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RESEARCH ON MOTION RECOGNITION OF LOWER
LIMB EXOSKELETON ROBOT BASED ON SURFACE EMG
SIGNALS

ABSTRACT

The assisted lower limb exoskeleton robot is a kind of intelligent
equipment that can help the wearer to perform assisted walking and can
effectively enhance the walking ability of patients with lower limb motor
disabilities. This intelligent equipment can help patients with walking dis-
orders in the lower limbs to restore their walking ability and improve their
quality of life. With the aging of society and the improvement of living
standards, the number of patients with lower limb movement disorders is
increasing rapidly. Therefore, as a cutting-edge rehabilitation therapy tool,
lower limb exoskeleton robots can bring new hope to patients with lower
limb walking disorders. With the advancement of science and technology
and the popularization of applications, the field of assisted lower limb ex-
oskeleton robots will continue to develop and progress, and will provide
more patients with movement disorders with the ability to resume walking.

In this paper, by using the surface electromyographic signals to predict the
i
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human body's movements in advance to improve the recognition ability of
the lower limb movement state, so that the lower limb exoskeleton robot
can walk more stably, the specific research content is as follows:

(1) The lower limb structure and gait of the human body are specifi-
cally studied and analyzed, and according to the muscle characteristics and
corresponding functions of the human lower limb, the lower limb surface
EMG signal acquisition equipment is used for real-time acquisition of
lower limb EMG signals. In the design of the signal acquisition program,
it is necessary to determine the appropriate electrode position, the start and
stop of signal acquisition and standardized operation to ensure the accuracy
and consistency of the signal. In the signal processing stage, common fil-
ters are used for noise removal. Through these design and processing pro-
cesses, surface EMG signals can be effectively extracted and analyzed to
provide reliable data support for subsequent motion analysis.

(2) Aiming at the problems such as noise signal interference in EMG
signals, this paper proposes a wavelet-based thresholding combined with
adaptive thresholding and EMD decomposition denoising scheme, which
removes the noise of EMG signals while retaining their key information
features.

(3) By comparing the effectiveness of different action intent classifi-
cation models in classifying four types of movement states of human lower
limbs. The recognition accuracy of SVM model is only 80.67%, while the

v
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recognition accuracy of BP neural network reaches 92.5%. On this basis,
the parameters of the BP neural network model were optimized by genetic
algorithm, and the classification correct rate of the optimized GA-BP
model reached 98.5%, which showed that the GA-BP model had a higher
classification correct rate in the classification of lower limb movement pat-
terns.

(4) Finally, the APP Designer module of MATLAB was used to design
an application software that can pre-process, extract features and classify
and recognize EMG signals, which simplifies the process of EMG signal
processing and action intent recognition.

KEY WORDS: lower limb exoskeleton robot, surface EMQG, filtering and

noise reduction,lower limb movement recognition, sorter
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| 1 1 | 1
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P 3-1 ELRFR S D e i W A 7 )
EELRFR Hr 08 I8 o A A 1 0 S i) S ) AR Ay «

400

300

1 1
0 100 200

| H(jo)['=
(3-3)

WHET 1, (SEALUEN,: M
R R 55 . 7 SE BRI

IR N R, R0, TR A
e T AR AR IR VE E P, Y e R,

LA 5 2o rpr, X T3 B A0 ) 2 BE 6 A 2500 Bk i e 75 (52 m, PR RS
S EERS . BT A ERRR I SRV AE 5 2 B B E R,
U5 ) e LA T PN TS PR G 2 1 B T] DUARIEAS SR IR R R R R H . JEIRAT S
HLFEAS 5 I S s B an B 3-2 s :
ECL R A I 3 8 A SR
- JR UG5 5 B 5000 M= SRS A
£ omm M‘ g
i -5000
-5000
-10000
0 2 4 6 0 6
iR (s) I (8] (s)
><1|0‘i JFE S S IR 2 %108 RIS 15 5 18 4 P
2
1.5
" 15 g
= = 1
= 1 E==
0.5 0.5
0 0
0 200 400 600 0 200 400 600
% (Hz) i (Hz)
B 3-2 VU AT SR LR 5 B 5 4000

27




RT3

332 BFNETHERTR

N B R — AR TN A S A BRI, AT ERE T
RS, [N E R R ARE S A S B HEEA AR R /N AR ks
&5 o MR BIAS R I ROBE RIS, SR i 8 ik o M 75 8 40 1B AT H), AT S B0 e e
I H .

VERN— SR HIME S AL BEER, NE i B E e s IR AR5 5 2 A
I, SR T HE SRMERRE SRR . YT —AME T x,, A/NER RS,
A LA D e A 5 A NI IE I R 8, TR R R R, oy
ATAE /IR e ) R AN TS AR b, TS 5 1 32 2445 BAR P AE IR Ry S8 ey Ve
A o H TN R 25 MR R AEAS 5 A B AR |02 N R A e, AR ik
FAZIT A WL S AT FUAC B . W WO S B B E S, 12T E R A AL
TEERWLRAE 5 TP RO A R ), RN OR B A AR BRARAEE B o (8 /DB &5
M55k UL AR 5 HEAT DB R P e ) — RO 22 DA T LA D 3R

FENLHEAS 5 TRAL PRI AR A, /N AR 80 fR) A% 1o 20 R e 146 56 5 3 HY) ik bRy 50 Jit
IRME THHATZ R . BT Harr DNERRECRA TR R B, IEASYEIFIORS
ARFTR R A Harr /ANEAE N0 HT TR . B Harr N4, 8 5 oR B0L B35
Daubechies &% Coiflets R LA Symlets RF5E, XEEIEpRE S HARGME, H
Bl ORI S Rp AL 7, BRI 75 AR B R b e AT & B %

N3 AR ) JE A R 25 R SR I 3 — S RS ), A 0 i = A 4
m, 55 5 E R BRSNS, HE R TR EBUE SR, S
WK, ERZEEGRNAT, 7 ZH0EFEERIE 5 BN, BAAREBRH
IE TR LA 5 AR TR IR M RO Z AP R &R o AT Harr /MBS WL
R 5 BEAT BB AL 3 5 R AN 1A 3-3 Pl
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Harr/INEAS R 738 /2 K B 2 e 28R

JRUGRES
5000 ! '
B
o 0
5000
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

I [a] (s)
FU(E S - B2

5000 T T T T T T T
g O }v
-5000t¢ 1 I 1 1 I 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
I [a] (s)

LMES - P2

K e ivsaas | s

I 1 I
1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

i E

A (s)
FIR(SE - H32
5000 I T I T I T T T
2l
s 0
_5000 il |l il 1 L L il il
0 0.5 1 15 2 25 3 3.5 4 4.5 5

I 18] (s)

K 3-3 Harr /]NBCE B 25 R RUCR 1]

I 2 MR LRI, BEE N R RO R, 15 SRR RO R
WRFUE . WIS ERE, MU A RCFEE SWIY, 7 &g S
b 75 TR I R PERE . S o A o, R O7VER TR TR AT B R
PHIER . B2, BHBE R, @B iES A EREROET
P BRI IR, X SLARIME 75 il oy AL BT 75 2 — P A A . BRItE, /)
P UE LRI — M, BRI — BB NG 5 M.

333 £ET/NEMESEHENSEM EMD 2ERER

NEBULEES (EMG) KIMER, [ AR OGS BAFAE, AR —
it 3 S5O/ B 22 R AR 7, A B E BB E A A R (EMD)
B, DR, KPR 3-4 fiok:
RS R HUHEE

HIRIEH ™ Fnemp it TR > (ESEH —| ERES

3-4 Fe TN RAE S & B N B{E AT EMD 73 it ie K

\

FES
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S R AR I R AR WL AE T AT R AR AR B B, CRFEIR BN 1-
2kHz, LA & Nyquist KA EBRER, (1Rl d4s (20-500Hz) JEFR TAI+
WAE R BG5S IR EI T — A B, SR R e E-1,1], LAME G5k
SRR EE . X TALEE S LS S I RIS A NS SR I AR 2N
£ (40 Symlets B¢ Daubechies /N, H4TAb B 5 (5 5 HEAT 2 R /NEI) ik
OHREE I AREEE SRHME B kR, R 4-6 ). IR BRSO, ERT
NG R A B JRUR (S 5 AT RIS SR, 4 B H S ) (R AR RS R 4
(IMF) o AR AS A B AR S oy AL B, b — DR THE 5 FIE 75 70 B8 1 2%
2.

e LS
2
e 0
®
-2 I {5 5
0.0 0.2 0.4 0.6 0.8 1.0
B (s)
/AN BRAE 2 R 5 S
0.5
= 00
®
-0.5
-1.0 i o AN LIRS S ‘ .
0.0 0.2 0.4 0.6 0.8 1.0
i Cs)
FET /N B S5 B EMD 235 5
0.5
0.0

i 1

=0.5
— /N +EMD 22 5 5

0.0 0.2 0.4 0.6 0.8 1.0
] (8D

-1.0

K 3-5 AT S L MRAE SRR K

L 3-5 0] LU R RIS =, 5 RS BN S, H
W P RENE A5 S B REAR AR AE . 22 /N BB AL B S 15 5, RS A5 3] 1 W)
SR, AEE S SR AL ] REAE AT I A IR, T T O N R E S
EMD HK& A B i A LA R, 55 L ERHEAR LR, RN A itk — 25
bR, RIHEH BRI

