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Pattern Classification of EMG Signals Using Neural Networks during a Series of Motions

0. Fukuda, Non-member, T. Tsuji, Member and M. Kaneko, Non-member (Hiroshima University)

This paper proposes a pattern classification method of time series EMG signals using neural networks in order
to estimate a motion intended by a human operator. To achieve successful classification for non-stationary EMG
signals, a new network structure that combines a common back-propagation neural network with recurrent neural
filters is used. This network is suitable to express time-varying characteristics of time-series EMG signals. Also
dynamics of a terminal attractor is incorporated in the learning rule in order to regulate convergence time. The
convergence time is always less than the upper limit of a specified time, so that mental stress of the operator for
waitting the convergence of learning can be reduced. In the experiments, the EMG signals measured from four
subjects during a series of six motions are used. It is shown from the results that the proposed network can achieve
a relatively high classification performance and the learning converges within a specified time.
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Fig.1 Structure of the proposed network.
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Fig.2 Structure of the back propagation neural network.
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Fig.3 Structure of the neural filter.

My,
@si(n) = 3 bIW; 0 Noi(n)

7=t

6y

1
1 +exp ( — @s(n))

22 t@si(n) & Won)d =2,3,---, D) IEIBD i &
Hoazvy bOABhEHAREDLT. T2, @AW,
Ed-1BO FHo2oy b EIJRBD {FHOLZ Y
FEOEATH S, 4B, M20% DBIZBIT3P)0i(n)
i, BRLTE KEOHEDNI L i HFHOBEIIETHE
BnEHERbTILIILA.

<2+1+3> NF#

NF #Cit, NNEHTREETELWATT — ¥ OREF
BREEICHRT S, NNSE»SsolbiE, FEHOB LY
BRIMES L 2L LSTFHEINE., ZOEFIHLNF
3, FEICLYETG LT AN EETEEL, NN,
DN EBIET L. IOFBRIPBHEOTATINT 4
N FIITENKRELRRETHS. :

Lo O3 BEBBES DT 1 M8 ) ¥ 72T DI,
B3Ry &5 2bEBIY L M EEE S ONF 23R
L HELIEREESTIOETAIIa b~ a VER
DFER, TONFERINTy 7405 5D SERT- NI
PEETHIENRENTHS, KFETIE, ZOHEE
NF & LCTHAET I LCLZ.

NFUE NNHoZE 2oy FzEMcEESL, AB2
=y b1, PEI=v M BE, By b 1 EOEE
BED, WENNIZ, AR PAX () P52 6N0, k
FHoH2=y Mzl (n) BB ENLBEEEL S,
NFEHOE1IBOZ=y PIZOHHE AN WUr(n) L LT
FiF, TOEEEOF Wy (n) L LTHAT S,

FoBOKLIZy Mo}, 1ROy bOHNE—~
BRHEOE2BOI=y POHDN, BEATALTELS
N5, ZORBHTOMEEL - BOESIZL Y, ERELT
DAy b U— s REBOBRL BT LTS, F1,
ZOBIBNATAAT @ =1) 2 MLTnS, $£2E
DOFHOLZ Y b ~D AT Dri(n), BLUHHD(n)
iz,

(d)oi(n) -

2

1492

B
@rbm) = 3 @Dyg@yg(n - 1)

a=]

+Duf Wy (n) + O 3)

1

@ph(n) = 1 +exp ( —@ri(n))

L%, L, BUyPRE2BATD BBy b

AL bFHOLIZ y FADOKAWE, 0941, 1RO

2y b ALE2BOIEHOLS y FAOHEHERR

T. 37, O BAATAPLE2BOEROL= Y b
NDHEEHETHA.

3By M, E2BOETOH2Zy P EHEEL
THh, AHHBERE,

(4)

B
(B)T‘k(n} . Z (2"3)162(2)?)2(72)
b1

(5)

1
1 +exp ( =B®rg(n))

Ehn. 1220, Chy(n) BEIBOI=Y PAOAT,
CHLEE2BO G FHDOL= v P LB 3EOL= v b
ADFEETETHA. Vi(n) REIBOI= Yy PORS %
7.

