&3
=
%
Y
=
|-
‘-}\\g
%

® % vEie A4 e 2 v BlE i (TR RS

An EMG-based Dynamic Motion Prediction Mechanism

Using Recurrent Neural Networks

g4 R

RS S R R 22



o R A SRR 2 VR B E R B (IR RS
An EMG-based Dynamic Motion Prediction Mechanism

Using Recurrent Neural Networks

By ik Student : Yu-Lun Hsu

R B Advisor : Kuu-Young Young

oL 2

A Thesis
Submitted to Department of Electrical and Control Engineering
College of Electrical Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master
in

Electrical and Control Engineering
July 2008

Hsinchu, Taiwan, Republic of China

PERRAY LS ES



#o* YEue A SRk 2 R BlE AL B (TIE RS )

g3 6% R P eE B

R < EoHey-4d1 a8 tmpmlis

F &

d 5-9vf @ (electromyography, EMG) A 47371 2 4 888 6> 3, 2% $ o2 > F

WA KA B 3 S ATAPEMG ] k52 EMG A8 G o g 2 ¢

Foae g T I EMG UBLS H A SR e R F XK 0 3 ML TR Gk TR %
Fodm aAFET Y NP kg g ends i 0F J‘U?’]‘#_" BP uER L ok

il de i £ HEMG A6 o @ BB H . 'au;‘gﬁ EHRFFETF A - Faun
WH T my el B pRIBNAREDRFER RN FHEF > EMGC Ao FEHE
2 o (0 3 35d EMG 5L TRl e L m g Rl o ST EY A

B i 7 2L A2 EMG— 86 5 pt St 14 > 2 PR 7 - AL S IR 2LAL

p # fF 43 (nonlinear autoregressive with exogenous input model, NARX model) %
it vEar A4 & g (dynamic recurrent neural networks, DRNN) 7 & & § it pF 7 (455 {2

=

2z (vector-quantized temporal associative memory, VQTAM) % ¥ jg &2 - Ay # 7
G- @Az BRRF e pd R (degree of freedom, DOF) = A* i i - ch Y %
SR RET N A A FERDE > i T A %ﬁ“v} EMG 25 it

ZPwREEE o 2B EEE B AR IR LA -



An EMG-based Dynamic Motion Prediction Mechanism
Using Recurrent Neural Networks

Student : Yu-Lun Hsu Advisor : Dr. Kuu-Young Young

Department of Electrical and Control Engineering
National Chiao Tung University

ABSTRACT

Electromyography (EMG) analysis is very effective for interpreting human motion
intention. Therefore, many researchers develop novel EMG recognition systems and EMG
human-machine interface. Among them, some studies have already succeeded in
discriminating fixed postures using EMG signals and applied the techniques to manipulate the
prosthesis. In this study, we plan to further recognize their continuous dynamic movements
for constructing the EMG human-machine interface which can accept more delicate motion
commands. In addition, the amputee can also use the prosthesis to execute smooth movements
just like ordinary people. The goal of this study is to identify the relationship between EMG
signals and arm kinematics during the execution of the continuous forearm movements, and
predict the user’s intended forearm motion with EMG signals in a real time manner. To learn
the EMG-kinematics mappings with the dynamic and nonlinear characteristics, we propose
using the nonlinear autoregressive with exogenous input model (NARX model) which is a
kind of dynamic recurrent neural network (DRNN) and the vector- quantized temporal
associative memory (VQTAM) learning algorithm. We are carried out the experiment based
on three subjects and two degrees of freedom (DOF) dynamic movements. Experiment results
show that the proposed method is able to estimate the forearm positions using EMG signals
during a series of continuous motions immediately. This method is ready for application on

delicate prosthetic control.
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FrReEE@pEaep 6O RFAHERESE TR R EH TR L
EMG 5 > 1245 De Luca 5987 5 [10] > 3 1B ARREXS 90 ¢ BLRE > 7 £ 0] | B3 30 55 o

N < mn/&'ﬂﬂm—s pESL 'F'Ti» = Eﬁ‘f’imfi)"/:\_} FET 3 F ,J.«;'K » ¥ léx/?]i#”ig_ra,

AT BB S IR S SR S AR T R o 10005 2 SR

A b REIE S b X

1\4

R ¥ i g;;glj.%z’# 408wk @At ERO PIFEHCT] 9= = Ep AV ok ip
S (ateral head) Vi FLAz + 5% AR B < 8 % Ui B A 0 T R L AR
PEARAF ¥ 4R e ST A RIE S g T T A 1k
PER AR o Buifs o ] FICiat e F 2 F  f ¢b %> @ A& [{]9v (teres major) 2.+ > ¥ (¢ &
R LA RS E 2 e A T g I A - 4
R e TR AR A T AR 2 0 TN AT R AFHWARFE LR

- BRAE FERICE B FCR TR o RIT R BB RO  F T
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(a) = 4[] (b) I (c) 54

B 24 REBAREEETLB o A (a) 5 FARE 0 (b) 5 REARK > A (c) A
fsALBE - B ¥ CHI~CH4 p|~ LR A P §EBW\ ¥z = ﬁﬁgm\ 3 & U
A QR AR 2

FREREACTECE 2 B FEP B 0T A TR P R

TEAINES S S o B 24 50T P TR T ECR 2 T ARARRES Y 2 E o

BEaep R XY RS BRI DRASAEE > TS AN R AT ERE
W4 & 55~500Hz 5 8 I Butterworth band-pass filter i {7 #iciz gk > 1 #-EMG 50
ARG EIAEF KA sy B e pla B A i B AR KB AR LR BTN
BB L EMG R4S TR 0B~ 5 L B e 4 i PRI g E o % fig
R F1E_F) 5 4ol 2.5 77 0 Rds EMG UBLR £ enF s s BLIREAE T - ¢
e FBR NI ES NS HERE TR 2 F L LD R R
PEILE E R N PR AR EE Y o P T XL - AU A 2T LR Leh
B LA AT AT R R T G EMG B o ST v JF R R R SR % kRl
BoA s e AR Y %47 [1,4,14,15,16,18,25] % EMG # 4 Fap B
v o R B 2 e E R R TR A D EMG ELE (T AT o it

B 2 et B 2 ek 20 495 0 3B BRI Y ALT TR W =300 Bk RE
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Waveform length, WL WL(t) = z |[EMG(i) — EMG(@ — 1)
i=t-w

Bias zero-crossing, BZC BZC(t) = z sgn((EMG(i) — bias) - (EMG(i — 1) — bias))
i=t-W