HI LT DUE 455/ 73 A0 EMD %S R, S5m0 PR (S 5 & M RE 7T,
FEASAE R 7= o R B 2R AF T, D REAT R B 15 5 SR s Ik o JB I A #ra] UK
AR A2 /N R 25 3 B E AT EMD 73 fiff 25 1 7 S8 RIS OR B
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of, ASCRER s g i T 3o
3.4 REHLBESH4FIERR
FER U R G, RIGEURAEAE IR . (5 2 0 R S5 1) R A DL B4
RAES o HILRFE SRR, AT DL 2 SR T AR 1) X PR AT SR,
O R R R HE R 2 LA B AR I AR TR I SR O3 A 5 PR LA
TR X PR IR AT SR AR S R A N .
B RS AL S B PSR PEAE S, , A RER AT 3h B DB 5 5 AT A B
WK 3-6 frm, ZINEBEMARESE: othdd D REMEsIP K. 2, 1§
AP R E N E DR 50%-75%, FARHUE rTRYE(S SR EST 0L .
XA AL BT A RERS TE 0 A G 5 I [ P55 B, IEREA BRI 1R 2=
ABEHLT-IERI 20, e SRR S A R e VEAT I Fe . X PP e
ARIETHE SRR A R, RN BERE I 5 R GE 1B B PERIBL TS0 RE

ettt Hotefe-

AufﬁﬂufhlL&—————*

|<—(A+1)urf|unnl ém—)-

‘me
K 3-6 18 & 5 5 E) B 7 SAR BRI

FESE LA S I TIALBR 5, o R DR SR AR P A 48 B AT R AE 2 B
Ho NPRTHRFESR I HER M A AR e M, SR B & AR IS 5 AT kb2,
T I T A D IR ] B AN B K SR SR B L R AE S 4. R e R K
&9 500, HEE KN 20,

3.4.1 BHBFHES

I3 M R E S T S S ST REE, i s E EUUNRGE T B H 5
TRRWMAFHESH, X EESHAE LY RS TR BSURE B2 N o S i
U SR FH R Ay B AR o I S 5 e o IR R, il TS S I RE R A
FFIESR PRIV IE S 8L, X PP 7 AR R DL S 5 R A e . A SO
WA S BME 5, 20 A4 MAV (4a0HE{E) » VAR(J7 %), RMS (3577
), Peak Value (fH), ZC G F f#0) XA EAAEN MF CHHE %)
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A1 MPF CFINHEHR) |
(1) Z45HEME: 28
i, HEEFREXTRRA:

KPR AR, RAR R RIE AT .
RO IR AT 5 HEAT RAF 2 545 2 4t

1 N
—N;m| (3-4)
(2) HZE: TERMRESERENSHE, R TESHSHERTY
EBHAEEE, WHTRAME SRR mtett, HEBrwRik AT fik Jy:
| i
VAR—m;(xl_ZMAV) (3-5)

(3) By75R: @ HE S AT 7 . BME TR 7 18 HAT B I RIE S 4L
ZARAR REWS A R WS S 12 45 52 I 18] X 8] A BE /KT, B RIA ST 36w

Mﬁ:[%iﬁ (3-6)
(4) U§fE (Peak Value): ZFHIE NG 5 H B RLNME, KIBES IR
&, 7] LLE G5 AR, ] DL SR A WS = i B 1 il KEE
W, HUtEARN:
Peak Value = max(| x(7)|) (3-7)
(5) IEERH (ZO): BAESHHH I — %N, FEATHE
SER IR &t TEME, ESHIEL X AE. B2 X SEEE
FEAE 5 MIEAE AR N A BN B AR 9 IR R 1R],  Ha B A UR:
7= (sign(x(r)) sign(x(t +1))) (3-8)
t=1
FIRWUEAE S FREUE 5 AN IR W B A s 3-7 B, Herr i A R
N500, HEEE KRN 20,
MAV (Mean Absolute Value) VAR (Variance) _
40 -~ 2000 I\
=20f NS = 1000 SN
0 50 100 150 200 OOJI = -;0 100 150 200

Time Window Index
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RMS (Root Mean Square) Peak Value
' ' ' a S 150 ' N
40 2 \ © | 9
%] \
= P N < 100 | | L
E AN § - v
20 L~/ \\J & 501 |I J |
0 50 100 150 200 0 50 100 150 200
Time Window Index Time Window Index
23 Zero Crossings (ZC)
c st z"\ r ,'r".\
.g 100 r;/,,_.\w\kj:,f \\\ , \\./': \'-.\
5 50/ \ / N
o '
e 0
N o 50 100 150 200

Time Window Index
3-7 $EHU) 5 RS 5 I SRR AE
3.4.2 STIAEHE S A

S R BATSR A BRE 7 5 5 5 MR A R B AR B g,

(1) F{E#iZFE (Median Frequency, MF) :

o SR R TS T M (0 L 0, LA BIE T (5 B IS
BEREAMAT . 5 A P N L, TS SR 0 L T A R
SEPE. B HUE TN A R RIS TEA, BRU AURIE B 0 R A
THRFE. 5P AT, RIS SRR & 1 SR, BT AL
PO IR A AL T B 0T ARG, LA o 6 0 0 L
S, TIPSR AR 55T R, b A B T (3-9):

[ endr= [ Pindr (3-9)

(D) THINZME A SRS I 22 L 3 2 S
S AITEE, UL T A LA 1y BRI S RS, 1 AR

[ f-PSD(f)df
MPF =

% (3-10)
[ PsD()df
300 Medi::m Frequency (IIVIDF)
2
:
g
(1

0 50 100 150 200 250
Window Index
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Mean Power Frequency (MPF)

Frequency (Hz)

0 50 100 150 200 250
Window Index

B 3-8 $REL 2 B S SR AE
R R RE R AR A T KR 500, $9E T TRy 20 [5E 60 SR EU R
KA 3-8 AT .

3.5 RE /I

A B S R AR LRAS 5 BRI 25 M 5 S AT B AL, BT R IR AR
PRI A, 3 /N R 25 6 G L (B AT EMD 73 iR 2507 %8, A RER
THE SRR, RPESR IR 73 A 42 (5 M7 O B 2t . Ak, KPS, ARUs0R:
fE 7> B, IFHEHL T MAV (X EME) , VARG %), RMS(YJ5HR), Peak
Value (I¢f) , ZC GEFEHD XA BARHEF MF CP{EARED 1 MPF (+F
B ThEAE) X PAIISRRE, v SEI0iE 3l = B R o SRR 4 T Rt
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8 48 EFREN BN TREIHER IR

41318

ZRBH RER E, BAE T NESRISIRHEE S, (EX MRHIE A
(23 IR 0 A AR AN B, 756t LR AT SRR A 3, I RN o 45 SR P )
MNEBATIRE . B, AT WM ALE S, R AR 73R H
AR IR HER 2T M RER I, B AEIRTT N IAMEad L as N1z sh RS 1R
R PR A R FEAE
4.2 TRUEEhHR A 7 K8/t
42.1 FEBEWMNKIEE

FE 58 UL HLAE 5 B TRAC B AE S LS, 7 SO FEA AR 1 AH N 1K 12 3l
PERARZE, DB T2 BRI Ao, ASZIb R T 3 @iERmILE
559, XN BRI =KL BRI AL

SHFANEIE A HAE 5, 4> BSOS AT R AE S5, I SR A 45
MAV KR BUE S RER . VAR REUEAEE 520 A RMS R (5 55885, Sk
RFAE U3 FH A (B A0 MDF RBAEAS 5 IS RRIE . RN IESE SR 4 DMRFAE, 3
AMEIEHLIRAT 12 4ERHIE R & RRERBUS R, A& DK BN 500 ms, 1
KA 20 ms.

