 T3 oA H5F ol-&ste] SHt= o
mo|th8]. EEGe A1BAIRES A714 As7t FhE, &
g Baoto] A=) 2o thdet HS(noise)Tt
olgJWE (artifact)7t Zo] EH=E Tl AUtk A
gt QY A& Fol Ha §lal S AR 4= Qlok
= Aol . SHH, Electrocorticography(ECoG)=
AL5H o R Tl QFE MO HHA A A
A5t E7g5ke HufoltH9-13]. ECoG2 EEGo= &
g Lo]X, olEHET} JHoR HA|gt 54 Fl5]
Al Yatd =gl Basirhs Tl Stk webA EEG
£ 0]&she H-71A A H|AT} grlglo] o]&-517]9
o Agsict.

714 QIEHo|AE AEIEUCE AdH thefst
oA (Edge) HHPeIAE Alofatrlol A7kct AA A
|2 Qe mo]Aolct. SHA|TE AUt Hu} £4 A=
UR 331 EHst] BN X&7hssHA 285t
7] olgeh. &3 549 HuE 4517 fsiAdE 714
o] 7hsd ZEA|A7F At ol o)X tHlolA
oAl FAst717} ojPrh. o] EAIEE sidsk] sk
A ST9E AFBE o8 ARERIEY A& A
ot} AXTto 8 ZEE Hue Ay 245 FE
A7 AFEAT [14]. 2 dAFoliE I $H02A
ARERIEYO] A2 4= 1 AR GG IA AR
o] 7ks3t A A'd(Low Channels) T4 WHu} 74 7]
£ o83t H-714 dEHolA 3§ AAE AtetarA
gtk FAF 2= 2 FEYA(Neuralink) Al A=
LHIE AR HE AFHoR FHsto] FAREe
& & AYPong Game)d] Yi(ban)E FFst= tlR
(1515 vIAEH AA”oR FEstaz gt Bo] 7|1&

(motor imagery)°] obd 2& & (intention)& 23
Hagde 4+ UAS5Z Btk

2. AAHN 33

2.1 22RE ASQUEY 718 H-7|A QIE{H0]A
7o

£ AFolMe H-71A JIFHIAE IRkl ARAL
7} ARESH] HEE o)A dAtollA AdE SER-E A
ERAEY 716t W-71A A" o|AE -§-8otrH14].
Hup 242 AFHY AEThe St E AAHulo|
Ad 74 Hu 574 A OpenBCIE ©]85H3t
=714 I o]l AMGANE QoD HEHS] o
< 59l & AYES FYIEF 519 o, FA Hut o
o[E|E oplE Y AH|AAWS)Q] AFERIEYl X2 EF
(AWS [oT)& ol8sto] S AHE A o
AgE Hujdlo]el= AAZe 2 AEZA] S39 AAo]
=11, 7+ Hutdo]E 9] H[e} H|o]Eli= DynamoDBe]l A
Z HEE olqith. T3 Hut tAt= 7|AEg o]
ZH= T Sagemakers Ed| SM45ol1 2EIEE A

AstHt (Fig. 1).
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[Fig. 1] Brain-machine Interface System based on
Cloud IoT Service [14]
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2.2 ORIE = AAH

Z AU HuE diEshs AT ALY AL
oS gt} AREAS] BEG AleE $-skL AREALY]
=g metsto] o]E SMshs 7|AISky HES W
HE(decoder), AAZFOZ EEG A&7t 43} o]
HE $40l= 2E(collector) 13l ARGAPE 7]AE
& 2Ee o]8sle] F AYS Aok LE@pp)E T+
g€t (Fig. 2). £ A7olA= EEGE ol8dh= & AY
= "RI=FMindPong)el2}t s3It

E A3 AL 23 AT Zdo] AACE Yo
. 2%(Training) AlAolA TP = =ut
g3gg 7IAsks BdS T Y8 EEG 459t
ZHA(Class) dlolEHEHS] 29 WHE 3ot
t}. 22 dolel= EEG AT - FAof SHE
on gyt 92 Eke BHE A4 de SHA
#S 1, oFIE Weirle BHe A4 g SEHA 3
< -12 sto] -5k
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[Fig. 2] MindPong Diagram

2.3 Hof Hjojg F

£ A7olA OpenBCI FH|E o]8&5te] HuE &4
319 OpenBClE= g 16709] A= A Al5351A
9k, AREARY] 9%(Intention) A1%0] sigol= HHSF
9 uE 345k F7, F3, Fpl, Fp2, F4 181 F8
Aok ARgRT) =k &7 Au|e] AMEF FolEx
125Hz82 133}k

% 2079 WFAH20d], BMI B FdA, FAME
olg3sto] Hut dlolElE st on, tIt 1Y
A YA wFAt 102 B2 3024 A¥S A
SF3iTt.