(1 ifx>0
sgn(x) = {0 others

Willison amplitude, WAMP WAMP(t) = Z f(JEMG() — EMG(i — D)
i=t—-W

_ (1 ifx > threshold
‘SN {O others

Average slope, AVS AVS(O) = L —wlEMG(@)| — |[EMG( — 1)|
- w

‘

Curve complexity, CC CC(t) = Z [IEMG(®)| — [EMG(i — 1)||
[ 1

Autoregressive model, ARM Hwmin BT 2 [15] -



Amplitude

EMG

Theta in spherical coordinates
T

: IR

_ 0

< 05
g I1a
08}
1 1 1 1 1 1 1 ~ 1 1 L 1 1
o 2 4 B 8 1 12 14 19 2000 4000 5000 5000 10000 12000
Time (ms) w10t Time (sec)
(a) EMG 31 5 (b) T A 38 # #Lin

B 2.5 EMG 3527 3¢ 538 6 b 4 PR B - () 3 EMG R4e3t% (b) 53 4k %0k 0
“tg5 i B Uik > T 2 LT EMG S 8 F 3 @ 9 foi &g A 4 B o

221° ihE BEE ZFFHRLAEN TN RO R TR > A L RT SN
% 22°% T fBEgA) 0 T BHE B OB AGER SR AR RS T F A Bk
MAV G B A #Hendific A &7 F phyep 254 S0 4 i glac £ 5% & o - WL~ VAR ~
WAMP-CC ¥ &% A 5Lk %t 452 MAV g & B @ 384 ek &1 & WL~ VAR ~
CC = 4 Tl &1 A 2738387 02 > #3505 0h = 7 §es > Fpt R B WAMP 4r CC 17 5 &
fo 16 ¥ e e B BZC ~ AVT ~ SSC 7 fo 0 prig e fi » 7 4 Bl 388 47 o dfgad R 4P B
S 2 BZCCAVT & 5 34 T30 0 @ 303U 2 i g §les > Fpt 2 B ZC e
SSC 1% 4 & 18 1& * e fic o Ec AVS ~ IG ~ LSG 5 - B e » Sl ¥ A B gl
RS FIAEURT B A AL g DR IR 0 T AVS S IG g AR BLE R g o
PR T R B LSG (F S Bfé @ % hdd e o H i ARM ~ HEMG % /a2 i § 8
A EMG LB - A 3] 07 R R E o PR T TR EE R A R §
& on b fids TEIR W] o F]pb o F A 0 FIER s Bots ¥ MAV - WAMP -~ CC ~BZC ~ SSC -

LSG % = A pcyd= iFvep 18 PP EMG M ELE (7 F P~ B 2.6 P & #v GRS o

%22 PREPEIEEERL

BRI BELHE

it MAV VAR WAMP

PR WL cC

*E & BZC  SSC AVT  HEMG
Al 3 LSG IG AVS

% B ARM
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Amplitude

Amphtude

Amplitude

RAAN -

150
140 + i
i 130+ i
1 = 120t .
2
18
| < no 1
T 100 H B
90 E
L a0 | | | | | |
12 14 0 2 4 B 8 10 12 14
Time (ms) w10t Time (ms) <10t
WWANP 55C
200 : : : : 160 T T T
150 + B
140 + B
7 130+ B
120+ B
- a
-
=
= 1of B
1 %
100 B
4 N 4
80 b
70F b
ED 1 1 L 1 1 1 ED 1 1 1 1 1 1
i] 2 4 5 g 10 12 14 1] 2 4 G g 10 12 14
Time (ms) w1t Time (ms) w1t
cc LSG
0.14 T T T T T T 0.1 T T T T T T
013 b E
012 B E
01 B E
01k B i
a
=
=
009 1 £ i
3
00s b B
007 B B
0.06 ¢ b B
005 B B
0.04 1 1 1 1 1 1 0.1 1 1 1 1 1 1
2 4 5 g 10 12 14 2 4 53 8 10 12 14
Tirme (ms) w10t Tirme (ms) « 10"

Bl 2.6 i (745 HcdpP (s ehz 559 EMG $ACUE L A58 - B 2.6 2% H
2.5(a) #7m EMG U BLie (74 pcdsem 8 > ¥ LR 5] > B 2.6 chif
# B 2.5(a) ] » @ 2t g phiT 2. 5(h) 7o A8 & Ui ik tg AR S o
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It A iEAp MR N RIBLE TR R S B AREE 2 0 bR BRERELE T
B3z L wid EMG #Hc % 8ci® 5 4 SRR % uffnﬁiﬂ »IEE o e iRypIE SR (TR B
thenZ oo B 7 - BB RCT G g R LR R B A 2 I R AR L
AT B 5~ A 2 4 245 (principal component analysis, PCA) 374 7 & (&
L 2 3 o PCA A R ificnd & A 49395 & HcR b ik i IR HA SR ES T K
TR L Ry TR ApM L 1R A MAE H (dimensionality reduction) 1
Fo fo— B TR EMG M ELrp BEAT 7 [8,19] 0 = 8 B pcsEq Gpep2 mhi@
PCA B> i £ 2 a8 i AW S ep i 24 d - &ge g8t
1?@?]7‘3%%% Bo- gl A7 dyed o im e FHREREFRAR > AP
z%%l@A%%ﬁ%%&ﬁ&’ R g A SRR SRR Y
W2 F o

A& PCA ehied@infzt » g F A VRT DR EFLFHRED

(standardization) e+ T > MR- FHEIE DF AL T HIE X OB L E 2 RFE o %

4
& el
¥

BRELGaRET AL L 2 %2 2L (covariance matrix) S I B 1 S e
(eigenvalue) A & #jpcw £ (eigenvector) ve R{s €& S endFjicie » B H xR~ A
P AL hy o hpg 0 HRESE e £ EATEA S vy, vy, e,V TR E TR
PCAhia il m ® o bt BHE S RAPTAZHPINHERELAA I w F anFT R

B

l“b

THRTER OB TAEE AL - L m BA A REE Ok

Wi

B RS RE R AR MR R 85% 0 > A R m RS A
Vi,Vy, o,V Bl PCA fEHE#i8 * chid S A e L Ve @ HEHEELVE > B
R el kRS - BT ER A R RO S Ly £ R
S Vo @ JE 1 i 1S m}\‘f—ﬁ’é.@?l re g f b, by 0 F TR ARV R s

el - IR 0 LR T AN AR ST 5 3303 M PCA B o8N w gl
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BIEIE / Pre-processing

.lllI-.l.I.I‘lKIIIllIIIIl..llll.lllllIllIllllIl.ﬁI.I.llllllllll-.-
: (x,y.2) (©,9) ©u®u: P
§ Lt | mEEe EAL 3
- u t Spherical coordinates transform Normalization E Yo AT B g R
X = | Neural network
L BHER » learning model
. Elsthdo o HrEURERY > ERES DT =
. eature extract Principal component analysis =
. measurement .
- EMG, Feature1 fy E
: (G2 i
. EMG,
. i
. Fea’ture211 5
;Ill--II-lIIII.IIII.III.IIIIIIIIIIIIIIIIIIII.IIII-IIIIIIIIIIIIII.
B 2.7 0 IR LR AR ] o
Bots o i r T o SR S REATERE A B 0 A T4 2 LT RIS 5