W BRI R AE ) 5 568 B IS B R AR ORI S 4% 7:1:2 LRl 4 il
SR, BOUEAERIMIREE . R 4-1VELNFIH T DU RS S 3 Font B (AR 2815 R -

% 4-1 RIRZ BRI RFRES

iz Xf R ARAE
bk 1
fink’i4 2
ik 3
b 4

422 EF SVM B4 22853t
TR ENL (SVM) & —Fr i B2 S 5k, F R T 28 m .,
2L O BAR R AR R R 2 R oh S — AN o B~ T, % PR ANMY RE 8
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HER RPN GRAEA, IR RENEAN RIS AREA Z 18] 1) JLAr] o) B fie KA o BRER AN 4-1
Pi7s, @-x+b=0NTFHRA DB, ELMET oSS, FELTS
ZAECT I, OB THRE] AR UL, A 75 AN R Kcs (1 1
5 Bl 73 A BE B K

r

B 4-1 S ) AL 3 A
A% PR H0E I K T G R AIE 2 ) I 380 e s ), R PN RS BT A A T 1)
FEAUL: B2 6 o 1277 VA4 SR 1) S AL R A% 7 A 480 I ) sy 24 2 [ v R 2 1 4 26
FESPTHT,  AATT ff JE s 2 (] A AR G e 20 S 1) . 5 FH A R B R A L -
LM% R 4 (Linear Kernel) : SEARANER 3, LM RBEER AR &
T M s s, EEUE A B RIS A, MBI LR S R
K(xi,x;) = X - X, (4-1)
% W A% B B (Polynomial Kernel) : K3t i 2 T A o B0 BUARFAE 2 (8] 10
LRI, 127V e A R R 4 s ) RS s TR AR D &R
K(x,x;) = (yx;-x; +r)° (4-2)
12 7 3 A% R % (RBF Kernel, Radial Basis Function Kernel) :  FH T 3R 2k 1t 5
oA o RBF A% 0] LUK 4 23 ) (1 Bl o 2 i 4 2= ), LRk mT oy 7EE 2%
JELR A ) R EAT AR RE S AR H = R B, (BRI TS y ARSI S5 C ik
1.
K(x;,x;) = exp(—yll x; —x;IF) (4-3)
Sigmoid 1% %%k (Sigmoid Kernel) : 7] UA RCH PP Al REAIE 2% ) A AR £ 2 (]
MIARAAMERR BE o 12y i AR ZR RS, SRR ) (R AR LU BE T SR i T —FiAy
R T
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K(x:,x;) = tanh(~x; - x; +7) (4-4)

S ) T LTE S5 A5 AH AL VR v 1 L PR o 36 6 T v 4 2 R WS T AR R 1 o
KTk e ZIT B F AR B ST, B AN [ 28 A A T 1 [ o P
M SR IR TR . 43 8 IR EUHRERX = {(Xq, ..., Xy}, Ho R basy =
1, e, yn}s BN REAX = {x), . xn), BE MM, KLy e
{1, -1} IR R IE R AR

XPTARL AT o 8 s, AEN R T AT AR . AR R B R 2L RBF R
AT T — S HH R i i 2 I IR AE A1), il g A AR LAtk W] ) ) e
AHLE. ERIIBES I AR T, RBF s, sl 4-5 FF
7~ RIH R ARZR AL EE R 1A 20T 2 M

K(X,, X;) = exp (- 22l) (4-5)
M 5 I 53 868~ T A -
f(x) = sign[¥iL, Ka;y;(x; - x) + b] (4-6)

FETFRTE ) SVM 432588, STREE KDY Fh R g sh i s T IR 025, B
1353 R ITRIE R K] 4-2~F1 4-5 flTR:

SVMilll SRR i R

GRS

4-2 SVM I Zr TR IEFE FE K]
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=

200 400 600 800 1000 1200 1400
P A

Kl 4-3 SVM Y1252 T 45 S0k br

SVMill il E R IR iR R

ThIES
4-4 SVM PR B TR 7 B 1

U TS A
1l 4:=80.6667%

i
1l

0 100 200 300 400 500 600
P A

K] 4-5 SVM MR AL T 25 St be
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BRALTE]) SVM X T 4 KIg s 70 KRIE#I N 80.67%, SVM fE7r3K
E55 1 BAR B ORI PR RS, (HAETXN KA SE . 20 I DL R S 40k
P AFAE — € I RBR . AR, SVM 73R AUR — K.

4.3 £T BP HEMLERY 57 L eF 11t
4.3.1 BP & MLEHEIA

BP #1122 /2% (Back Propagation Neural Network) J&—F 22 E R4 M 2%,
il PR 2 S AR SR S AT — R B %5, BP &M% HINE . B2 g
U, B ElE TG MEn BEE A EEE:, S5 WA
BB fE— 2, S BUE R B S .

BP 22 [ 25 1) )11 S R LA T 1va A% 4 A0 I ) A% 4 S B BL o FE I ) A% 3R B
B, MING S RGN EABRIEEZ, HeBiimtE, 54 e 30
o ER LR B, H a5 RS 5B B ARE AT E R, TR,
FIEIE BT N L ERE, Uis/MER 2. BP S N T 2 ERT 4
W%, FAIGRIE RS AT A #5424 B B

(1) FrFERE: WAFEARBETHNZERRZEEE RS mEE, HE%
EAA TG . T ZMET0, BN 20 Sl o0 v RRA:

z0 =g 4 p® (4-7)
a” = f(z") (4-8)

HpwO RWESERE, b2 NmENE, ro)ABIERE (W ReLU,
Sigmoid %)

(2) Stk M EITAR, THEH SR BT P2 e iR 22, IRl

HEEREN Rk £ 5 R, BRPERE. X TRz, REINSY
OL

R R (4-9)
XHFRR)ZR 1, IR ZIHEHE A KO-
s =Y S £ (20 (4-10)
%, BUE 5 BB B A 0N
5@y (4-11)
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= (4-12)

e CE N WR
W :W(l)_na;f(” (4-13)
b :bm_n% (4-14)

Hrpnh2 2%, ERZHEERD K.

4.3.2 BP {REZ MK LEHIIZ T

XN 4 Rz BRI, T A =)= BP A MLy, H
INEAE 12 AMPL I s, HTAEE 3 W AL SR EUR 12 4ERRE 1) &
W R B 4 AN AL AR R R R RO S o KA R R SR
Softmax PRELSEIN 2 7338 FEi)E 1T MB0EE SRR E . 10k &2 M 25 B
EHTR 4-6 TR :

3 Output

K] 4-6 BP #1445 52 71 5]
433 BURERB SRR R
TERE)ZH, KA ReLU (Rectified Linear Unit) i BRI %0 DAZE ff A 5 7H 2K
), HAREAON:
ReLU(x) = max(0, x) (4-15)
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R BRI 2 SO IR ok, HARIEAN:

1 )
L=——3%"%"y,log(y,) (4-16)
N3

Horbr, NOAREAREURE, m AR, v, AR RS j B SERRAE,
Yy RFEA i EZRR) R BTARZ
4.3.4 KWHERS T

L IEAR R 22 R AL SR I FE, P 0 28 A o 2 S 0 2 TR i
BUE . XA R AR RS, HEERRML &M, ik E R KER
RBERZWSEE . 2RISR, MBI RGRILMBUESE, f
FChn 45 SRR ST s AT E bR AR, AT i AR PR TS Az AL R

FEME MR R, I S AL R R RN 4 28, il Rk
BB B AR BB R ZE U SObRUEIN ,  RIVTT 3R 75 LA i 2 AU (0 ek P A
2 A INGRIG, N2 P FoTI 5 30 B At ) P O 2 S RS, Y
R A BTt

BT YIZR5E R BP M Mg, WA SEREA AT 7 SR L0 . B 4-7 2
4-14 7R T HRIRBIREE TN, AETSE 64 120 184 24 X4 R4 R AT
1t

BP, 2l 17 i %6

7.4% WA

¥l 10.4%

VN 24.2%

L 24.3%

E IS

K 4-7 BP #2289 2% [T B0 6 I (TR A FE R

41



g W N T R VAT

A

A

0 100 200 " 300 400 500 600
P A

B 4-8 BP 22 [ 28 (Sl 19 /0 50 6 IR R Tl 465

BP, [l {7 AECh12
1 1 5.8%
2 'l 11.9%
3 (W 21.0%
B
2
4 W 19.7%

5.2% 16.8% 23.5% 12.9%

1 2 3 4
RS

4-9 BP 125 [ 2% B2k 9 S BON 12 B IR E FEFE

BRI A AT 5 =85.3333%

] 4-10 BP 128 X 26 S5k 15 s 80N 12 B B T 25 S
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BP, @l id18

1 0.6%
2 5.2%
3 15.3%
o

8.6%

3.1% 8.6% 10.7%

7.9%

1 2 3 4
ELES

K 4-11 BP # P& BRGETT s 50N 18 B BRI H RS

4
—— Rl
| —o— i
35}

3l
*
T
=287
=

1.6

0 100 200

EI-E.PD 412IID EEII*D
s e
4-12 BP #2525 BRR 1T BN 18 I i Tl 45 5

BP, [T %24

1.3%

7.4%

8.6%

3.7% 12.6% 12.7%

K 4-13 BP #2245 Bl 15 S 80N 24 B TR VE HRE
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HE A #=02.5%

1T

it A 2 A L
: ol

] 100 200 300 400 500 600
ik e~

&1 4-14 BP #0220 2 Bl 17 50 24 16 T 225

AR FUAN G W 2% [ 58 2 15 rUBCR r BRI g, i E T 6. 124
18+ 24 DU fUBOHAT X EE A . SREG 25 SRR, BEAG 19 B, ARG
VURD N Bz S BRI e R B ETHES, 2k F) 84.5%. 85.33%. 89.17%
M 92.5%. [FIN, BEALYIZRIS H AR AR K . 20d 2 UGEAURIL, 24757 R 80
F 241, SRR TRE, EFE 92%-93%X A, BB nT S HA Y
TOVERERRTERE, RIMPTRE S EAER % TR, Bl BZHE kA 24 R
JZ 510 BP A4 W28 4 R AT MR R 42 . o
4.4 BEFIREEEM L BP HE MBI L E X