<2+1-4> EAHES

& NF ORDIEHT 2 ZEHECHICLTHEDT, &
WMADBHMM 1 L4553 ICEEIL, BFEORDESR
DEFCHEYES ZEHNTES, BHUHERTIE, SO/
PEELOTPOE—-%FEL, FREESWTHERNE
7519, ,

BIZIE, NNEIZH B AN A X(2) 550, &
NFHFYin) k=12, K)YZHHLAETE, Dk
Errbut— H,s(n)id

Ye(n) =

(6)

K ’
Hayn) = = 3 p(kIX(n)) log, p(HX(m)) (7)
k=1
p(k|X(n)) = —22 (8)

> Yu(n)
ko=

LEHEShS.

o, BHODVWETVEERTFMETH S
DT, HIKHELEWEREL, T FaE—-PBTDfE
EDREVBEIIRIRE, PSVHERIBAFRKL R
Bazy MIHIDT HEERRNEEL 50, okl
THOTURBMNEHCIEATE, BEzWLAI L
WCEDL,

T.1EE Japan, Vol. 117-C, No. 10, 97



Za—3NEky Mz kb EMGRE

<2+2> FEBEFIIYZL

ST, AvPT—SOREFTFATIILIZIONTHR
B{Ta. bL, A 722 ERBIIEEESELNT
L, NFROBNBIHMESYS5 4, FIToHEE
Z NN HBDOATIBAN LSBT 2 HEFEZONE, Lh
L, COFETE2BEORA Yy b7~ 2 ERICES LS
WL 2o T\5H7:0 NF &4 5 NN S~# 0 2820
FHEINE LIERL 2. FITRBHLTHE, VR F
Brfrol ks, NNHENFHEOERY T — 27 ORE
PHBCOETLICLEERL, B 2007 v 72
SFEL ),

i, EBICA VI 72—RAELTHAT A & piEE
ThHE, AT CREBTHRR L, BEEEAY b
T OFFICREFEOI LR L. ZOBE, BENH
EHEHFTUO LS CRERTEICESWA2HR T,
FTORTHNEPFET LI LR TER. #27T, £40
Ay MT =2 OFEFEELLBEUATRTTS L1,
FEACS—-IFAT IS yO0EEA L, ZHhICE
D, EEHFHLVEMG ES I LT hiEE L-BEAT
FY NI —2OFEBELRTTEE, FHNEEEZTFET
EHT L, REBORBHANAELKE(BRTS. I
W ERTVEETHONFIZOWT, FEOIELF
s bl e b,

<2:2+1> BBEORSTa-UT

FTREDIC, NNROARHBT L, FEHRF -2 &
LT, #FFIRELTITAS &) B2 —E I L
ToIREETHIE L7z EMG 3% — Y 2 HV 5. KEEICHE
35 NNHOFHNLZ Y M, BEFNZ P VT ,n(n) =
[Tan(n)ye - Tip(n), - TR 52 5. 20K, %7
rEET 57O EREBEICHET A2y M 1.,
FhbAici-01 %52 7.

DEIL, NNHOFEERTHE, NNHBOEAHEZBREL
ZRBETNF H0OEELITH. T NN BOFEZICHN
Ry = LR DOERE RO AT Y — % NN it s
A, BHShIBERNEENFICANT S, ZFLTENF
DU NN HOFEE L FRRICEIES T (n) 252
5. ZOBE, Bhaoy P FEREBEICHIE LTV AES
K10 %, F)TRVEAIZIZ00%252 5,

222> Z~3IFNANTLSU%

~FIHEESHOEE 2 -V ry M 3TV
V&M, $habbMEMECHT ABO—EN Y RITT
AEGEHMETSH. ZOVT Iy VEENEBREINSE, F
NENOWHEMECH LT—E2RBPEEL, F20OBH
BIREGIAICTEESIEOL, Tabh, Sl FEAC
EOLET T, EREBNTEHSCEETE RV,

ZakiZZ DU T Iy U REBERHEEWIEZIIHTE, B
D—FHEHELHZLICLY, FREBEN T 2-9 Ay
PASEEEICIET AT L ERLAO, Tk hEEE
HEES—-IF AT T 75 (LT TA LEERD) LIRS,

EHRC, 1I7H 108, FogE

1493

ARXTIRIDOTA 242y M7~ OFBANCFAL,
FER AR 0 1225 R VFAITOWT b, e
Mo bBRELIEE T2 XL,

<2+2+3> TAEFBLANNHBORE

VI, Bl TOASINZ VX (n) LT, EE
FRY P ATon(n) = [Tha(n), -, TE(n), -, TK (n)] T35
NNHOBHZ=y MIEAONIEE2ERE. Sk
EBAMET XA TR,

1L E (D) ko2
Eovn ) Z Z( ox(n) ~ Ton(n))

n=1 k=1

(9)

