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Abstract: Severely paralyzed patients encounter major difficulties with daily tasks, restricting their independence and quality of life.
Over the last few decades, brain—machine interfaces (BMIs) have emerged as game-changing paradigms, enabling patients to
voluntarily control external devices (e.g., robotic arms) through neural signals. Among the key components of BMIs, the decoder,
which interprets user intentions from neural activity, has significantly improved with deep learning. These deep-learning-based
decoders have demonstrated state-of-the-art performance in BMI control. However, due to their complex model architecture, they
typically require greater computational resources for training. This can pose a significant challenge for practical deployment,
particularly in real-world BMI applications where computational constraints and environmental variability may differ from controlled
laboratory settings. Models such as the Kalman filter (KF) are still popular in clinical and assistive applications due to their
comparable performance to deep learning methods while requiring much fewer computational resources. In this study, we compared
three decoding approaches using electrocorticography (ECoG) data from patients: the multiple linear regression model; the KF,
which incorporates temporal dynamics; and a long short-term memory (LSTM) based recurrent deep-learning model. This
comparison highlights the trade-off between computational cost and performance in real-world ECoG BMI applications.
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Fig. 1. Center-out task experiment paradigm.
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Fig. 2. Example of hand trajectories decoded by each model.
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Fig. 3. Evaluation methods for model performance and

comparisons across models.
[10]. TAIA oz, d5d #AAo] 3k AR mEf=A] o
FE T8 Bx =Y ATES SHsIon, A4 e
Ag A4S 71Fo 2 A7 (straightness) S B7FHATH LY
3 g Fx).

4 Az, £% 29 EKRSE 29 ZEHEKPE HE
2d 5 rE Hg)] ¥ 225X EY ATES JEG
(a8 3 3l 9%). TuFAE, LSTM 298 oS3l &

W ATES BT o= FEg HAH st o] FolxA]
%2 AR oA dErk

W, A4 A Fo = vKFSF LSTM Bdllo] 71 $-4=
gt d5S B3low, KFe 7P 22 AXS 715319l
(18 3 3ldk 982 o= KF 7% WollA 9% Axel o
3l A A ] AR Aol EAgE A v
o] $l& = Stk 53] 4 (5)9] A%M HOlR, o] =gt
o] YA 2 AuElo] A o]z e FE(jitte S
Wk = oglom, o]gk BAdo] AR AR olojis 7t
S0l ATl
4, 2H =HAIZHH

]
7} mae] A e e AR Hwd

[
o
i
fr F
-



T=J1H IHHIOIAS I8 2 J|8F CIZC

Training Time
120

100

E 60
e
40
20
0 | L L
\!\\9 & & :}@
7 4w A% 227k
Fig. 4. Computational time for model fitting.

El

A BoFrk U543 F(MLR), vKF, KFE E5 1
2 g ARRE el Agto] RE AT v, LSTM REe
v s vlaste] @498 11 A3F AlRES Bl o]E
LSTMo] zh= B33l JEQ T F-%9F 1o itk s A
Ao g W 4] kg mEp|Eel] 7)1 A o= FAHTh
5. BEQO| Oo|= XN H|W

wolzo| tiEt A A BMI 22 370004 oA

rr

a7 st 7k wele] wolxol vfg WzkE U AL 3
7he A3 melErh A T vlolE mEwAle ol

=
Lo
b

O] Z(Magnitude), X< A7+ 50 ms (Duration) =71 &}
oA AA S A} 7F Bdle] FHE L5 vl
gk Zlo|th. vKFe} LSTMS 974 739 FAIE Ao,
MLR-S 1-o] =0l 77}8}A] uk-g-8lo] 2 ~vlo] H(spike) S K
1 o]F 7]E £ FAIE FAYE KFE ol 9aks
HlaA @8 fA8hs o] T AT

29 59 Sk F I o) = A4 ARk} o]z 2

wol= 7 AEAIREe] F7te| wel RMSE7F Stk

Magnitude = 1e-1 | Duration = 50 ms

— True velocity
w— MLR
—KE

KF

E— Y]
83
- 2 1 S =
s -
Magnitude = 1 Duration =100 ms
180 107 17— B - N B T |
R —— R
160 | ——vir —&—VvKF 1
KF 10t KF
0§ st | —#—Ls™m

Velocity RMSE
g8 B

50 100 150 200 250 10? w' o w0t et
Naise Duration (ms) Noise Magnitude

5. ECoG HloJEjel 1o)== F7lel wh Wl 23317 g7k,
Fig. 5. Model robustness evaluation under noise injection in ECoG
data.

(s
o
oC
o
!
il
rd
10
[m
@
o
n
to
I5]
om
1z

=
E|(VKF), Z%F GE(KF), 183 LSTME Blal A3t 7t
mde] FxA B4 A4 S8olAe FEs A¥4e
2 ST

&5 7k JEe 7P 22 A3 Ao S BHolFH
2R 7FsAS Helo) w
& 7(}74)\4_0_ E?,i‘:]'. I=]3

1Tio=

i1
>
o
2
2
)
_iZi
)
o,
0
Hy

o]z F9] A= A
W, LSTM2 =02 74 SHlA 7P 953 458
AANE A Ao] A Znk el vls) wkar,
Alzto]l Zst ARt A4
2 AE = W2 kol = Bsla vlars] gl A
T2 fXEIen, BAE 3oy F2 A glo]l T&
7Fsdt AAZE S8 oA AHE FA = Tk
gsAdsAe 27t gtk wEA, B3 5 o
S Qs FHsk= dlels el Az AT
WAl AE 1 HH3 HAHS T AuS
T8k LSTMS 33k At n1g-8 aaision,