BP #HLR 4% R — b 22 LI I A 28 X 4% A5 70, BLAT s R (R ME LA e 0,
EHTERADRME. SR, BP MM LEI SR R T 25 5 B\ R i AR A
RSO NS H o RAE AT E . A T RIX — e, AR IR T G 5
1% (Genetic Algorithm, GA) fltfk BP #1251 70 58 (GA-BP #AY), LIER
Y I 4 R 4 R e ) A4 2RI RE

fE b—5, BT BP #E MU SR ARLTE T i 4 2RI 3B 73 2810 51
B T BT HIRUR, BT BP VAR T B NIEHMT S8R, BABNR
AE LR, SBONGaRZETIES —PIEIL, HAEFEA I A Bl dEnT, BP 4%
T EKEMIERA IS, VISR R, PR AL 2 KRR B D T .
ST IR IS I, AR L T E 8% (Genetic Algorithm, GA) AL BP #14:M
2%, F37 GA-BP TIgahsr iy, sl il 5 s it T 4 2ia s

it

b
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LB AR FEAT 43 SN, — AR s R 10 23 S UE A %

VERN—F i AR, B A A (R T A AL, AL
P A XANAR S A AR R A, SBUP I B E (R R SRR A RN 4 R B AR AR IS R
MBENLAE BRI G M EEF 8, BN MRARER T MEEE R TT &, 18 H H Y
MR RRR . BRI SPIR T —ANE RSy, XAV R T AR
Pl BRI RE ) o HETIERLFE VRS, R PR ERAE FOVFIE B RE B I MA A KL 22
Wik 25T RIS 35 P A0 A8 SR AR RN I A e e AT
SEE, AR XA SRR T A B EE R, BT AA kK
HAFEAER R TREAE . S BB IE SRS, WA R AT BE LR R
AR, XMITVERES G N B AR ZAEE, A ROR R EE RN R IR AL,
Mi4e m A R RAE ) EREFE . 38 SORIAR S48 1 A8 1 R8T R A J o — AR
B, RGEE LR, B2 E B 5 R AU R B = 1A

7E GA-BP iR, 8L kM THuf BP #2228 A AR B A2 3] 2,
¥ BP #1285 0 265 (R4 G AU R 2% 2 2 G i Ry 8% SR B e e ddk, T LUK BT AR
N2 31 SR MGFFHE 5 il — A SEH ) S AR A A BE R o 17 3 R B R R T VT A
BP M2 I RE, 85 R FH 23 SR HERA R B0R 72 bR BUE A E 9 IE R BE AR bR o TE Y
FERR = 4-17 Fros:

_ < ﬁé%ﬁ+> 1
Fitness =1 —
BHALK | (1+axEEELE + B x TiThE)

(4-17)

AR T S AR, R FH R B 126 872 DA 24 B e v e 5o I P82 265 s ) M4
SRIG R B A B A2 X7, e H B SOARAMAEA T 28 XA, AR LT
A, AR BK 3T A ) AR EATBEHLAR 7, DL R R 4 A
MESIZRE, BEINAREFI 2R, Bm s A SN J5 R A 27 2] 24
N BP &M VM6 S 4, #EAT BP Z5 125

ARSAEH R AL BP M M 25 H 7 GA-BP AL, il A rikiQ
DA R, DA A rh i 7 P 18 R AR A A L an 1] 4-15 B

45



g M N e e 2 VAT

sl SERLIE L L

4.5

35T

Ak T

25T

' ’ vorw HEf E?ﬁ:ﬁ: e
K 4-15 DL AIsAR I Eh 26 18]
TR IAE R LI ER 40 JORARRT, & EEE LA B R, R EEAR
B 7RI, £ 40 YOENUS, EREMEETRRE, WL R T AUk
B AR
BT BAEEIENALIG 1) BP #HZ M85 8L, Sl AR Hh (1 DU B TR Bl
AT IR 2K, Hor 2R R 4-16 F1E| 4-17 P

GA-BP Il i i e VR P

Yl 2.7%

e 0.7%

e 1.3%

'l 1.3%

P 4-16 GA-BP A5 B30 AR VR 3 B T

46



RT3

MR T s BT b
i 4=98.5%
4 o
—— Rl
—O— i &
KX o J 4
ar (-
225
=
2 L
1.5
Jll A . - -
] 100 200 300 400 500 600

i A
Bl 4-17 GA-BP FE B IR AL T 45 5 1

25 WAL FEAAG Y GA-BP Y [ i 44 R IR RN 98.5%, 1E 3 Fts
R b i R O et
4.5 FFEPELERT o7 KXW R N =
4.5.1 &F PCA BERFFEREHE

BT LS SRR 4 P 85 v BARAE — @ A oM, i PR 4EBOR Ab 3 PT AR
WO BERRAE, ZEPRMEFS T8, e dE R g, MY SRR 12 A Re Ty, $RTE
SRR . LAk, BE4ES REEEE BTk SVM. BP &M%, GA-BP 4
GrFRAERIRIVERE, SR m LS SR RS BEANRR e 1, RIS B SR 1 AT AL
BeS1, [ETHE—D 0. FWAaHiE (PCA) eSS FEE 5 4 &
FIRFIEREERIR . PCA A% O AR I 2 M AR ks BB SR R BB AR PR R T
T AR R F T B KR ) 7 22 SR E ) SRR T T RE S T AR R s B
G R FIN DR LR, IR REAEROR, MR m BB RS . 1207 R H AR
FETE G EFFAE A A 8 D AMH B IEAS I SR R i, 3l SR AR R 325 2
XA B b, SEPURRE I U 7 20 HO7 Z ORI B bs . (RBER REE
MEF R FRIE AN 4-1 Pron, Hor MOSHEARS, N ORHE4ERL.

47



RT3

Xll Xlz e XIN
x| % ¥2ﬁ'X? (4-1)
XMl XM2 T XMN

PCA FIEIIVIUE D B e SRR B B AT A AL AL B, DUV B AN ) 48 & [a] )
5, BARTES, KBS EERUAREZ, WEIFRELE
HIRFAESE P Y

&

(4-2)

42 1y, ARHIE R R R § 4E3ME, o, NFFIERESS § 4EIE, HM>1,
N>j TERFIERREAL AL B J5 , Svm i Mg b 7 256K C SR EALRRE ] (A e
TRl TR T E R KA AL T ), W R n) U A A AR A SR i
W RR . T AR R4S AIAEE A e, IR T 7 ZVE N EiEhr, HilEA
AW FHR:

_YY' (4-3)
N1
B TS 5 ZEFE R C REEE ) AR 7] & g
Cp=Mn (4-4)

£ PCA BIEH, FFALAE A Sk 1 Bl A8 o J5 17 BT Z RN, A
AEAE ARSI BL—ANMRFAE ) o B IR RF AL B HES 1, AT & AN RO
Xf LRV RFAIE [7] AL AR R AR R P B, I ZeMEAR e Z=PX, H4 IR 4R w4
B 2 k AE7 ]

fi i o B 1 E AR I R T 2 SRR AT VA, R A it 4-4
P o iZdahR IR TR k ASE R PRI T ZZAE T Z R I G T, 2 PP R
HERCRIEESH . RSB R T8 W R TR 95% ) 32 i AF
NHTRVRFE T 22 18], XM OAAE GRIES S e BRI RN, T se Bl 7 B B4
ATCATH BRI H AR

48



RT3

PRt

M, =-— (4-5)

4.5.2 SLWEER T

WL PCA BEAERIAR, B A5 12 ARV HAE SRR BT 4R AL 1 . B
J&, SR B R DY A o3 SR ARG [ 4 I I B R HEAT R 5 402K, IR SRTEAS RIRE
TEZE SN X LI 43 SR B, B 23R4T 73 S UE RS 0 B AP AL 24 P2 AR A PR KT R 9K 2R
K 4-18 fios:

PCAAFHERE T 17 8 IE RS AT L

ACU

T AR RE
] 4-18 PCA F&4E 5 AN FYERE T 17 FIER R X L
K 4-18 FTLURIAEANFRFAELERE T, PCA [E4E 5 R H =Fh 7 Ry
SVM. BP fHZMZ5A1 GA-BP ZEAT 70 R LM RS LU0 o il Rr ML E A 4
m, =ForRINERNIERRY R ETHES, KW PCA FE4ECR B 1) £ 25 B
RERABRME N . Hd, GA-BP 7 RAERUAE A Rp i 4E 2 F B 1L 2 Y v T
BP #1225 H1 SVM, it W 15 A% FE AL BP /2% HAT SE 9K 2 2] e U Az AL

K
o<
DR M SVM 20 RAS LR AR, JUHRARYERRFIE T, HrREEH
55, (HAEME B E I IR R A — E R E R T
HiK, f£ PCA F&4EJa 3 LURRZERT ) AT ML e BT i 18] 4-19 s, DR