IE HTUBL A AT F 27 7 0 U TEL RS R B FAAIE S R

e

- BRERE Gl CERBPIEVUER D HEDAFD R ERRE N BN AR

)

B e ARG IR e e s B AR RSB T
BREES BARNZFATGEr EE A LR EVPR MY % o B> & EMG 52
Gooo F - BERE S 4 Wb R ¥R RIF e g H EMG AUEL 0 £ HE B
FHEMGHEE T AEfFcpizie > 7 - e B i 5d PCA

FRHR R o S RARR S m B R IR~ A SRR Y pRSTRE TR e

ZAR A d A GRS Y B AL S EMG T 0 FI B Y A 0 AT

3*3*

i ~ HEMG S F 8 AR I i IR B ARAY G B T REFERBL T R (7 BB o
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PERF ALY ORFERE & EMG BT R0 TR R PR R i i
BB o 07 R endic B o AT JRUTA R BT AT 002k Sengit o A RY
AEH KB EMG Ea 24 pEd Fan@ A i ko B - BR S AF Rk
Poo B FIAPMATE BT L0 o I B B WO R AT X A B R SR e
FR PR FE R LRSI P o B 28 - BAFF I VR ki
e AL UGk S ECA] S 0 REA R PR B (E R enflieis > g 1395 E o
B R A 2 AR A o A BRI R 2 A L S 4 B 01 R)
4G A AL TS BFHEEHAS P EEH AL Dol REH S TEESE U ©
TR R G R AT W Avep ok o 5 AR 2.8 i Y T A B
A RN T EE R 4 )]}{35.1 Gk ¢ BT R mgjglvh ) Bk
ORI R OR A kS Bt AT R B KT b ik sl i ih

AN SRR BB B FERA G AR 4 o

fifie A GRROEIILGY 0§ F LA RO R LSS 2 BT RR
LA - I B SO L ﬁis?] »Z o ZEamt g B Eﬁ $i- 7] (nonlinear autoregressive with
exogenous input model, NARX model) » B] 2.9 5 i3] chm % % 42 8] - NARX model 7
WARd B BINA e - B G GRE (static neural network) 25 i R 4%
2 (tapped delay line, TDL) » # ¢ #¢ S5 pe & % K g2 p 4 4 509 #7745 chzbauidi 4F
Moo oa R AP LT B s 7 PB4k (spatial pattern) 0 1B T EL
W2 O R e AR 200 e et e gl BRSO RGP TR
P4 NARX model 1) ZLiE2 @ 1% = ﬁ&ﬁ;&ﬁi%] NE AR BREE VORI N L AT

A o )1 B NARX model s3fim B I g2 44 7 12— % £ [13] -

N =5
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EN{EEfI W& AN b 1
Action o o Compressor
potential AN effort )7 S
> Neuromuscular Dvnamic model
model y
AN AR B8 hniEE
Muscular T ‘lf Acceleration
state | ppyReEZIE HEES
Musculotendon Numerical
polynomial - integration
T Motion state I
2.8 vup @62 KA L
Feature
F(t)= 'llllllllllI-IIIIIIIIIIIIIIIIIIIII:
Static RBF Network .
[fi(t)...fu(t)]T | : -
u A A .
_: ) & P, B
Fit-1) |z —= N N -
i :
F(t-2) 71 — O -
= s Fi N ; State
] : P(t+1) =
| | = T
F(t-at1) | 11— 2\ I [Towpess | LOM01N
. o filter
Tapped Delay Line. .
Plt-q,+1)| z11 3> :
to -
by ™ Q :
(] o o
Pit-1) | 5 e @ -
" A A :
toi AN :
P(t) "1 - :
I ;IIIIIIIIIIIIIIIIIIIIIIIIII-IIIII.

B 2.9 NARX HZ] 28 4 0] o 0t W2t * RF ¥ & 5 2 i@ ds x5t H S 5L 0 st
TR 280 Fd REHAEIM SR INOT AR > B HERRE KRG
e B4 REEREEE Y R E R g AR



BEEFAER 29970 2 NARX 3] &30 > ~ 2 2 (758 2N A dp b B8R4k o
AR 22I&TE (O i=1~m L ApEFRF tFSd PCA RJL @ i2 » NARX
mwdmm@ﬁ MBS iU MEEE K- Bﬁﬁ—%gﬁ@tﬁxﬁﬁxég,upm
27 okd qf X TDLeri@ 8 m # § F(t) ¢ ehf - BAE LBt 72,3

F)  F(t—1) > - » F(t—q¢+ 1) 1%&@%»%}%@& s AT e - VH - w

Il
s
=

R EE] qexm AR~ 3 F e R F, (t) » 4 1¥ NARX model ah 204 »
%k (exogenous input originating) ; F ¥ &R 2.2.1 & 2 & > F p(t+1) & 6(t+1) &
B t+1 d NARX model o f] =+ A5k i “rily &) 0 BRIk AR 80 & B3 B
w8 Plt+1) #7 o G0 wigd e q, = TDL 88 a %o £ P(t+1) * %50
A PHRAGEREEH CFFEAEL > 7S B AR E2Z PO PH-
Do Plt—qp+1) 2 isipiind f#sLsE%- nE-pwE4i7F - BF

I qpX2 ARFREZRF» 2 P—qp(t) ' - 1F NARX model i &’F‘v’: (regression) L o

Byt TDL chiE BB E B {qpqp) 2 3% 28+ ] & 9rake] 2 X 4ok sehff dic (order)
BB R R RARE TR R D RAR S 0 A R AR TR A R A

jeAR S o g g FENTDL KR g #REZRSTDL LR qp £7 - L&Ak

AHFURR AR RS 2B R P () BREZE S E P (D)

v

& (qf Xm+qp X 2) ARG E X() £ 0 e ERF S 4~ BT (embedding
manifold) w» & > ¥ LU HF N A 77 e & F OB Ao T

Fq, (D
P, ()
[ E(t)

X() =

F(t—qr+ 1)
- P(t)

|P(t—q, +1)|]

_ [0 -+ fn (0; 5 i (t = g+ 1) - £ (t— g + DT 2.4)
[p(®); 6(t);-;p(t—qp+1); 6(t—qp + 1)]T '
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#30 %  X(© 5 NARX model N 3048 4 ig ity » » £ > R 4|
(e xm+qp X 2) 5 A GRE R~ SR o T $HEF 2.9 & $HE B NARX model