LHEBEHOBTRDLENS, ZOE1Ry— 2T 3
AR B2 BR 0L &, PHAFSHAELEETH S
IR En B T7 /7BE i v, 22T, EA
@-LOW,; OB ES %

9E,,

(¢4dw%j=~4hﬁhngaﬁﬁﬁif
3

(10)

£
8E., \°
8('}"'1"{)%‘1‘

(11)

Yon = D My Mgy

222

d=2 i=1 j=1

&3‘5{ t‘f-, Enna)%ﬁﬁﬁﬁli

D Mz Mg,

DY D

d=2 i=1 j=1 (aw—l’d)wij

-, <0

AN -—

(d-l,d)mj)

(12)

b, 7L, > 0RFETR ad0<a<l B
Y. EndRRE L CERBA L, PEAREERE
ERDBIENDDPE, ZOLEOIRMEM t,,13,

tfnn
= / dt
0

Enn{iznn) dF

Enn{0) E
Erm(o)l»a - Enn(tfnn)l_a
Tan(l ~ @)
Enn(o)l—-a
e 13
Nn(l — @) (13)

THA LN, HREBEATIOT 5 2 L2085, En(0)id
BEADIMER > THHE L72 B OVHIHET, Eun(tfan)
REHETD B DETH B, Ennltse,) = 0 DS, R
(13) DESHFRITH. 2 TEFE,, %,

— tfmz(l - 0‘)

R0 1
EFBENRIFHEBETE D, —H, Ennllinn) > 0D
BETHA(13) THEALNBIGRERO EREL D &<
FEVPELHET A LERIAETE S, ERDVEAD
IR (10) R % BBE L7k B> THT ).

Tan



@AW (¢ + Atnn) = CTOW(1)

SR () + IO+ Ata))  (15)
ZIT Aty BFZBOV T YRR RT.
EHIAH LTI, NN BOEEZHEBTH L5 7
BT, NNBoRhroitHasns 2y b o -2 [UHRHE
R L. RHERTORE LRI P rE—

H,(n) %

.
Hun(n) = - 3 p(k|X(n) log, p(k|X(n)) (16)
k=1
Dyry. ¢
(KX (n)) = —rT) (17)
> P)Op(n)
B o=
CERT L. FYIGRHELEWERS L L, £ TOEEY

PEMEHT AL FOE—HFIOELINAE R, »
DEINBERITRCEROSRE, FEERTTS.

<2+2+4> TA (2F|BL /. NF OFE

K, TA 2FB L NF OFFRICOWTEHT 5. NF
BCREERICHIE LT KBONF 2% 58T 508055 5.
COFFIABEE CHILICETTE LD TEYIFIE ST
ThHH, BEOREZVEHBET CIFFHRTHINCKE
LSO PHELSE. TARTEATLHZIET, HRONF D
FERNFEEHLIEERP S LI EPFTRICESL, 22T
X% EEHO NF OBNBIL, BEES L LTI (n) 25
ABRLBHIDWTEZLS, ZOL 3BMETREF
il

1 ! _
WEy =5 ;(Yk(n} - TE(n))? (18)
LHREENMORTESINS, BIBPLE2BIINLT
X, COREFBREMEBFTAC L0 BRSNS,

BRI OBEMS % (10), 1) RLEBROFET,

AR E
(2’3)?:52 = “nnf')’nf-“—ﬁ (19)
8(2’3)25%
(k)ng
Ynf = m {20)
EBL, ST T RFEEFEREDLT. 5L,
B 2 B B 2
yHEf) (mME
¥ = (——i— + =
g 3(2;&)&% ; ;; a(z,z)uzb
B 2 B 2
oM E, 5 awE, ;
* b=1 (3‘1*2)112 * b; B(0)yd (1)

1494

LT A B2RBUTORBIINLCIZ, HE - BTES %
FoZ b, ERFIREEEEEET VI X4 (back-
propagation through time, EAF BPTT &#&58)®)iz TA

FEALL. F2RBUTOBLDOBEMI 2 RN LSS
EET5.
0 M E,
ag = —%ﬂwmig (22)
oy gk )E
(12)ui = =~ Ynf oo & FTEn 2)*21, (23)
. 6(k)Enj
(g}u?c = —ﬂnf’)’an (24)
?”:7‘5 L a(k)Enf ng)EnI ok )Enf @pi’%{f:o‘f}(‘i CA