49



RT3

YL J5 VL RS S L SR SRR S X

R REAEER A TTHLAL S PCA K AT 1L 5317
. =il . : 2 ® A. v &
A® ‘. ¢ (1) ® ’ ® b“ ..A =
Ay = o A [ ] ®
1 & e - A L s B
2% A o " a4 0 " oA dp“;
, ® :° " e, ' mAAhe N
A 3 ]
-~ NI . 1 AV n" % o
e u @
1 gy 47 A n® o 4
.. ® | ® 2 L
e e * -
-2 a Py { ] A
A 3 A
-3 L
-4 3 2 1 0 1 2 -4 3 2 1 0 5 2 3
(a) ARFFELERTIVLFERIE PR (b) PCA &4 5 WL FERHIE n] ML

K 4-19 LHURFAE AT ALAL
FR, AE PCA B&4E )5 % LEFE4ERT Ja A nT AL 0 A & 4-19, R IFE4E S Y
GINCREREERE R Sy & LR
g LRk, 18 PCA BR4ERORBENS A Rum /D Bl 4 RE R OR B S B 8, A
Mg, FN, GA-BP 73 KR ENLHEAE SR 2RSS h R A,
BP #H& M4, SVM 7 RBCRHN B ZE . Xt— Uik | BAE AL
BP # W Z8AE LS 5 70 R UUIME S5 AL 3

4.6 7K

AREFT AR 3 BB 12 FEWREEAE, %it T SVM. BP #1ZM %
PRI KB, o SVM BIRBIER R A 80.67%, WBIMERIRENT, BP #£
PR 2% AR BIHER 25 B 92.5%, EBLFERY KL SR S BP MBS S, 1
BT GA-BP (RAGKETL . BRI AL 5130 ) 2 R I8 Z A SR 2 45 )
IR AR SR, BB IRTE T 1555 BP M4 5 B\ R WAL AU ARk MR £ 1
42T RALHT GA-BP T 20 K IEHIZ A 98.5%, SLifist %W, GA-BP #
TG 4 2283t 40 25 rb B T 100 28 IE A 3 A0 T BRI I 0k, B
UE T B R R T AT 1

INGE

i

i

50



RT3

% 55 ThaMEEEIRAAR T 5wk

5158

WEE R IR S A B, MATLAB ) App Designer K3 B U 5 F ) 53 T Al
KHIThRE, TR R —Fra] LLSRELRGE L T A LA R = 28T A 4R RO
TR, F MATLAB R2016a it 4 & A LA>K, App Designer & SN HAZ O AAE 2
—o %L H KA MATLAB BB B H - A iisct, SRR & St 755
AT R i R IR, SCRPPRC IR 52 B 3R R e I AR BT AT S0, 78404k
TR TRESEHAMME . B 7 AR SR ThReSt, App Designer iR T H
AT RE . BEN A R T R AR A 6w i, BRI T
HRAEFRA T . T, AFIEH App Designer K T —EIIHES 4
ARG, LB TS5 R0, RRESR OB S5 Th R EL,  JFid i SL 50 50 F
TIZRGH AT AN R
52 RHEINBSINEES R

KA EHET MATLAB [ App Designer T & B — 3K N RIZ 3PIRZS TR 1
BT . ©BA T WA - A E TR, T LASE B Ao A T R
WUAREEERES . B R EIhREaSE: UGS S B EE . RREFREL
SRR IR N 2 AN LA LS 5 AT R A4, AT Re % Sk
IR B 2 MOs ZRAS B HERR RN, AR PR BROCT RS . BAFix
TR AL JFE I, A DR F S SO B ME, T IR I
B 5-1FR, Wik 1R BT RN SE . RIS, B AR R AR SR ] T
M R TS AR S HO S, BIAT5E RO 5 B b B 3152 ZR A& 1R
g, WKW T@aR RS R I HER 2, 7T LRI R0 R IR A& #E L
#5 N8 By I B2 A ORES TR AN AE R 10 ]

51



RT3

Bt TFRAE R
G-l HARThfE

B € At
RN
AT A AT PR T g
I SEI Calls

K 5-1 B et TR

BEFACER TR, 2B S T U = RIRE:

(D) BRGNS T PR AT . BEThRE AT DUE A SR B LS 5 Ja 2R Ak
BN HNLRAS S8R . XDIRERENS B XS IRARNL S ST TUAL BRERAE, %
B ) EE D e A S T AL B BRI E S T, s S ERt. R4
AL T Z AL E LA S A, A RS AR T REAT RN E,
AR G LS 5 8ol , DS B HER Rt AT Je Se o i AN A

(2) WLHAE S FFE S BERIIIBE . T )2 58 BOTUAL B 15 5 BEATRFALE
b, SREBCAAAERNER LS S, IR A BRI WL AR AE 3015
SR OCERF AL R AR, B SRIPUX SRS AE, R DT RO R LS T R
NIEBMME T T 5 AN 4 11k 2 K el

(3) BZPRERI 2RI ZARB R T 2 AR GRS L iR,
PR T KOG SCHF AL BP M M5 2648, SEI AN FIZ SRS T L
RS S AER 0 8 5 R0, IR IS R DAE SR BonE A Al o, ]
P B 73 S U AN [R B3 ) o SR HE R 5

BT EIRDIRE TR, ARAFRAT T AR RER A vt w52 s, M
X7 3 AAFER GRS LA IR E I hae, LU 2 P EL
HLE S A B S5 0 drid A T M 2 AR K

AP RS R, B EREANRR AR A . 123 A A et IR
TRIES T RIER, SR IS MR AT R AT B R R E R 5l . FH P AR 3 S T
CUER AR AR B JF e B O RF 2R B, i fa ) s i R A, At e bR I AR
A G5 S, A AE A 2% S P dR R & T g . XAl et e SR
—AMESE L SRR, AR B RYE B CSERrFR R, RIE I H A

52



RT3

A F D RER s, AT SE G b Se LA 5 A B S e iR 55 . IR, &
G B RO R VERY L, BENSE NANF P AR R AR ST 15, IR
JE EEAT DORE RSB ANy S S HF o

4 MATLAB App - O X

EF=mieEESi=aiREl

5-2 BARR) 32 S

5.3 IRt S A

BT IR TR, ARRARHBERA BT EE, R =0
DhRetsEd: (55 PR IT . FRAESR IR oA SR BT, &P Bl ST
MpE AR, SEREE T B LEAE S RS . H PR3 AT DU
A =ANARFER button $%4H, BHEME &AM B, 8RR BT
R A B AP R e S, AR TR S g S kst dt. RN
AP, BB AN B T RE BT RN SR — N EA BB, TS T
FRERAF I BE T 5 SR B
5.3.1 ALIRIRIR

AL BRAS R SR ) S LA G gy, R R X E AR VLS 5 kAT R
W FMEAEE, DAREE S IR EMG ST RIMERYE . AR T 2 RE
PRSI ITE, B CRRR I 25 DA T/ A e 1) e SR 46 . ] 5-3
Fius, ANLEAE S TAC B AL ST o, F P AT DAARYE S 75 sRIE £ & i i
IR BRSO E, WIS AT A R AL B . B, i AR
TR T DA R BR LA 5 o i) e e P R B 2R A%, 17 /N B AR e 5 M B

53



RT3

YU B 0% BB G OR B A5 5 (AR Ik . TRAL B K45 5 SE AT, S MR L 25 92
s RS RFIE SR IO 70 SRR g 1 RGN A

| (4] MATLAB App — =] x
NEBESmE
|
e -
[ Sy =i
| _ e | VEEERER
i ; FEES ETERESES v
13
% 05
0
0 0.5 1
tls
. REEES
% 05
0
0 0.5 1
tls

5] 5-3 LS 5 AR HE ¥ S

ZALRAE S HUACE A S i B PR X
MEAE A A FIRMEIZE A S AN 5 EE SOk, S ORIz
RERHETRANIRE SR . £ APCREMIVERE S5 EdE 5w Losid
s il G B AL AR IS AR IX 22 1R oR T, JF AT DL B EE AR 4R B AL
HLE 5 B A2 A 2R S A LS 5 P

VAR S PR S, B8 7 UG 5 AP Dhae, LB TIRES)
R H P LT Be s LS 5 34T A0 PR, H A ) Th R EL A LR IR S DB I 25 1k |
NSRS /N BIEL S A S N BIE AT EMD 73 i L5 5, e BUR
fiZhee, WHEANZIIRE NS ECE S, Wl 5-4 fros, i) BRIk
IE A 12 B B .

54



RT3

(4] MATLAB App - O X

NS ST

EEEsE (BesmEEs v | E:”‘Ea“\_ﬁ =
pmme, | NEEREE
=T ERESes v
»

St

[ g
0 200 400 G600 200 1000

et [ 2 3] wEEsE 1 E 5

(7] [e&=] (7] [&=]
K 5-4 EURFIR i 0 o 2 20 8 7 i
EEIEFNZHUG, AR A LS S kT PAb B, Ab
J& BB B R] DL ORAF AL AL ORAT O 2 Mg N S, O JE 2 AR SR IR (it
R
5.3.2 45{E R HUAE R
AR A% O T RE A X FiAL 315 LS 5 3T RRAE S HUR I, FT3R1E 1Y)
RRAIE ) B R AR D 5 SR RO SR K BN B8, g 3RS 73 SRR L G BRE F e
E(S 8, B RS ZPRA BN P HER I o AR AL T 2l IUR AT R
AESEHTT %, AL MAV(ZERHEIIE), J775(VAR), RMS(HIT7HR), 1&fH (Peak
Value), &% f% (ZC) X AFBEFFEA MF (FRESIZ) FIMPF (#5125
B SRR AE . P RT DR AR )32 B RS AL A S B0 5538 1 ARFAE
He, DR RAER R8O B, U0 TR RIZ 3R, RMS
MF FRAIE R S5 1 S LAY A S o B R AR 4K, AT A Rt X 23 AN RN )i
AR BEA, RPESRBUBTRIE SCHF H € SCRMETH SR B0 n, 2t — 2D 10
T RIEHEALE M. P 5-5 B AREAE B BUR BRI ST .

