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Off-line Inverse-kinematics Model Learning by an Extended Feedback System
Eimei Oyama*! and Susumu Tachi*?

Recently the use of neural networks as the inverse-kinematics model of a robot arm has been proposed in learning
control of the robot arm. The forward and inverse modeling, the feedback error learning schema and the goal directed
model inversion were proposed to extend the acquisition of the inverse model for the systems with many-to-one input-
output correspondence. However, these methods can be used only for on-line learning. The learning of neural
networks usually requires many iterations of robot arm movement and of its position measurement. In order to reduce
the number of movements of the robot arm, the hybrid system which consists of a learning element and an extended
feedback controller are proposed. The learning element approximates the inverse kinematics model of the robot arm.
By using the extended feedback controller, the high precision solutions of the inverse-kinematics problems are
obtained so that these solutions can be used for the teaching signal of the learning element. After the acquisition of
these solutions, the off-line learning of the learning element is conducted. The use of forward model of the robot arm

is also proposed. The numerical simulations show the good performance of the proposed system.
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EHETHY, c BFOEBERETH S

T, 1 FRIOREORER, BHBEVD I o fo i)
FETVMIZDODWT, FFERICLD, S5 EN4LAEHORER
RE1TH. 1,000 B & i HEBPE 7V OBELRS, T =
v 7 FEEAD RMS &% (9O RMSE) A&/ - 1ok
ATORMSEEZ% Table2 W RT. FBHD, Nold, 70O
HTORBAREORERKTH 5.

YEial—varOffiR, RERIE FIMIZEEXT, SHy
AT L DOEEEEN D%, $EEBSNEHETVORBE L
Bhol. GL OXHRY X7 AOBIEELK Ny 13 ND 050
1UTFRH->TEY, GLOAFBND XD YEFTH L. B
HBIZBWTS, ND2RGL2IE, 7—28ffoEEn»i Yy
REWED, EAWTHEY, SEOY S 21—y a3 TR,
GL1 %%, ZEHWHELR T —ADOEMERES DL, /2, %
HINLWEHFETVORBELIBENSE L, EEXEL-
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Table 1l Results of offline learning after 10,000 iterations
of conjugate gradients method

MINE [m] MEANE[m] 15

5.14X107° 7.24X10°*
5.13X107% 5.40x10~*
5.98x10-* 8.60x10~*
5.41X107% 7.93Xx10°¢
8.99%x10-* 5.99X10~*

Method Tv Nr

NDO, ND1 — 1.41X10° 4.12X10°®
ND2 100 2.66%10° 4.11Xx107*
GLO, ND1 — 3.77x10* 4.90%x107?
GL2 100 7.67x10° 4.57X107®
FIM — 9.41X107 8.23x10°°

Table 2 Examples of results of offline learning

Method Ty Nio Nr RMSE [m]
NDO — 33,000 1.41X10° 4.08 X103
ND1 10,000 20,000 2.43x10° 3.76x10
ND2 100 33,000 1.24 X107 3.58 X108
GLO — 32,000 3.77x10* 4.02X107®
GL1 10,000 45,000 8.26x10 3.33X1073
GLZ 100 50,000 8.74X10° 3.22X10°2
FIM — 18,000 1.70x108 7.97X1073

Yo, WY1 EEES O FEHERE 2 HA L - B RKEO B
mahiz.

4.2 [EEFILONHE

¥ a BRI OBE LR, 512 HOEFEICOWT, aRfy
NP — A OERME R BAIES L L, JHETVOEFR{T-
Jo. JEEFAE, ANBLDIEE, 3 158 151, 2{@D
Za—u ko THEENTw A, SRR L 288K
Lo, 1,000 MO ES BT BIEEFNLORMS B
66X107* [m] ko7, CHEMALT, BWETNVOL T T4
EEERITS

SPARC station 10 (45[MHz]) BT, 1,000 BOKESR
BafTo7234, FIM 4,481 Wi o z0ist LT, NDO,
ND1TIZ2,198%, ND2TI32,364%, GLO, GL1T i
2,182 GL2 T 2,24 B Tho7. AURERLKCLEL
T 5E, BEEE, kR, SHEIERE < T,
7L, BT — A RBES R LB NIE, EE e
22 5 R OO TN S

I 7N %FI A L7356, REAREORKIE 1 RO &I
BWT, [HEFNVEHVEZW Tablel OFHF T, MINE,
MEANE 238K L, 0.001[m]#R%E, #ETLOBENIEMLL
2. ZRIFEEFVOETNEEZDOEEZ BND.

Ee 7 2fAL T, £EBAEED 3 FEOKERT- 2
%, EEE 7 —AZE/E2ET, NDO, GLOW X -T, %Y
1T 7:455R % Table 3 Wi d. IEETF V&RV WESIE
T, FEEeAuEEERT, REEOREOWESETT
WEREBETE LI LA,

4.3 HEHZETFNE T« —F/Ny o RAEFELT:

T — LS E

KE T, FHEU MBS EETVEFIAL T, 3B TRA
7o 7 — ASEIHATERER 2R L, T ORI AT S .