St B AR RTE AT S i AR R i
P(t+1) = F(X®) = F (P, P(t— ap + 1), F(O),~ Ft—qr + 1)) (2.5

PR F() % £ NARX model 28 % K i (7 2L 4014 P b cnds fi 5540 55 RS o

Lig- 5T ?f%[13] B FN(2.5) wRER t ATy W bR v %i;\ﬁ%] dros b
SEEE X g4 e P ifi2d ¥ & (conditional expectation) E{P|X} > @
E{PIX} E B & A& 4 arif 2 % 5 % & S #ic (conditional probability density function)
fpx{P|X} R143%5 Parzen-Rosenblatt density estimator ;% Pl » 1 * %3 & 3 2 ot f | e
TeHEATRES 28 X P) 2= S8 (kernel function) K(-) » ¥ r2 gt iF iy

fox{PIX} @ % E{P[X} @ i- EF 5 :

sy (B 20)

E{(PIX} = FXX) = =
Zlhf:l K(M) k=1

Ok
(2.6)
H o
K(”X—ik”)
v(X.Xy) = ok _ =12,..,M
M K<||X—Xk||>
1=1 Ok
2.7)

I RF P F R R IS KC) o RIFRY S RES 274 (multivariate

Gaussian distribution) ¥+% & & & ghig 722 =



[IX — Xi| 1 ||X_gk”2
K( Ok ~ (2nog2)dim )72 e P k=12..,M

2.8)

HEI ST I (26)~28) RS NEHET S LR L AR (normalized
radial-basis function network, normalized RBF network) » » & _p*# 7 * &k i¥ 5 NARX
model P 83 {5 5740 L gL N3 HEe @ £ 274/ T| normalized RBF network £07F # - T
25%(2.6) e7M f& T X & normalized RBF network i & &) & 7 &2 4% S ez P > i d
WEBRATHERETZE - BRIEAEE > T M B PREESRATHEEORAR
Bc; 23827 ¢ \y(X Xk) RIE A 57~ ehis it e (activation function) » & F 5 & Rt
# & S #ic (normalized basis function) ; @ 2 3%(2.8) ¢ xS Bicendr 4| B o FAATTFH
#c (spread constant) # % % (bandwidth) - § FHdlfr ez B9 BEFE R |5 F
Tl X, PIEY kP o fchd B9 v o =¥ o @ 4o ot ded A TR
g m@?l *RAFAHRZED B 235 (2.06) ¢ P, ] % normalized RBF network * % /&

Fram i@ eRE > Fikd RAFTHES iR AFTHED -

FEL 0 23%(2.6) ¢ “r4s it cinormalized RBF network #_#F i Nadaraya-Watson

regression estimator £11% 3 4 f L 32 4 0 H ¢ \V(X Xk) RIF AR 5 % K2 %T4p 00 B @ 4

e ff ehde B S T 3t B 1 $ 00RO ¢ Sl A TR 28 X()

—~~

BAAT S Bk A Xy B0l BT ik AR e P e HE S 0 I8
P(t+1) - ~ 115255 24) > X(©) d Py () # Fo () #rma R
normalized RBF network &_% I & BT ik P—qp(t) WiTene artk A ghe ’%ﬁ d F458p
i %‘ﬁi%l INE= Y4 F—qf(t) B 4p 1T BT 3E aﬁig?l v KRR R BRT - Bk A A
P(t+1) > £igd wiesr TDL {405~ 6 IR G 15 > B 03Tk Pg (t+ 1) 2471

A s

W qu(t-i- 1) %32 # normalized RBF network ﬁiaa] NT - B AMRE R R W

NARX model #3& i o

23



223 By i

ek @ M e 1% 2 E R ORI B R R R E 2
“T R RIT 9 EMG $cr H i@ bk 0 B B R 20 ing o eikie A R
B R A SRR AR 0 N w R SN B AR R Y oo A
GREF SRR S RRESRF YRRV AR £ 0 2 Mg o Gt A
fRfgerit ® By AR anfdag o A7 Y & ¥ 04 Narendram ¥ Parthasarathy [23]#73# 3% 7
- f¢ ¥ %4 (series-parallel architecture) » &8 78 Hi2 £ 5% 16 K ¥ 3] 5% (teacher

forcing form) - & - g B BB O PR A RNE TG BN R A R

=,

“i& :enfiy 40 12i% » NARX model # # fi #7405 S B ik A&%?J/\iﬁ £y %1 WAl
B 2.10 #7571 o o B d iﬁﬂé%%‘“”‘—,«éiﬁﬁ A S RREFE Y e LT
OB R A R A PR P 5] L5 R TI T U b e Y R 1A
BRI HLARELERT TR SRGNLF I NG G2 g Y
S 4o REEA R 50 TDL 800 o B R %5 R 45T B3] b 0 0 TR E
% TDL hif AL S+ 85 ~ X(n)16 > £ 4% TDL » deit jodr — i) 15 e B 47 8
AR R R o Flt 8 3 NARX model ¥ 7 normalized RBF network 2. $-#cp
TE LG A SRR R RS Y R 2 AR AR R FE 2 A 3 20

pya ) ) |4 _‘_‘/ Ke :\7" :r
A3 R A HBT EL o

Unknown Actual
» dynamical > state
system P(t+1)
A Predicted
T state
A
F(t) == D m=—p — > P(t+1)
L
X(n) Static RBF = Winning
Network heuron
T K*(n) .
D ) 5 Leaming .
L algorithm
L I

F 2.10 £ * 5| NARX f3lend £08 ¥ 2 1H - £ 7 4 #7

#ﬁ?’ﬁeﬁ])‘ 2 FLon 3w > % Jd H 5?:@@»@751?7}1“—‘&1 G o
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INAEYFREZEF R 0 RHBLNQ6) HE *Hgd ¢TSI E

2
_r
'
o
c
b
)
&
)/

-ﬁ%l MPTRF AL F FFE E S A > 0 F 5 normalized RBF
network 3] ¢hi & S8 {X P} e e & B e A K (memory-based) &4 e it
Aai TR F e AR S EFTHEDRRT EAAFTEFRVEFD
RERE > #7005 PF € 31 » A2 2 (prototype method) ™ # F P « (clustering center) ¥ Z
THED AR FETHOELEA S U R AT ET R RS MERAERR - KA -
derig o ehzbdg 3% (unsupervised) #FUF & 2 0 4r k-means algorithm - ¥ i 44§ H -
FTRBEFFHRC F R P A R ¥ §F (kernel-based regression) 4p B cHR AL o

fe P 47 ﬁia?] ~ ﬁ;—] Mo By B A AR R T o JE g AR dE b i & 2 (4 pseudo-inverse

method) ™ EJEH & % R AT o (b ek $P TR 19 8 MU [ 2 ek k2K 4
Lo gt » AFTY 51~ Barreto ¥ A [5,6]%7% B - ARG AN EHRFEE e