55



RT3

] MATLAB App - O x
IR
~ [ et
2em [ [ mav
[ var ~ [ s
AEE [ RMs mlls
0 zc O e
=g
[] Peak Value =meE| |EERT

R

1

0.3

0.6
B

0.4

0.2

0
4 0 0.2 0.4 0.8 0.8 1

X

K 5-5 REAESR U S A

RFAE SR BB ER T A3 = AN SCARHE . RN S 1E . — AN X o —A
FIGHM. AP HEESATUCE G IV REGE, SOH4% B 3) R 7ETE 8 SUA
MEH o FERFAESRELAT, 575 (0] % A0 B W SCAME R B W OS5, @ w
TEAR AR L BT S BT AE S B . RGeS R P ARYE S50 75 Sk RIS L S 4 IE S
o pUERRESRICIRELG, PSS R S BORTERAE T, [RII 4 JE X d
[0 AR RHIE Y, N PSR BRI rT AL o AT . FEEATRHIESREUS, TR
PR AR AE 25 W] DI I s OR A R A A2 B R B3 O A AE AR I S
5.3.3 ZEIRFIER

S FR RIS A A% O 4, DD RE RS TR I RFAEAS S, FIHAL
# 5 S BN T R SR AT 4 KR, RN IRA IS R . o RO
FHWNE 5-6 P, AFHER T 2R, QRESCFFREN. BP MM
2% UL R BE T AL AL BP A 2% (10 K E % (GA-BP) 5. F P AT AR
B RRr A K TR A E K E, SRS HOEAT IR E . B
un, GA-BP HAVHEIEEESHIEXS BP M4 M4 M ST Bk, RefA Ak
P RS, EH T RERNZIRERINES .

56



RT3

[ MATLAB &pp - O ®

s
SxsE [0 | ' st (oreEmE v |
a1 ]

Astes [(FiE | [ s=E

. SEER
BrizEfEREERE |6
12 0.8
18 E 06
24 g
® 0.4
0.2
0
0 0.2 0.4 0.6 0.8 1
HEES

Bl 5-6 4 IR IS T

SRR ST o DA SOAR TR . AR . — A T RAE R
— AR X P — B RAEFE AR S, 1 0T NRRAE B LS 1 M REAE 508
SNTERSG, ERRAR LI 43 FER AR S AU AR IZR, X T BP #HZE WL 1 4y
K, I TT CABEAT A L IR B2 B e 43 DA st R R e 1 43 R AR

BeAh, SARPGE TG IR . R EAE 5 IR 1 BEAS [A) B b 49 38 AT Rl 23 A
BB LA e AR IR AR . SRR S MK R4y, 20 K Bk B e U
s PRI ZRA% A, B AT E ARAR X B 2B AL ) 20 R 5 . d e AT I R
[ 43 BB (AR R, 53] GA-BP B8 B B LR 40 2K U
5.4 SLIRTEIE
541 LHES

N T IR S R s, FRATTBEE T — RVISEER . SLIOX RN 8
PRI SR, EFERERmE AN RS, WK 527, kT 7RI
fE Bk b HOBANT U Fpig 2 i sege . A A LS SR
Pl & B E T2 AW EA LS ST RAE, SRR ENI. HEEL.
A WS . KRBV G S DB A6, B S B AR kAT
AL 3T, SeEed AR T, PERE R PR R R AR S, B IR BT SR
P EE M, [, TR RAERIVERE, BATEHES T — B hr b r iR 4L
YA, T 0 HOA TR 4 B R R8UR

57



g M N e e 2 VAT

3 L] ] ] 4 4
BAMHE  CHEMEBINN DAMESEN  EANAlE FAIHGE  GABMESNHIN  HA )
10% 10% 40% 10% 10% 40%

5-7 T BN R A LU 5 R

5.4.2 LIT7E

FESEIG I FR A, 1 SR T A B Bkt T 4 JUL RS 5 R AT IR A0 25 I AL 3
FORE TP R, RE, BT RHESRBUSEHSRBUYLHAS 5 (0 I S AU R ALE
TERAHE R & fRf5, 12 R BEHO R 1] S AT 70 2B 0, 73 i) R A
SCREMENL. BP MWL, BT g G BRI BP M4 =P o BB EEAT
S8y BbAh, N T VP FARFAE L A R A RACR IR, FRATTE S A T B
—HENER 2 PR A AT 0 85
543 TWERSH

AT AR IR AT AT IR S TR, EE, IS S AL B AR O R
R JE LR WL B R AT DBk B e b B, 2 22 Bk AT S S R 7 By o 3 R
FRFAE SR B AL 315 (915 5 R IR A R RFES B, NIRRT
PR B AR RN, B SR BB N GA-BP A8 i i gk 47 3 28
Woilo FEXTILHAE 59 BUS 13 2R F R IEEOE S i 2r K IER R ] 5-8 T

o

A FEHVESIERE T GA-BP 5 (g 4p S E ffE

ACU

5-8 ANEIZEEIEFAF R T GA-BP BRI 3 25 IE AR
58



RT3

I LS RELH, £ GA-BP 70 REAId, INAARFIE RMS X PUAR T g 3l
XWX e S, HPUHERARILF] 92.36%; tHELZ T, Peak Value %F
MERI 3 HMERERA AR, HERARAUN 32.58%.

Rtz Ab, BARE T RESIALE GA-BP BA/E X T RN 5 1ig
RS R B FE PR RIE B T 98.5%, {2 BTl 25 (L H KO 411 42 4 0
SKVR TR — /ML HE A, 35 @ ks I BE S BEAL 2 ik, AT LSS
TEARAY J5 (AR R 6 37 AR L F a0 BT AR SR 1 8 SRS o RO i v, DR B0E
TSR AN [ A PR P 1, B AN 5] AR L B 25040 B BT AR SR 18 Bl IR A 1) 4 1R
RIHER A, ASEERIE I R AR 4 4 AN IR S0 GUBT I L i e SR AT BRIE

W FRAE T, A 4 ARSI RAEAT WU B R A, F e fd
AR BB B A TRAL B DL R REAE B BURBE O] 5 46 P JUL H a0 A7 AR S AR A 3 S
7530 F R TI0M 0  JULFEL BB B o i TR I R A R A UL I 2R BT () GA-
BP AR 0] i 1 UL B R AT T, 49 3 1 25 R & 5-9 Fow:

il U A TR

ik L

1B 5-9 RN 45 SR A IRV R 1]
FEASTHI ) SEBR s SR AN 5-10 o :

59



RT3

LM 5 HRAE 1 =06.3%

—— Akl
—O— A

0 20 40 60 80 100 120
ik e~

&) 5-10 FEA TS Brsds S

B ZE VY 44 9 1052 R A B, SR PR B IS F s s S AL )
) GA-BP BTG AL FELAE 5 K HEAT O . A5 BB RAE N i DU Az Bl A5
ARG IS T 96.3%MIHEMI R . 5 71 F7EAH [FAE AL R 345 1R )
PFALL, ERAUE 3%AA . WIF T AR T RENAE S GA-BP B
IS BRI T IE P A FE A .
5.5 KB

KREVELIN T T IS PR TR R A vt 5 se il 72, Jfdid—
AP SLIGIF T H AT TR R . 3T MATLAB ) App Designer T.HJT
%K, BT REFH P SR SR BT RS, REAS SCELM LS S AL B EE SR
BB AL FES . Besh, BRI T B A bR DO BE, 7 18 P s
WS RIAT . NS E EENLEE N E SRS Ba e/ S R4t 7 — A4
T B

HJE, TN 4 44 B SIS GOR AR R VLR, SR AR SRR
IR BN ZREF I GA-BP BTG RbFR 5 57 (KWL A B SR 047 500, 753 (K730
BIHERER N 96.3%, IRALE TARALIG ) GA-BP FAULE N RS SR AS TR 1) 1 i
G E i

60



RT3

6.1 ILL B4

e A NSRS N BB s B, X AR IS SIPIRES 2 ) e e
LIRS, T ULEAS S 1SS AT BB AT T AR S BREhE, B ALEAE = A)
DI N ARIZ B AR AS I TN T SR A A4 o DRI AR SO T 3R T LS 5 1) R 4B
HEHLER Nig 2Rl R TFIE AL, alid 0 A AR R IS5 # 5P SR AE, SREE IR AL 38
RIMPVBRAE S, &SI T XN B 3RS i s e 2210 . Bk TAE R4
T