3 EEGY AlS F4& FRIsH] HaiiA ARt &
< 71E08 49 =5 dolHE Fuk: g 19
e Eelokginh. E49 Hubs AFn GoollA &2
TE 7M1, 1Fn goog mert WolAle A4
A<l BEGE] 54& Hol =900

kel
s
&

2.4 &|o} HjO[H HXe

£ 7oA AF8E OpenBClE 0.5%9] HHE 7}
A3l 125Hz9 A& HolER Hlolel7t S =T
wrEbA] g Hmuit 62~63 Zol9] AJAIE HolE7t &
J=| e}, EEG HlolE]l HA = AT 7Hwindow)o]
3z2 6719 HH 9 AAE HolBE ol&stler 3%
AIZE F7HE 0.5% HE(bin)attt o)EstH A E 2
Yot

AAe= 1Hz odRt BI== Stolsia T
(High-pass Filter)?} 60Hz °idt B3tel= 2 QoA
ZE|(Low-pass Filter)S 2831t} o]& 2kQl ro]=
(Line Noise) AAE sl 60Hz =2 TE|(Notch
Filter)& #8530t

ol uu Holg EAH(Feature)s F=E
(Extraction)st7] 984 0.5~4Hz, 4~8Hz, 8~12Hz,
12~30Hz 12]11 30~45Hz 1+ Baots e
YE(Band-pass Filte)& 2-8sto] HEKDelta), AE}
(Theta), ¥1HAlpha), 181 #EKBeta)] st 4

o

=
1o

2.5 &It CFYR JAE B

wukE tEgel] 98] ALt |As BEe A
7t Hlole] A2l AHES vad 4 St uie
AFEH REE olgaigT. WEA} A4S e
9, ollz gl WHe A7k vo ZHH BEG
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Yolge AAesle] wut EHES ok o] 7|%E
Ze)2 dolgE ol gsle] 71 Ass mHo] AHgAtY] ¥
e gage 4+ YES st

2.6 DRIEZ &3 ZE 20| Ml
2 ol 7RY vllESL = sje) AHoR
A=t WdxL9] ) glolg £ nd TS
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3 g AMoIAE HEAt mUE Se dhehia
sheiol] BAI5) Qo] wet 9] B ol WaroRo] &

% WS Azl shel 4o 98 YSo] X
A, 9] W PP PSR A5 A9k W 9
ol ko2 EAHT Lk Ho] A0 Sz

o 9

%ﬁ}cﬂt}. s ol W BYe sk A
A A9+ W ol Hol Mo g AL LY
] ol 015 Foach. WAL BUE Sheo] EAE
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[Fig. 3] MindPong Game

Felo] ARAIAE 9% sjel B AgA5o] 25}
L oyl EAE R 02RO Ok} WA 2ETE
st EAEUCHFig. 3). Befle] AHAME dol
27o] 7%0}5& HABte] Fo| Befolo] Fel o2
= ohgl 2o £AY 1) trrt AFoE 3L T 2

ol ¥ &g %ﬂi A 4 =S soict. o
F o] st 0ol® itk QIzke] Wizt Bejolg RISt
T gt A5oR Fo| Bolet Wake o Ao
& 24017 slo] glor, yolw=rt 19 H9 Hvt
Yol S £FINEE Sloich. Wol=rt 0,52
A9t st PPolst /1A BHL S0% AB w2
58 dsEr UrhE gdo sk PP 250ms
o} st cl3Eg JASs BRAA §Y 4EE 1
=S Soich. ARt Eshe A4 A9 dol
71 091 42 Fo] ABFA% PO Bolor A
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< Atete] i w7l A oR FAo| =S 519t
7} 220l £Hh(speed) = 28T 4 Y=

st
=2

3. Zit

Z 10789 oA oAl 2k ut v3ig-g
4 =351 dol = (Difficulty)7} 0.1, 0.5, 0.9Y
o gitfo] ZA ¢ ﬁE(Speed)ﬂ 59} 6Y A=
Sto] & 1099 AlYE 384 XPstaL, o]F 1094
Bato] Aks i—@o}w:‘r. 3557 S8l Alddel
P 59t dFA 0] T ¢ % ?&—-—(AI Hit)2t AM&
XPP T2 92 34(User Hiv), 3450l 32 & o

2 34(Al Miss)9F ARBATE 32 & 92 Sl4=(User
Miss)E 71553t

El_‘Nm

(RO < = R

(Table 1) Results of Al vs. User Hit

Al Hit User Hit
Mean 1.2 12.18
Variance 3.82 9.41
p-value 0.04

(Table 2) Results of Al vs. User Miss

Al Miss User Miss
Mean 6.5 3.48
Variance 3.92 3.98

p-value 2E-13

(Table 3) Results of Al vs User (Difficulty)

w01 | | | e | i
Mean 11.25 1.9 6.95 3.15
Variance 3.78 11.25 4.89 4.45
p-value 2.2848E-06