£ & iR e (vector-quantized temporal associative memory, VQTAM) > i& i /&

B KA p A e S 5 feph 54 (self-organizing feature maps, SOFM) o L NE I A TN

g

R AT e B ALAUL T G RATY ST B Bl B TR B R 1T 2

]

1\7'3,,
|4

VQTAM i 5 i2 A >0~ B i H ek - Gl » 2P S 3P fp AR 5 wiF
Sode (2 i )k 1S o T E m‘ﬁ/@ﬁl e wwApL @ ’ﬁtﬁs?] ERURAETES oY Y=g
10 00F R L& o Fl VQTAM i & % @ e B prototype & ¢ 7 — $+ & {Wim, W™}
AT~ R S 2 R 0 A § L prototypes sl » HER Y win =
d SOFM i & /& e m 1P »Tw@?] > F AL B (T E R EF > B prototypes m@?] hERA
o ytxﬁkﬁﬂf%mﬁ PR e i (TE R Ao g AN T FER AT
R P ts 0 BB F B prototype e B4 {WIR, WM ¢ 4 ml e %’(f‘]ﬁ%l e ]
gi_;,] Mg B AT ¥ R AP I F A pc? s prototype ﬂkﬁfﬁ‘*ﬁ‘ bl ﬁsa ”/%] N RERE
Voronoi cells =%t e B (% > @ B 2.11 Pl E - B HE a7 LB - fﬂt“i’%‘f VQTAM iz # &

WigE 2z B > ¥V @ % prototypes shiF e £ ¥ { ngut} 3 AR A TR
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Input

space
B 2.11 4 VQTAM i & i #7i& = m@]%@?] VR B PR SE 3B o B¢ en2 BRI &
prototypes A 7 & £y » gy 1 Fr it Lo BH AT~ hFRT B AR
prototypes sPZESUIL P 4 gy I 2 B P HIIHEE -
2_ Voronoi cells p e#7F F#LBL# 5 normalized RBF network =i » %-#k {X, P} &1
FTRWPNIE UG AR O MBS R R (A d RNSRM A N 2

MR F AL gL > M Bl EFR Y o eniB ey 7 5 normalized RBF network 4 5

)

TREREYFHEFY R F MR T2 {8 Bt Mo J1 % e 8 1 8%

FH I VQTAM i & % » JC EMG T &3 eri@ ds ke i @ #p-ph st bl 0 > 0% kA
NARX model %&ﬁfg%ﬂﬁﬁﬁ”% AR e B L B /?I FFwRER g o F

P Rk B TELPI D ety @Bk i 8 EMG B R R 2.2.1 & f7dy i 60 2 s (off-line)
e fﬁfii?‘lf‘?@f%ﬁ?ﬁ?} 51/@?] PR T IR A AR 2 AR P2 PCA B R T
BT R AR kR 222 & kA Wi {P(),FM)|n=1~N+q} & ¢
q=max{qf,qp}°~£zrl'ﬁé“f:?‘ i it 0 R TEFEH AR LT TR E RS N+q £EF
BB THE TR LA AT HIA TR NG EATR PR L -
& NARX model 3+ & # » 4 & B gLarie (76030 (on-line) FpFw 3222 TDL AJE e

WAz e B 5l AL A S IR RT R LeT
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( {P( o [FT(Q)"'FT(Q_Qf+1)]Tl } n=
TP @ P -ap + 1) o
{P(CH‘Z)' [PT(q_I_l)...PT(q—qp-l—Z)]Tl } oAt
[FT(@+N—-1)-FT(q—q¢+N)]"
\ {P(‘”N)' [[PT(q+N—1)"‘PT(q_Qp+N)]T } ot

[FT(n) - FT(n — q¢ + D"

[PT(n)...PT(n—qp+ 1)]T n=q~N+aq- 1}

={P(n+1), I

={P(n+1),X(n)|n=q~N+q— 1} (2.9)
Flgd BV FHEORV A HTREFLEL AT BRRLRAT GRS NI &
F2E BN SRR RTREE (Ph+1D),X()} - 7 g m > 2P R K
PR~ I8 X(D) e Tk SUR B Py 94> 24 EF 4 Sy B e B

Tode™ KR8 VQTAM 5 ¥ 7 5 2 {97 @ 2 VR FTARLE 7B Bt = 2

AR A SRR BB AL 0 1T SR R INAR

LA e it D R P E R LY RSP M Bk *Fiew £

{Pe(D), XDk =1~M} zd=daE > - B & * PP B 07 2 F ¢
2. PR L AGVRTALE Y ERPE - 2 RTAE (PX) B wE Y

3. AP MR LR Bl BN 2 F R4 (minimum-distance Euclidean) 35 F &2 % n

:’:gﬂ'ﬁﬁiiﬁlﬂ v g X BTinaERE Y o Xe(n) @ ;5"%'?7 (winner) kK*(n) 3 :

k*(n) = argminy||X — X ()| (2.10)
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4, {37 @#* VQTAM jF & 2 P { #7EHE Y < {f(k(n +1),Pe(n + 1)} :

X (n+ 1) = Xy (n) + n(n)h(k*, k,n) [X — Xk(n)] (2.11)

P.(n + 1) = P (n) + n(n)h(k*, k,n)[P — P, (n)] (2.12)

At n(n) A EEREROFEY X (learningrate) ¥ 0<n(n) <1 H & F 5§ F Ri

o B BHR | o - kG B 2 FRY o Xy ol D HR o P, #rid * &

VEI - &R AL F n(n) 7T A5 A R

n(n) =nyexp (— ;) @13)

M
At h(k'kn) &% #8:iT % & 5Bk (neighborhood function) » ¥ & 4¢ &~ i o B3

BREWRFE HBRE LA TP B M IR MR

h(k" k) = exp (_ || (232_(1%@)”2) (2.14)

AENNQI14) P fe) () ABHEESER EA K B k H A A

SOFM ¥ 2 B P cht7 | =8 » - ¥ @ % - AT g 0> %%iﬁi\%ﬁ@ﬁ n,
ek 25 B(n) R A

oL 7 8
G-

BRI
FOAEBR L 0 TR 4T 2 N 7 g ok

B(n) = Byexp (_ TE) (2.15)

B

ZoTHRR G AR (2.13) & (2.15) ¢ i, frBy AF kR A E A 1 frTg
PIE Rfpdlifpad & o

28



50 FEY nHa 1o wI ¥ 2H 0 EAFSLERAE IEFFLAXTELN IS

pag];o

6.ﬁ»i@#ﬁrgﬁi%&{m@)ﬂmngﬁVQMMﬁﬁéﬁ%mﬁzﬁ’