(1) WA AEEVEA T 7N TS (. R B migshbl
SR AMRHE, BRI NSRS, IR 8 AT B, T
fif 2 SR, B S TR LRI 3 LA S UL A 5 SRS R SRS LAY
. BB ZWEERTIEG S RERS, WE T F 8 RE &,
HRUTE T AR G PO B R R TRAL BERAR W DR A 5 SR 1 M A 1 R — B 1k
TIHIEERY, %V B AR TR ARG S, ARk
SRR T o A A

(2) EFXUHEAE S e ()8, $E T — PR TN RE 25 S B IS R R
{EF1 EMD F3 it () 250 07 € o IS LU EVRRIR Wi o« AR50/ 2 e 5 o 55
ISR, WA T %0 RAEAR S 5 OCHRRIE 1) (R B 2 2 32 T LG . 74T
TESRECH T, KN 2 & D ARIREU AFE (MAV. VAR, RMS. Peak. ZC)
USRS AE (MF. MPE), FFRIEE T 12 4EBME A . SRR, RMS 5 MF 4F
ELE X 3 AN RIS SR I R IR A, 5 AR AL 1 X 23 FE S N 2080

(3) X FPRA R AEFEA GRS, %t 7 SVM. BP #1240 25 Al
GA-BP 738, SVM A (R BIAERI Ry 80.67%, BP HZE M 4557 (1) R 1]
HERRY 92.5%, 1l GA-BP B R IEMARIER] 1 98.5%. LI REH,
GA-BP BRE N JRIg A a0 28 b BAT S s 10 R 1 5 0 S PR 1 o B

(4) 3T MATLAB If] App Designer L1, JF&k T —3K&ERIE S AL HL,
FRIESR S 73 R A8 B AR o 300 SCHF 2 e B DR UR TR . /)

61



RT3

WM. GA-BP 43r28%, JRESLIRIGIE T H Al 7. MRS R KW, GA-BP
BRERMEREE RMS R R UHERZRIL 92.36%, BEL T HARMEA S . &
oy Re L et ST S, R P AR T R AR AR, BRI T L
ERSY SENINEF 7 Nt

6.2 i RE

RCHET RIS T N T B PUR I SRS 34T T 7 KR AL
BIRAE T IBAME BEHLAE N8 300 5 T HUAS T — @ MR, (HAERF 5T #2475
FEE— SRR A, AREARRIB R it — P St e, AMARIERL T
JUAST5 T -

(1) AL FBRT RIS S AT NSRS 173 8000, (R 5
— IV AR 5 Z B AN TR, S BV H AR I i R 1S 5 R4
ARAKTT DA% R Rl 58 2 (M AR VS S FINUMAE RS EE , DLisE— P4 sz s iUl
RIS PR AN

(2> H AR S AE S A S5 7 A R . ARRIEHR AL
B, BT EE R, JFRAEE G, DAL B A B B LA ATE SE R
F AR SERHZ B R .

ARSCAESE T RIS 510 B AME B P8 N8 3R 75 AR T — €/
R, A TRAERREY B ZESEEAEG . WS @R AR %
TEFIAS AL B IR 55 0 T HEAT E— DR 5T, DAHEZD T A E SR A3 A H AR
RN o

Har, FRECE TR BN Bl AR D7 IR T AN IR, (Ht
BAREARKTPME, AW TRBI IS8 B8 AADAE— 2R 2, ARt
T A I SEPR AR R Ak, MHRERIEREY R, ZESERMEG. L
o P S I PAC B F 36 E A A B S N 555 D7 TR EA T Bk — 2Dk g, DA
) TSN BE AL NBAR A AR .

62



RT3

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

S22 3CER
YOUNG A J, FERRIS D P. State of the art and future directions for lower limb
robotic exoskeletons [J]. IEEE Transactions on Neural Systems and Rehabilitation
Engineering, 2016, 25(2): 171-82.
EAHT, B, AL, 5N s 3 B R SR RE SRR R GE[0]4%
HAER HR,2020,41: 99-107.
PR, Rz, H) AV AT 55N A R LA A LIRS R %
[J]. 597 A= 4% 45,2019,40: 89-97.
ZHANG Y-P, CAO G-Z, LI L-L, et al. Interactive control of lower limb
exoskeleton robots: A review [J]. IEEE Sensors Journal, 2024, 24(5): 5759-84.
Bk 5% G ofe 2R e Bl F1 A B AL A% NIZ s 6k 7T [D]; L A 5K,
2022.
YU X, PEI Z. Feature Decoupling for Multimodal Locomotion and Estimation of
Knee and Ankle Angles Implemented by Multi-model Fusion [J]. IEEE
Transactions on Neural Systems and Rehabilitation Engineering, 2024.
ESCALONA M J, BOURBONNAIS D, LE FLEM D, et al. Effects of robotic
exoskeleton control options on lower limb muscle synergies during overground
walking: An exploratory study among able-bodied adults [J]. Neurophysiologie
Clinique, 2020, 50(6): 495-505.
R . T NAKIZSIHLEL ) B B B AL S NIE B 77 2 A R (5 N A1 7
[D]; H T 2% B, 2023.
FMATE. & T N IR B AN AL 3 NP 0 R 0EST [D]; SEL K2,
2022.

[10] ZHAO J, HOU H, NIU X, et al. Virtual torque control combining with modal

decoupling research for hydraulic-driven lower limb exoskeleton robot [J]. ISA

Transactions, 2025.

[11] WANG Y, ZAHEDI A, ZHAO'Y, et al. Extracting human-exoskeleton interaction

torque for cable-driven upper-limb exoskeleton equipped with torque sensors [J].

IEEE/ASME Transactions on mechatronics, 2022, 27(6): 4269-80.

63



RT3

[12] EFIE, W17 7, Wi 1R, &5 2 T 20 58U rOBL & N &4 @ B PD 4281 (1] 724
T#%,2021,28: 1738-46.

(131 ER =, B, RE, S NUEANEEAE BRE K a8 8 & T 1] 2e e e %
TAE%H,2024,45: 278-87.

[14] AKBARI M, MEHR J K, MA L, et al. Uncertainty-aware safe adaptable motion
planning of lower-limb exoskeletons using random forest regression [J].
Mechatronics, 2023, 95: 103060.

[15]ZHENG J, LI Z, HUANG L, et al. A GMM-DTW-based locomotion mode
recognition method in lower limb exoskeleton [J]. IEEE Sensors Journal, 2022,
22(20): 19556-66.

[16] NORONHA B, NG CY, LITTLE K, et al. Soft, lightweight wearable robots to
support the upper limb in activities of daily living: a feasibility study on chronic
stroke patients [J]. IEEE Transactions on Neural Systems and Rehabilitation
Engineering, 2022, 30: 1401-11.

[17] ZHANG S, FAN L, YE J, et al. An intelligent rehabilitation assessment method for
stroke patients based on lower limb exoskeleton robot [J]. IEEE Transactions on
Neural Systems and Rehabilitation Engineering, 2023, 31: 3106-17.

[18] WANG W, ZHAO C, LI X, et al. Research on multimodal fusion recognition
method of upper limb motion patterns [J]. IEEE Transactions on Instrumentation
and Measurement, 2023, 72: 1-12.

[19] WANG G, LIU Y, LIU K, et al. sSEMG data driven-based anti-disturbance control
enables adaptive interaction of lower limb rehabilitation exoskeleton [J].
Biomedical Signal Processing and Control, 2024, 94: 106347.

[20] LIAO H, CHAN H H-T, GAOF, et al. Proxy-based torque control of motor-driven
exoskeletons for safe and compliant human-exoskeleton interaction [J].
Mechatronics, 2022, 88: 102906.

[21] WANG W, REN H, SU S, et al. A Brain-Inspired Decision-Making method for
upper limb exoskeleton based on Multi-Brain-Region structure and multimodal

information fusion [J]. Measurement, 2025, 241: 115728.

64



RT3

[22] CAO W, CHEN C, WANG D, et al. A lower limb exoskeleton with rigid and soft
structure for loaded walking assistance [J]. IEEE Robotics and Automation Letters,
2021, 7(1): 454-61.

[23] CAULCRICK C, HUO W, HOULT W, et al. Human joint torque modelling with
MMG and EMG during lower limb human-exoskeleton interaction [J]. IEEE
Robotics and Automation Letters, 2021, 6(4): 7185-92.

[24] ZHAN Y, ZHANG W, HOU Z, et al. Non-anthropomorphic passive load-bearing
lower-limb exoskeleton with a reconfigurable mechanism based on mechanical
intelligence [J]. Mechanism and Machine Theory, 2024, 201: 105753.

[25] ZHOU L, CHEN W, CHEN W, et al. Design of a passive lower limb exoskeleton
for walking assistance with gravity compensation [J]. Mechanism and Machine
Theory, 2020, 150: 103840.

[26] SHI D, ZHANG W, WANG L, et al. Joint-angle adaptive coordination control of a
serial-parallel lower limb rehabilitation exoskeleton [J]. IEEE Transactions on
Medical Robotics and Bionics, 2022, 4(3): 775-84.