=05 | | % | v | b
Mean 10.7 12.05 6.85 4.6
Variance 3.06 10.16 2.45 21.73
p-value 0.05

om0 | o | e | |
Mean 11.65 12.55 6.5 6.15
Variance 4.56 7.84 8.68 13.08
p-value 0.26
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Table 13} Table 2= AA| Aulo] tist QAFZA 53}
AR8ALY] Hit, Miss®] Aztole}. QIZA59] 3¢, ¥4t
o] 3.82, 3.91% H|&A Yo} AYe| ol 9 £Lo}
Aol vt 58g Btk Miss 2379 39 AT
Ae Bt 6.5, U AHEAY] B 3482 AREA
7t #2%= Bo] o Atk

Table 32 Wol&zof ut2 ZArfolrt. BE Ho]rofA
ABAST AR Zpol7h EAFHE Btk E5F
o|%=7} Z7FehHA ARSALY] Miss BotgtE S7Foko] Ak
A9t AFAS] B2 FO| Bt Aot FolEE
2L 2o1ak 4~ it

AE T uaE T OMRA
Table 4= A2 THE dolmoflA] Bijo] S3Y &=
(speed)E WA3to] Mt Axfolct, whro] &2 &
TE 594 6o& —7}45;%—% = QL Q1EAEY]
Hit7} S0l S71oks FAIE B3t dol=7t 0.1
739, AFASY Hite 9.901%1 12.602, ARgAHS]
Hite 10914 13.82 Z7I5tirt. §hH 13459
MissE 6.6914 7.30% Z7FIFA|TE, AREALS] Miss
£ 3.6004 2.7 @obFrt o]# FAls o dolmolA
T o E el
TS uho] 229 &7t 6Y A9, dol=7t =ot
AHA A 5T AHEALY] Miss7t A S7kok= 3%
< 29k 99 23 27t 59 AS, JdF3ATH
AEALS] Miss9] Aol th2A yergth AREARY
Misssi= Hol&=7} EobAHA] Zo] oA A|gk, Al
MlsSt Zo}Eth. Misstt A ol 0.1 0.5
FEoM = AHATE BAE o] B HAT, dolxrt
0.99 A9= ARBAE A= Fo] § B ZakE Btk

(Table 4) Results of Al vs User (Difficulty and Speed)

Difficulty = 0.1 Al Use Al User
Speed = 5 Hit Hit Miss Miss
Mean 9.9 10 6.6 3.6
Variance 2.32 1.78 5.82 5.16
p-value 0.01
Difficulty = 0.1 Al Use Al User
Speed = 6 Hit Hit Miss Miss
Mean 12.6 13.8 7.3 2.7
Variance 1.60 13.96 4.23 3.79
p-value 7E-05
Difficulty = 0.5 Al Use Al User
Speed = 5 Hit Hit Miss Miss
Mean 9.5 9.9 6.2 55
Variance 1.17 3.88 2.18 21.39
p-value 0.03

Difficulty = 0.5 Al Use Al User
Speed = 6 Hit Hit Miss Miss
Mean 1.9 14.2 7.5 3.7
Variance 2.10 7.29 2.06 22.68

p-value 0.03
Difficulty = 0.9 Al Use Al User
Speed = 5 Hit Hit Miss Miss
Mean 10.3 10.5 54 6.8
Variance 2.46 1.83 6.27 8.40

p-value 0.04
Difficulty = 0.9 Al Use Al User
Speed = 6 Hit Hit Miss Miss
Mean 13 14.6 7.6 55
Variance 3.1 5.38 9.38 18.28

p-value 0.01

4. 22

%= EEGE °ol&3or AdFH
Tk olgsto] A4S B3k Hfﬂr EERE R
zde A7 27t 7RSS 4
o} Z3H 08 Aotk ]M@]_ sutgto 2 vhl=g
AL 2351 HHo] AR2 Lol ABAETe]
g0l gAY o B 58 FSeidc Het
A B Q7E FEeE ARYL olgshs AHEQIEY
715k ¥-717) Aejslo] A7} Welm|ciolg AXZE Qe
olzo] Fgo] 7hsslchs A ww

25 e7RE 94 ALE Sl ABASE 371
St @ 4 QS st K36 Adsior & ol

E35] 2 Aol E 9 9HE &9l EEGY [
AAsFL AT Independent Component Analysis
(ICAE AAZToE 2-85to] Huto] 342 tiH] 41T H]
&5 =ole A7t B a6t (16l B3 A3 =Y
o] opd A HIAG AAY o, B4 f2gt A=
2Ho|E HEQA(Echo State Networks) 22 A7
A]%lul-g 01_9_6]- Etﬂ CE:'LO].‘—- 74 H:_o]- ki) 35].1—4. [17].
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