% {4 & BB Kohonen rule £ 3% > & ﬁig?J » 7 B 4E 45K Ay 3% Z_normalized RBF network

Gk A BA PR o MR A E BB EERE A AR AR RS
A 2 ¢ (holes) » @ Kohonen rule s> ;8 4o ¢

_ min[|%y =Xy
ok = ———

(2.16)

55

r & R E S (overlapping rate) » ¥ r4 395 TR B R MG R & g 2o B

F_k
o

&

et A B A2 5 KB NARX model % i = 24 o & ¢ % ) fEfE e
T AVQTAM & 2 & T fiiada s BH A @ % 2 THAERT FHERIR
FRRM P T v B Y x5 o @ % 02 SOFM % & # ¢0 VQTAM # & i3 & % 2
U NARX model p #% &1 normalized RBF network i & » #ie— P8 & 55 8 72 ke
%u%ﬁa%*i_ TiEF B P FOREE 0 P B Y KR v F B § oo & ph i i
B 0% o gt 2 JhvE— chak 8L 33T > d 3% normalized RBF network ¥ 7 — K "Rk > Flptid

FPEEL M EARTRTEANEDNE BT K E fﬁifﬁl’?’mﬁ—?}i
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23 FHRKHA

AE RN B “““'E’h&r]& ’ HLr#ﬁ * j‘ﬂ)ﬁ‘m Fh R A RFENLAERRE R

T IER s R AFEF R PR S IR UwE o U T RREBELSE AL

23.1 A6 TiREd EET L E

Fyoeor KE R EMG ELY chf & 0 &4 Kendall 2 & # % ¢ Medi-Trace 200 /&
o358 % % T 4R (surface electrode) b7 7 &8 - faid * 4-% 1 8UAg/AgC)H %Y 71k »
PRERARTZ L AR o FE R RERF 0 EPACR 2.12 () TR T o AL G
TS ¥ - 54538 T 4& (needle electrode) 17 e BL 4300 % o T I P 2R A 0
o o PAELE B X P T Re L K B IR A RSN T RO E TR R £
BRtE RHUEENDER N T AR AN PR EA L AR ¢

Jo REERE S ARLT 0 A5 T

et

Yo7 Ak

To

hE R T R RRG R B -
BRI S0 EG RHRG A AN AT b o F FRE BRI 2 EIOF A

A BRI e L6 TR DRH R s R FER AT 7 B F R -

T ERS R e @ 50 ML T A LT R 0 AAERER AR § L

%L ETRHRRINE LR GG BRI E 2 ik e

L7 A THRSTR RIE| SIS 4 BB 2% 1 7 iWorx 2 P4 th ETH-256
:ﬁﬁﬁﬂEdb@MQﬂEGi%?&ﬁkﬁ’ﬂﬁﬁﬁzum)%%ﬁ’ﬂﬁ@%
BRI 23 #15)] o WAL A TRAUE A B2 PG BB A0 H g
& 8 mﬁg?l » [EF (input impedance) £ % #Fr4]+  (common-mode rejection ratio> CMRR) >
M R RBIERBREADAMAE LG oAy P £ @ %3 5 BETH-256 2 3T+
%uﬁ%wﬁgﬁﬂ%ﬁ%aﬁ%ﬁﬁ@ﬁﬂ—%%“ﬁi%ﬁ@ﬁ§@NQW%%ﬂ

WERGZ BT EZLE - m ETH-256 cha B o r R B T M E B F 2 aF onElR
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o P QHFTHIRROAHERTZHERI LR - T =RF TP > 57 5 20
AIIMEL TR Y A B F BT L S0X A MM A R T e 0 50 RMER
ko g 4 hiEF B EMG L2 B AR 0UR ~ @ g S BR A (aliasing)
SF 0 LR A KBRS EETA S A A 3Hz~2KHZ B0 A

B Pfeom R EREGEEMEL KR 0 23 EMG A B Band TR E Y h 2 d 2201

s

it 2 T m S A B B o

(a) TAEM 5 2 3 B £ 50 (b) ETH-256

Bl 212 2% T4 W Ect Bl pRli(a)- LTy EaE (s REFR -
(b) ETH-256 # AL Bl &2 43416 4 > 0t 3ex BV 4 is L # 4 L gings »

# 2.3 iWorx ETH-256 # 72 5 3c « B4 4

Item Specification

Number of channel 2

Operation Modes Bridge/Biopotential (ECG,EMG,EEG )

Gain x1,x5,x10,x100,x500,x 1k, x5k

Filters High Pass (Hz) : DC, 0.03, 0.3, 3
Low Pass (Hz) : 5.0, 50, 150, 2k, 10k

Input impedance 10GQ

Output impedance 100Q

Input Connector DIN 8 or BNC

Output Connector BNC

Offset Range -5 ~ +5V

CMR 85db @ 200Hz
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232 Foppms+

L7 Tk B?%Iﬂim?: EMG 5% 3| T "o (753 2 g2 > # % 7 ADLink

2 PR 1DAQ-2213 St i TR+ o 3 b o] 2.13 # o TR o

3R PRI RE TR N BAD UL A R d PR 1 RO g S
WL - B L0 4G R T AR AR E R R B 1 - @ DAQ-2213

AR PR ET 16 Wi ol - ﬁ;?_kbﬁi%]» A 8 ﬁlgmigmﬁgugﬁl o B BBREE ST
& 250KHz> £ i j217 & B 5 16-bits> # 2 * — w PCI /i & £ % "6Aes" 5 @4 £ B AL
IR ERAFWRRT FRA 240 B R » g P~k 3L (sampling
theory) » % 7 &0} sk EEUBLLE > £ AR g (aliasing) % E R AL PR F %
R ARSI A 0 o & &Y EMG UBLEE 5 9 A F & 55~500Hz BF » ]

#-DAQ-2213 e~ i 4f

3.%
FTRS

2 KHz > # d (5 shenfibll it B (747 F e Breiods 1% o

fe o OBl 8 B 3 % SLE R R P B O S FI R e TR § g s

[
g
34
ol
|

SR ES LT EE: T | MBI Bk S e

ﬂ%kﬁﬁmo

(LT Qe ATy (IS

B12.13 DAQ-2213 F o+ ¢ jLi] -
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# 2.4 ADLink DAQ-2213 F i+ 42 4

Item Specification

Resolution 16 bits, no missing codes
Number of channels 16 single-ended or 8 differential
Maximum sampling rate 250 k Samples/s
Programmable gain 1,2,4,8

Bipolar input ranges +10V,£5V, £2.5V,+£1.25V
Unipolar input ranges 0-10V,0-5V,0-2.5V,0-1.25V
Offset error +1 mV