YT AT 1AL ARE O T A0 A
[e]

rm

e

oo
i

oy i v 2

o= AAIZE BMI Al=Elolut ARt 2hele] AlRe g
M= AE 7R mEle] A8l ¥ F o S AR

A, LSTMS 7
WS BAlEkaL, A
o] N g fdet o] & 21
d D AREA Sl wEt vay Aol ek ¢ e
Z, ARSA S R, 28] A8 sk, thekst o)
- 73t W gmy ol tidk Ay e

ol
e
L ol
ol
2
11
>
)
>
[>
utii)
=2
o
oo
sk
4

REFERENCES

[1] B.S. Ammour, E. A. Courtney-Long, M. H. Fox, H. Fredine, and
A. Cahill, “Prevalence and causes of paralysis—united states,
2013,” American Jowrnal of Public Health, vol. 106, no. 10, pp.
1855-1857, Oct. 2016.

[2] T. Park, H. Shin, and H. Oh, “Detection of fiducial marker with
neural network compression,” Journal of Institute of Control,
Robotics and Systems (in Korean), vol. 29, no. 8, pp. 628-635,
Aug. 2023.



872

(3]

(4]

(5]

[

[10]

Seunghan Lee, June Sic Kim, Chun Kee Chung, and Sung—Phil Kim

K. H. Kim, C. Jeong, J. Kim, S. Lee, and C. M. Kang, “Neural
network modeling approach for vehicle lateral dynamics using
real vehicle data,” Journal of Institute of Control, Robotics and
Systems (in Korean), vol. 30, no. 7, pp. 696-702, Jul. 2024.

M. S. Willsey, S. R. Nason-Tomaszewski, S. R. Ensel, H.
Temmar, M. J. Mender, J. T. Costello, P. G. Patil, and C. A.
Chestek, “Real-time brain-machine interface in non-human
primates achieves high-velocity prosthetic finger movements
using a shallow feedforward neural network decoder,” Nature
Communications, vol. 12, no. 1, p. 6899, Nov. 2022.

D. A. Moses, S. L. Metzger, J. R. Liu, G. K. Anumanchipalli, J.
G. Makin, P. F. Sun, J. Chartier, M. E. Dougherty, P. M. Liu, G.
M. Abrams, et al., “Neuroprosthesis for decoding speech in a
paralyzed person with anarthria,” New England Journal of
Medicine, vol. 385, no. 3, Jul. 2021.

S. R. Nason, M. J. Mender, A. K. Vaskov, M. S. Willsey, N

Ganesh Kumar, T. A. Kung, P. G. Patil, and C. A. Chestek,
“Real-time linear prediction of simultaneous and independent
movements of two finger groups using an intracortical brain-
machine interface,” Neuron, vol. 109, no. 19, Oct. 2021.

W. Wu, M. Black, Y. Gao, M. Serruya, A. Shaikhouni, J.
Donoghue, and E. Bienenstock, “Neural decoding of cursor
motion using a kalman filter,” Advances in neural information
processing systems, 2002.

S.-P. Kim, J. D. Simeral, L. R. Hochberg, J. P. Donoghue, and M.
J. Black, “Neural control of computer cursor velocity by
decoding motor cortical spiking activity in humans with
tetraplegia,” Journal of Neural Engineering, vol. 5, pp. 455-476,
Dec. 2008.

V. Gilja, P. Nuyujukian, C. A. Chestek, J. P. Cunningham, B. M.
Yu, and J. M. Fan, “A brain machine interface control algorithm
designed from a feedback control perspective,” 2012 Annual
International Conference of the IEEE Engineering in Medicine
and Biology Society, pp. 1318-1322, 2012.

S. A. Douglas, A. E. Kirkpatrick and I. S. MacKenzie, “Testing
pointing device performance and user assessment with the ISO
9241 Part 9 standard,” Proc. SIGCHI Conf. on Human Factors
in Computing Systems (CHI'99), pp. 215-222, 1999.

20200 gt A=kl E4l
20213~8A] 4l ok nt
olowtlAFelI AubgEdty At

tay, 714
3]

2002\ FFN S vlo] o |t A 38}
(FIHAD. 20047~2014 A&vhshun
B A7 24 20143~2023\3
Agtgtal 7 =HTATY AT nlF
2023~AA] A=ostadd o] s
AT4 AT g FAAEFE W71
AEj o) 2, A olu]A, Held.

g7

199313 M-&vhstal ojxtefehel 417 <]
FHE D, 200613~20231d A1 t3t

aEY A waE 20139~2023d
AgoiEha ¥R #ek} W 2023~
A Aehetal okl A7 tst
A7 AdAT TAlEoks S us

w717 QEsAlo] 2

a4d

2005 University of Florida, Department of
Electrical and Computer Engineering(--2}
HAD, 2013320201 &Abelr) <)
Q7kEel} e, 20005~ LAt

7149 ol el At W Al
sopiz 417 tad, w717 SlEsol,
A7 s wa,



	뇌-기계 인터페이스를 위한 모델 기반 디코더 및 딥러닝 디코더 간의 트레이드 오프 탐색
	Abstract
	I. 서론
	II. 본론
	III. 결론
	REFERENCES