’ 3(23)21‘;5’ 8(1:2)u§’ EIGOM ‘5

7 7HEOMY & EE Lot ks, BE o
BRI (12) & RIS,
B (aWE
nf (2,3},
Z=: (3(2 Huy k)
2 0P E,s 224
22(3(22) afb(22 kb)

a=1 bm=1
i(a( Enf(m) b)
— AL2)y b

I

® g,

i (a( VE,.;
b=1 8(9) b

~ng Bl <0

+ OF b)

(25)

EEDENTAPKILLTVS, TOL X0 EIURER
tastd, (IB)REEBICLTROOND. T, EBOE
HOISIE (15) 3 & FARIC (19),(22),(23),(24) R & BRI
LTEEDY 7Y v 7 AL, BIfT o 7.

3. BERFIEMG /32— RRER

<3-1> EBREH#

FEERIIUNTE 2 EUBFREE 4 AOBBRE I Lo
7o, CIMREE, FEBEREL OB EUNLTHe AR
BLTD., TTHREORHFINK L = axtoENER (&
MFEAERZEET) % 90" BT fhy, #2277V EEEK
1[kHz] TEMG E5 I L7z, giBEEgcik, CofEs
5ty = 10[msec] BIZATINZ bV E T 5. EBRICH
W/zBPN X, D=3 THEIRBOI=y M T M, = 10,
NFOHBEBO1=y MUE B =8 L7 43X (7),(186)
OFERE AL HY TV, NN R0FFICRHEL
EVEIX, = 0.2 128ELO) . TA DN A= F{ZDnT
1 tpnn = ting = 1.0,Alyy = Aty = 0.001, = ﬂ = 0.7
EL7.

R®D 0 EMG E813, 8k —2Il#R L 2BoE
FEMEEMG E%5 &, HBERM (4 HH) (CEREEE

T.[EE Japan, Vol. 117-C, No. 10, 97



Za—TNEy MZ X3 EMG 3

4 5 6
S
i
EMG4
g 6 S— N I
S s —° X
8% al— | T — N
EE 3 -
S8 2 A
T3
8
= 6F b —
=2 Sp——
L8 4 J—
gg 3 e
& g' 2 —
z —
-3‘5. l0 650 050 050 050 050 05
Vo

== Classified =2 Misclassified
Motion No : 1. flexion, 2. extention, 3. pronation,
4. supination, 5. grasping, 6. hand opening

¥ 4 EEEE EMG E8100T 2% £0—15

Fig.4 An example of the classification result for stationary
EMG signals.

Fo-BOEEEE EMG 28 L L7z, IR bEfES,
£, WE, [, @5, 8BY, HEOK =68fEL ¥ 2.

<3-2> EBIER

<3+2+1> TEEEEEMG ES0H5

TTEEEY —E IR LB OEFEEEMG 5124
THRAUBRO—F (PIME) 2E4ITRT. ErSIER
Bk, EMG %, XFEL,S NF 2BV 6 0ORE
B, RPEICLIBHENERT, NF 2BRVWBEIZ NN S
OHAPEOFFTHRNHUEHICAT SN L DL L. F
7, EMGEFEBEHAEY THILEEL, EEFRELT
WAHRETOOS HET 2Bl L.
BMHIBIIBITANY TR T4 NYDOH v A TEE
Bt foe = 9[Hz) & L, NFEHTEET LMY BFRAT Y7
BIC=3LL7% BIHELENEIZ; =035TH5.
A NF 2B I23568 T 95.4%, KFHEDEE 98.8%
Thol:. BEEIEEMG B5IIH LT, NF 2wz
NN #ZFOHBETH THIIHVBIBESFONL TV,
Kz, BFHEIIBIT D TA OEIHBRIZOVWTHANS
O, () BEORESTHBFBUTHFE L/ NNIE (b)TA
TEBANCEA L7SHED NN HIZonT, WEHRIZEL
SLERKEEIIREFEE L. SIAEEONI T -2 T 4
WDy b AT EER f 2 B SEBAIT, BES
EDXLICEAT 5225 IRT. FEED 108V D
R HEHMYPETERZIT, £OFEELEERFEEMS
THRLTWS, 2oL EHNFEL S VHEIZ; = 02512
BRELL:. BBREIHETH S,