Gain error +0.01% of FSR

Input impedance 1 GQ /100 pF

CMRR (gain =1) 83 dB

Settling time 4 ps to 0.01% error

FIFO buffer size 1 k samples

Data transfers Polling, scatter-gather DMA

2.3.3 @i”'lﬁﬁ?ﬁ ,:‘% o

0 B edks1 P o EMG U ELs ¥ eri AR 8 £ > * 7 Polhemus & & #7427
¥ e motion tracking system i& 7 £ | 0 H Ffmfdrk 2.5 ra) o L kI B e 23 B
3R> : FASTRAK %# Long Ranger> 2 ¥ FASTRAK # - 2 * a2t & BF Wt chT B
Bk Seo gtk SLE A MO R R R B R R RSB R RS T S B
FEFE R A FRFEESFE TR PORRF RERZHCRERERETL R 0 T
PR AL T fpeid B0 R g B 0 AR 2 R R R H LA Bde ] 2.14 (a) 2 ] 2.14 (b)

#77n o 1> Long Ranger Pl £ A1* p 8= w3 4pd-3 chT RE A2 27 X FFOT

BHRE > 1% k3 FASTRAK fipl# Blermis 4 4 % > # b jdc®) 2.14 (o) 77
B F b oo doz woraE o B A B R P B A B ¥ i?ﬁ%fﬂi&%i?ﬂﬁﬁvi%—%ﬁis*i
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(a) FASTRAK (b) position sensor (c) Long Ranger
Bl 2.14 @ g pr k sie i - R (a) FASTRAK & # % if:d 455 - (b) FASTRAK
g Fud F R BT B A position sensor 1T P B ° (¢) Long Ranger 7 & 3-%
BHE TR AR R
% 2.5 Polhemus i& & if ™ % SLHFL 4
Item Specification

Degrees-of-Freedom
Number of Sensors

Update Rate

Static Accuracy Position
Static Accuracy Orientation
Latency

Resolution Position

Resolution Orientation
Range

Interface

Host OS compatibility

6DOF

1-4

120 Hz (divided by number of sensors)
0.0015 in

0.15° RMS

4 ms

Resolution Position per inch of source
and sensor separation (at 30cm range)
0.025 DIV

Up to 30 feet (from Long Ranger)
RS-232 or USB

GUI/API Toolkit 2000/XP
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LAY 0 AT B RIECA I B 2 LR R g e R A
“% e 2-DOF $ G f# BFEd e (7 %> SR Ajc b LA PR GFE T A
AREF R AR LR R SR I RATED SRR P R T 2 2R

o BT RN E A XA BIFERRM o F ARP FRELATH > R RIS

A4 3mE L nd B o 2L R CER YO ko EREBAHEF RS
ﬁéiﬁEMGm%ﬁJ?W1M?’W&Piéﬁﬂﬁ%%gﬁﬁﬁﬁﬁﬁwWﬁi@%ﬁ

i

‘P‘_k

P ROEY R S ERPIF RS R R SEXRF LR TS

B4 gL ﬂ—tﬁ?iﬁﬂﬁiipiﬁﬁﬁﬁmﬁﬁ’%*¢ﬁxﬂﬁ

PR T RLT LA 2.6 2 F 0 M0 IEF]ENT S g LRl e 7 SR AR

. R ®xE 1%4*221””Lrﬁ'%,'zzg;b,\,ﬂﬂmuBﬁlB’bé\mw_’ﬁ’f\,éfé
;rﬁ R ABAERE R HITA K R MR F R EMG AR E BT
BEFEEFEFRRE P BRERR 23 STEEFRBR T £ 521 "F?J"ﬂk

HERF SRS T BRRBLMED ¥ Binctrs BRAELTE =5

‘-\\1-
\mb?
N
s

%26 ERIFANTEA

LRE By E# LF(em) HEg) THFPEHEKIM) ELFmes g
1 7 24 173 58 19.2226 j
2 720 172 60 20.2812 #
3 720 170 75 25.9516 #
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Shie / Mt

Bl 215 F 58 07 AW o B ¢ (@(0) 5 PR ET Sl 0B A FRIE S 0 (D) 5 B R
B

fo T etk A jRaE B (g)~() 5 PR T R B Iy A fRE S 0 (j)~() P
Bt fi 7 chp /0 i R 20 (mR] R A A e (TR o £ Rl
BEAA A W BES  FBFRA AP ER o G (B Gk AR
HA S R U D B R R R B R TG G- fyning o
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2. I HE D ded it o AL D R B EEH R PR A W

:—Ej:_—:

i

wop A A R e aRE B h EMG LB B2 A 4 h R R 2 e
PR PR LR Y F K r AP e R E R R R REF T FRIE -
B g ke KR (T AR B 2.15()~(1) > M iEARL B PN R ET
sy d R R ES (4B 2.15(a)(b)) ~ Ay d R BT e R g iE B (Ao B
2.15(d)(e)) ~ Bt AGR T h i B S hyd 8 (4oB] 2.15(g)(h)) ~ 1 E W OE ik
B ™ ehp iR (el 2.05G)(Kk)) 2 A 0 MERT AR AR Rk T
BATHR@AR AT A L s o B ERERY  XRFFRER 2157 - B
BTl g f R A MR- §)k EMG BB E BT - BRI 300k
B SUp 3 B A7 B BE A Al B U B Ae ) 2.15(m) Ao 0 B E B TR
£

friedkeom BRI ERIZ W 0 g ~‘EJ—§ AEFRY > Y b iEiRAE

CRIE TR BAp T o ¥ - Bapm LM ERE

o
A
=K
g
A
=
¥
A
s
=
i

RIE R R AR RIF R P R REIREE R
PLnE R R R R P FRRINEL DR RE LR R RET
Fo B AMCERRGE S G 0 F R B R R R L R RERD

T g HipEE T

B3 o | e AR R Ml B R R AR B B ) B B R -

FAE © % - 0 3R AREE . €L RIERFRGETW 215 ehirf A AdiT

— o T HRSEARY PR LT R RI P e R A T E AT S - BEALE o

S
2/

R RIE Y B ARL- AEE LRET - BEREOCE et £
P BEAE AN IE LSRG R 0w A LR PRI
B2 R R TR 215 g B iE e o B REAEY E PR PR BT R
Flenf feh FTHRMES - BFHRE - I 2R RRkEr BEHEE

FlaFgekebts o FTREDEERMAR - T 202D o
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242 Hws

»\

Al TR A S B AR 7 H S50 e RATE TR Rk SR T2
B R A 0 oh A RBEPEL PR g 2 - B A gl TRt
B Flt o BRSO E RREGE AT A RE R A 2 E e Rl E o
AL BEAIR & 1Y (model generalization) o #7172 AR Y ¢ o0 € I AAR T KB (T T
PIRAP - BEARE > T L BT AL (validation data) E B Y AN ER &