[27]LI H-C, MOFID O, MOBAYEN 8§, et al. Barrier function-based prescribed
performance trajectory tracking control of wheelchair upper-limb exoskeleton
robot under actuator fault and external disturbance: Experimental verification [J].
ISA transactions, 2025, 157: 530-42.

[28] TSUKAHARA A, HASEGAWAY, EGUCHI K, et al. Restoration of gait for spinal
cord injury patients using HAL with intention estimator for preferable swing speed
[J]. IEEE Transactions on neural systems and rehabilitation engineering, 2014,
23(2): 308-18.

[29] LONGY, DU Z-J, WANG W-D, et al. Human motion intent learning based motion
assistance control for a wearable exoskeleton [J]. Robotics and Computer-
Integrated Manufacturing, 2018, 49: 317-27.

[30] Zfrdh, AR, T 5t Al @l T b e e E hL as N Bt 5204 [J]. 22
M k2B 54, 2024, 31(05): 65-9.

[31] ERZE, WIE(E, FEE, 55 TS RREIME B LA N BT 2 e [1].6297

65



RT3

A6 4%,2025,46: 88-100.

[32] AT S8, T B A B s N Ris s & ERR AT ST [D]; o B B2 EoR KA,
2023.

[331 XI5 8. KN B4 s sh 7 5 R UL 7 R 2 T 7T [D]; sl K5, 2023.

[34] Rk, A, 2R, — Ml @B A E B st S 05 5 (1], HL
T.F2I, 2024, (10): 78-83.

[35] LIU Q, WANG S, DAIY, et al. Two-dimensional identification of lower limb gait
features based on the variational modal decomposition of SEMG signal and
convolutional neural network [J]. Gait & Posture, 2025, 117: 191-203.

[36] VIDYASAGAR K C, KUMAR K R, SAI G A, et al. Signal to image conversion
and convolutional neural networks for physiological signal processing: A review
[J]. IEEE Access, 2024.

[37] REL. TIAMEEEHLE AN ANLZ S AHRLEL S LI 77 0T 7T [D]; 2R
R, 2022.

[38] GAO F, TIAN T, YAO T, et al. Human gait recognition based on multiple feature
combination and parameter optimization algorithms [J]. Computational
Intelligence and Neuroscience, 2021, 2021(1): 6693206.

[39] LIU J, ZHOU X, HE B, et al. A novel method for detecting misclassifications of
the locomotion mode in lower-limb exoskeleton robot control [J]. IEEE Robotics
and Automation Letters, 2022, 7(3): 7779-85.

[40] XIONG H, DENG Y, FENG B, et al. Gaitgs: Temporal Feature Learning in
Granularity And Span Dimension for Gait Recognition; proceedings of the 2024
IEEE International Conference on Image Processing (ICIP), F, 2024 [C]. IEEE.

[411 £J5 T, AR, VFATs, 35 3k T AR o h A% R A\ iz sl & BRI ]
MUK T2 2441),2019,55: 19-27.

[42] MO Y, HAN H, LIU Y, et al. A tactile sensor based on piezoresistive effect and
electromagnetic induction [J]. Sensors and Actuators A: Physical, 2022, 344:
113716.

[43] PARK J S, LEE C M, KOO S-M, et al. Gait phase detection using force sensing

66



RT3

resistors [J]. IEEE Sensors Journal, 2020, 20(12): 6516-23.

[44] MENG L, MARTINEZ-HERNANDEZ U, CHILDS C, et al. A practical gait
feedback method based on wearable inertial sensors for a drop foot assistance
device [J]. IEEE Sensors Journal, 2019, 19(24): 12235-43.

[45]HANY C, WONG K I, MURRAY I. Gait phase detection for normal and abnormal
gaits using IMU [J]. IEEE Sensors Journal, 2019, 19(9): 3439-48.

[46] DING S, OUYANG X, LIU T, et al. Gait event detection of a lower extremity
exoskeleton robot by an intelligent IMU [J]. IEEE Sensors Journal, 2018, 18(23):
9728-35.

[47] ZHU C, LUO L, MALI J, et al. Recognizing continuous multiple degrees of freedom
foot movements with inertial sensors [J]. IEEE Transactions on Neural Systems
and Rehabilitation Engineering, 2022, 30: 431-40.

[48] SEMWAL V B, GUPTA A, LALWANI P. An optimized hybrid deep learning
model using ensemble learning approach for human walking activities recognition
[J]. The Journal of Supercomputing, 2021, 77(11): 12256-79.

[49] WANG J, WU D, GAOYY, et al. Integral real-time locomotion mode recognition
based on GA-CNN for lower limb exoskeleton [J]. Journal of Bionic Engineering,
2022, 19(5): 1359-73.

[50] BUALWAN V, SEMWAL V B, MANDAL T. Fusion of multi-sensor-based
biomechanical gait analysis using vision and wearable sensor [J]. IEEE Sensors
Journal, 2021, 21(13): 14213-20.

[51] ABIDI M H. Multimodal data-based human motion intention prediction using
adaptive hybrid deep learning network for movement challenged person [J].
Scientific Reports, 2024, 14(1): 30633.

[52] ZFIEIE. FTANUE B RGBS B S A BT AR E PE 0 b Ao S LA 72
[D]; LR TR K, 2023.

[53]122 ik, 7 X B IR AL N Bt 52 HAZH T VAT 7T [D]; K& TR,
2023.

[54] 5K3%. BROCTT 2 B 1 BRI AW AT [D]; AL st TR, 2022.

67



RT3

[55] i< . T 255 SRl E B ANAR TN BEE sl & BRI HORBTFT [D]; 675 Tk
K, 2023.

[56] ASSOCIATION A S D C O C A W. B[ /R K i BRI 5 A AR 20 28 43 1) A [
LR ILP ], PR AR O I AR &, 2021, 23(11): 1141-5.

[571 AR, REK. ShE el R NZRas KR I [J]. BT AL, 2021,
52(05): 98-100.

[58]RYU J, LEE B-H, KIM D-H. sEMG signal-based lower limb human motion
detection using a top and slope feature extraction algorithm [J]. IEEE Signal
Processing Letters, 2016, 24(7): 929-32.

[59] WANG K, CHEN X, WU L, et al. High-density surface EMG denoising using
independent vector analysis [J]. IEEE Transactions on Neural Systems and
Rehabilitation Engineering, 2020, 28(6): 1271-81.

[60] AGOSTINI V, KNAFLITZ M. An algorithm for the estimation of the signal-to-
noise ratio in surface myoelectric signals generated during cyclic movements [J].
IEEE transactions on biomedical engineering, 2011, 59(1): 219-25.

[61] WANG J, SUN'Y, SUN S. Recognition of muscle fatigue status based on improved
wavelet threshold and CNN-SVM [J]. IEEE Access, 2020, 8: 207914-22.

[62] RANI G J, HASHMI M F, MUHAMMAD G. Variational Mode Decomposition
and Empirical Wavelet Transform-Based Feature Extraction and Ensemble
Classifier for Lower Limb Movement Prediction with Surface Electromyography
Signal [J]. IEEE Access, 2024.

[63] CHIANG J, WANG Z J, MCKEOWN M J. A windowed eigenspectrum method
for multivariate semg classification during reaching movements [J]. IEEE Signal
Processing Letters, 2008, 15: 293-6.

[64] M. T Al o7 it N AR N B s S A AL R iz s BT 7T [D; o B
FRARKE, 2023.

[65] . T RIS S 1 _EREhE R BRI [D]; B RHKE, 2023.

68



RT3

BUEAN £ & F ALHAIE) F AR AR
LIl R BOE B PR
[1] 25— {E#. FREAMEHebL 3 AZEN BRIy %

2. HE A RTR AL
[1] 55— KU —Riogr A RAL N o #AE B [P]. (TEH)

69



RT3

Hi

T3l EEL, CaTR TRHRAET, 8R4 R
2, ZEMERDCOI IR R, R=FREC kAL, BRBRELHA
LR ERERFRNESE, AT, BRI

BRI SIS m& 0. kAT, L2 E RN
A E BERAAR, HEGR TR GG, TR RE B2 T
MRS, MR AEFEOEEREAS TR, FNBES T RIRZ AN
EH, XEHRRS NER EESAR, HiEREA TR ERSEE, £
b, ORI R S Y, RS E B S MR N A IR 2 R EH

HIRBEFGF LI FEN, B F AT A ZER B ORI, bR
JEIK AR, KEAR, SRISMERBRK DA THANREES SR, MR
BEARATI R SOTE S B SR B AR AR, TR i B St i 14 A A B B e (1 5%
Oy PREARE, RIS = Rgut A, RRIME AERsh T, B
NAER, BRI T BRI 2o

PR BB A I A ™ S5 08 . SH T BN AERUR, JREAE, AR
MR R =R AR, B, J—&% ), —iE#d, BREK
RNV RE—T5, ABRAEIRNIAEW AR LA S, AT, Resiy
FEAERE LRIINAAT, A BARNTER Z Ja 2 EMR AR S . WR L TAE, B iRk
PRAR

e, MRS I L AN E R - A2 AT, RO AT AT H 0
SEENTAR, NI SCIR N E BT IO E =

70



.ll‘lll".- 4
ST A A