B 5(a) ICoWTRFFEZLEEL T ) 72012, v b A
T AR fo 2 FEROAR H] KEELZEEIZOWT
LEREPTV, HBICEETRLAE. CoBeR, ¥EE

BEWMC, 1175108, FEoF 1495

R0 e g o L o 14000 B
® . g
g i “a 13000 §
5 % Classification rate =
k= 50t T Learning iterations 2000 ‘8
(53 b
b= 1000 8
@ E
& : =
g 0 0Z
1 3 5 7 9
Cut-off frequency for the classification data, f,,,; [Hz]
Seyr for the learning data
~~- the same as the one for the classification data
- — -~} [Hz}
(a) Back propagation learning

N0 o 4000 2
P 2 ‘.\—l\ﬂ S
s 3000 £
; ¥ Classification rate g
£ 50 T Leaming iterations 2000 5
I3 [
3
& g oo {1000 2
o4 [! I 1. 1.
S 0 (-4

1 3 5 7 9
Cut-off frequency for the input data, fp,,; [Hz]

(b) Back propagation learning using TA
5 =a2—F0Ay FEICZBIT S TA O%HE
Fig.5 Effect of the TA on the neural network part.

F1oa—Fhy MERIC L BRI R

Table 1 Classification results by the neural net part.

Experiments No.1 No.2 | No.3 | No. 4
Subjects NormalA ;| NormalB | Noqr_&l B | Ampiee
(a.1) Back propagation leamning ( fi;; for Learning / Classification data = 1 / 9[Hz])

Number of iterations 226.6426.9 [231.8419.6 | 32404485 209.5%10.2
Classification_rate(%) 57.9+2.0 753+18; 834418 70014

| Misclassification _rate(%) 0.0%0.0 0.0%0.1 | 0.640.8 0.110.1
Suspended rate(%) 42.112.0 247+£17 , 16.0%17 -299+1.3

{a.2) Back propagation learning ( feys for Learning / Classification data = 9 / 9{Hz])
Number ofiterations _ 621.5%81.0 | 769.2£56.8 | 760.6:%:45.7 | 3488.4:£2201.1

Classification_rate{%) 897408 | 95113 963108 93.4+0.5
| Misclassification rate(%) . 0.8+0.4 | 00%00 0101 1.3+0.4
Suspended rate(%) 9.5+09 | 4913 36309 52107

{b) Back propagation learning using TA  {feye for Leaming / Classification data = 9 / 9[Hz})|

Numberof i 7107486 | 98244264 | 99081196 1000.0£0.0
Classification rate(%) 90.740.8 927+10 943413 867%14

| Misclassification rate(%) 12304 0.0£00 | 0.0%£0.1 0.410.2
Suspendedrate(%) ~  9.230.7 73409 5.6:413 13.3+1.3
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BIEOETEIZ 5N 525, FFEMABEISHEML T
B, FHRITL (b) DFEIE, TA OEAL L D EFNEO
ERRAED tpnn/Atpn = 1000 BB TFIZHZ 5N TS, &
BIEOET b B 2.
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TeOIEBROR fo, = 1[Hz) & L. BAHEL ZNE
130 = 0.25 ¥ 5. 5 TRENHEF L FRIC (2.1),
(a.2) TIBHROBETRBE 2 FEEROEMIEALNE
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Fig.6 An example of the classification result for non-stationary
EMG signal.
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Fig.7 Effect of the cut-off frequency of the pre-processing part

on the classification rate.
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rate.
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Table 2 Classification results by the proposed network.
Experiments | No. 1 | No. 2 ’ No. 3 : No. 4
Subjects | Ampee | Ampee Normal C . Normal €
{a) Without NF
Classification rate(%) 584%20 502+17 52314 49.6x1.7
Misclassification rate(%) Litl7 2118 22&1.8 1.9%1.6
S d rate(%) 405+1.4 47.7+£1.3 455%£20. 485+ 1.7
Iterations (NN part) 1000.0£0.0 792.3:£42.1 R84.5£19.1 984.6£32.1
e
{b) Proposed net
_Classification_rate(%) 81.6£0.9 852420 77814 752 1.7
Misclassification rate(%) 20+08 2017 11512 2.1+1.5
Suspended rate(%) 17.4+0.7 128413 28109 227413
Trerations (NN par) 1000.0£0.0 7923+42.1 §84.5+19.1 984.6132.1
Iceraﬁop_s {NF part) 1000.0£0.0 1000.0+£0.0 1000.0£0.0 10000100
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