5=

i % (generalization error) frFziL il g & a4 o

AL B Y R B R R AT o VA re RO i R R R
ﬂﬁﬁ%ﬁJ°§fﬂ?%&ﬂ%@%’ﬁﬂﬂﬁﬁJ%?%%?%ﬁﬁﬁ/ﬁmm%
gk IR EAL 0 d A2 7 S (under-fitting) R

B EF WA AR AR R AR > A 45 v 4 R [ AF e ?ﬁ"%ﬁ- Vg
RisselR il fAFLx M2 M4 X A2 BRI E (overfitting) R AL > 97 1
AR EAERAAE LA R SR PE R RO ARV RS KE

REI AT ET VALK R AF LR G4 eR S0 Y AREFES R E

WAl se e e L A & A B FE kapdl o - BB~ MRS ) o - B
A7 A Sk & o *:“{?f@?]%ﬁ'a‘.fi%é* P TR RBAR S o PIECAAERER B 0 F 2T
Rom A NARX model » »i&5 1 F]% B 4 W) d TDL 2t & £ A ¥7 normalized RBF network
WEABETREL AT ? * KBERAR B AN RRE > LFTH AP 5
PIRE R BP eht a2 - 0 RIS EH i TDL hk RBF R R ELARGE - FEUR

e TDL £ Bfs » E 874 S8 P aiplid o Bfs 1 HREREY 28 i 408

PR R B T B R B T S R R T
Fre g PRRENMES R EHRERR T o
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bitgkvEiEALY * kiE 2 AL @ e A S#c (cost function) #-d 357 22X (mean

squared error, MSE) ¥ 4p B {2 7% #ic r (correlation coefficient, r) K ix » 2 40T !
MSE = NI P(+ 1) - P(n+ D) (2.17)

T P+ 1) - P) Tard” 1(P(n +1) - ﬁ)

Jz“q "P(n+1) - PN 1(P(n +1) - F)z

(2.18)
#¢ P(n+1) &k 5ngFRRIIE Fh S P+1) Bl5 NARX model 3 8 2 2 ¢h
IE%‘J'I/E-’I_) ‘%M—rﬁﬁakﬁ_%m7_li’jap EIJF"TF]'-:,E7:L;P'70?'~4'\ P(n‘l‘l) m—‘—‘-a
v d 23825 T A EAoT
P(n) =P(n) for n<q (2.19)
P(n+1) = F(P(n),-+,P(n — qp + 1), F(t), ~, F(n - q¢ + 1)) (2.20)

L.’-ﬁ,/l

P

¥

F_k

B RERAR T PR R R (1=q) Y R ks

ﬂ%%@%ﬁw%Mmewd&%gaaﬁ%kP% B w323 TDL 113t = & fy v

gk ki Py

B d N ERAHIIERT > AR HTLRIADEMG FHL 240k > Fpt
WA B A SR o BRiEAR Y o K Jﬂ"iffl B (user-dependent) & Vit (7
RGR 0 s JRAGE 0 BT RHR B R DR R o A NIRRT TR RIS R R T A
DIRE AR B A L ¥ INARX model ¥ #30 HUn & RE] SBE R B A AL - Xk

B R A 4
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22 _ >
G — ¥
4L = =)
B 0% 2 W

3.1

TR A 24§ R SR TR RS 0 REEE 150§ A Al e

B R 242 Eerik o % - 304 AR TDL o33 Fplid o & TDL o e o

&AL K SLTRRIGE R 0 A AL TDL @ &R s @ B 0 F

LAY L’i%}”@‘@

£ B qf M wRuEEL R qp * M FE 'T,—F,'Tﬂi.;‘l)\iﬁjg R 43 e 3 gg;}g,g‘_&igg_;;o yoeb oy o4

TR R S BhRIEA R o R B N qf B oqp SRR B A
B B qr B qp PEAE A 2L BT UEINAEDEE > FER O %

WL G qp £ R ETTAR & (R o TDL RIS % 4B 3.1 (3) #rF o KW W
VBT E qp B E 12 rEEA MSE S P M r kg A b EARL
MEH S EREAGRR AP AL BAeH 4 (MSE 2 2 > r T E), FpriE s

Qr Wik 12 F 2 (q, @B 6F ) 75 TDL S ut B E R o % = 384 #-43 TDL &

® T =t & {7 normalized RBF network «74! (g ~Ag s B B > g% d B 3.1(b) #fw o &
'lﬂﬁ‘l’;f,'?ﬁé G B Hch 200 TR AT EEA MSE B> dp i r o3 0 A A g AdkE
MFH AP BREAL L BAed 4 (MSE F 2 > r T rE) o TP A S EEA X~ B ik 200
s B A "-"E‘ﬁi"m‘?\'?ﬁ’*i}i’%g&:’*ﬁ-'rj\i* "2 ”“f'”ﬁ)‘ FEAITE RS
075 Generalization error e 07s Gen?rahzatmn error 15
A
,,Q 2 2
e < a. /S N o
— L P L
ora 0 J03s i Yo —
\ o % i
é 5 ‘.\ / _ w07 \ }f J0.4 -
A Lo \ éf
nrer I,‘:I \G_i—e——’@)\ //:b\‘ 0 C;)’ o o, a
AN / o e
R °
g
07’ " - . - n - 025 08 0 0 NEEP}JH Dfneﬁuérnm o 2 T
Length of TOL
() TDL #f 325 )2 (D)t '3 =4 32 3 B 22
B30 HCA A & Rl % 1 () TDL 47 s il fe(b)id 5 ~af 30 pled
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— = MNARK model

07—
060
T
0.4
03
~ Dzh--"'
01
ool
_th."'.
027
03

08

0.4

0B

(a) 3D z & § chip & & upr  «

25

I
& MNARX model

_rF —a— Target I

Angle (rad)
i . TEE M

B
1 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000
Time {ms)
Theta
1 T T T T T T T
f - &— NARK model
¥
o5k [ =" —&— Target I
BT 1
@
g’ D 5 — -
g
Rl o
15 L L
0 500 1000 1500 2000 QSDD SDDD SSDD 4000
Time {ms)

(b) 3o AAR FBAEPFR R F R
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3D trajectory
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< Data Points
Best Linear Fit

0.4

(8) $ R T A e G 4 41 I

0s 0.6 0.7 0.8

Targets T

05t
04 1 L L L
1 0.4 0.5 0.6 0.7 0.8 0.9 1
Targets T

(b) B 7 e A 47 1)

M 36 Em@THerliEs NARKmodel @ fA 45 : (2) VR T i fF A 45 WAL (b) 3
RF R fF A ED 0 TR Y R S A R AR
%31 &P epiE2 NARX model »cii 326 #
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