7 — ASESAE O BEHEOERE LT O X3 12T, 1
—REELBLC & - THEIANZ MV 6: 2 RESE L. ZORO
T AEIRAIE R UIAE s L LTED, 0T, EREHR o
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Table 3 Examples of results of offline learning after using
forward model

Method Nio Nr RMSE [m]
NDO 19,000 6.57 X10* 3.48X10°3
GLO 20,000 1.89X10* 3.42%10°°8

Table4 Simulation results of hand position control

Method P(%) RMSE [m] MAXE [m]
WOIM 1 71.7 1.36 %10 8.00x102
WOIM 2 89.4 1.74x10-* 2.42x10

IM 99.2 3.29x10-* 1.51%x102
WIM 1 98.6 1.52X10-* 1.78x1072
WIM 2 98.6 2.03%10-* 1.96x1072

W o T7 — LEEE £ 2 5O F00 2e NED S T b
N dx. D [ B %

Az=0.060 [m] (22)
DEIWED, ROL S CHOFL x: #ED 5.
-Z'c:xsfd-zlc (23)

BEEME T LT, REEAEBICBY S, HOFLED ©
R 0(k) B RD & S WED,

6l =252 (24)

£=0,1,, 10T BT, FHEE2 XN TELT 5.
xok)=x.+ R(E)dx.

cos 0k) —sin 8:(k) (25)

sin 4.(%) cos Gu(f)

@B D LS ZHPED S b, WEHEMIEFEET L 0%
EEHEE 92, 2,500 BIOM#ED S b, 1,539 {H0EHET
gEnpENER SN, T %100 235,

HEERRE e(k) %,

‘ e(k)=wsk)— F(6(R)) (26)
=L, le(k)] ® RMS (Root Mean Square) T 5 — L& AfER
ko T, WEEBFMERY AT LA OMRERFEHET 5.

HEEFEETNVERLT, R0 Lo CEFARERRE
L7z D%, WOIMI (WithOut Inverse Model No. 1) LB,
Rz, KON L > THEARERFEL b D %,
WOIM 2 (WithOut Inverse Model No.2) &3, 8 DfEZ 0.1
35 R L - TEEHFEETVOAEH T, HEH
HEZEE L D% IM (Inverse Model) &89, 7 4 —F
Ny 7 FREFEELTRY, SEEFE T VRN AWER
D E->THEHFAYBELHELL S D% WIM1 (With
Inverse Model No. 1), #EEZE 7 VvEEE L THY, 74
— BNy 7 2RI V2R (20) 12 & - TESTAEE 2 5
HL7-b D% WIM 2 (With Inverse Model No. 2) B3, 7
B, WOIM 1, WOIM 2 iz 8w, 6(¢) OFIHE 6(0) &

8(0)=0; (27)

L, WIML O 6(¢) OHFIHHE 6(0) i,

6(0)= @(x0))+J *(Dxa(0))(2a(0) — F(P(2(0))) (28)
WIM 2 D 46(¢) OFIHHE 46(0) i,

40(0)=J*(20))(x4(0) — F(x4(0))) (29)

R(k)=
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(a) WOIM 2 (hand position controller WithQut Inverse Model
no. 2)
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(c) WIM1 (hand position controller With Inverse Model no. 1)
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(b) IM (hand position controller by Inverse Model)
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(d) WIM 2 (hand position controller With Inverse Model no. 2)

Fig.3 Path of Hand

EEL. BEHEETALELTH, 4122 WL, GL1
ko TEBEUITERRR L Hv 5.

VEialv—varOfERY Tabled KTRT. HHDOPII,
FEHAREAHED S b, BHiAOA to—2 x>y F2#z 52
LS, BEHE B LES 2R Y. RMSE BREEE
OFHETHY, MAXE iZBREZORAETH 3

Fig. 3 K&FHRIC L 3, PuEEHO—FIERT. B EHE
HETHY, FEE7 —L0EBROBETHS. Hicik k=0,
L, 10T BT AHMEERLT WS, k77, k=gT+p (g=
0,1,--,9, p=0, 25,50, 75, 100) DBFZNHIET B 7 — b DX
ERLTWS. 7 L& p DEERLT:. WOIM1 i,
BIEiABNA PO —2 2 FRBZTLE Y, JOBBIBRET
BIERTEEMDT.

WOIM 1 WOIM 2 D L 3 W HEHFEF L EH VY
AT LT, ERBOA Ia—2 o F282ZTCLES 2R
HY, e HEASEORGH T2 EEETRERTETH -
ThH, BETERZVLEENS W, IMOLdic, HEEHEET
NWDAERGTFERE, Abo—2ox 0 Refizs23EE
AERAD, BEMEW, #ESEETNLET 4 —F Ny 7R
OWHEFRIELE WIM1 & WIM 2 T, BEfif S s
EFNVOHINOMEL B X3 ERs s, BSiBiEs

AARORy M ask13%5 S

—115—

BA PO =TV P25 LB AYELS, BIETER
BENS W, WEEEETNE T 40— RNy 7 BROFEFOER)
DR S iz, '

5 B Y I

TRy 7 —AOUEEFEIIE R L oo, TR 4 — K
Ny 7 FREMALEESEETNVOL T T4 Y FEE AR
Ell, BERC LT, EREL D DDPROHRY R T LD
ENfERIE T, METNVOFEENPAETHL I EEY S 2l —Y
a R o THER L. 861, MEHEETVEEED T 4
— RNy 7R EBHAGDE T MENEEEY AT AICE S
T, Ava—2x v RR#Z 57 LML, 7 —AkiRBEOH
HEfT2 5T L Z2HER L.

HIFSWwBWT, HEi7 - EHDR Y Y 2 —NVEEIN5E
ETHY, FIRTHEINT S &, HEEM EEICRE R
5 rnHEESAED 5, WEEFETNVEREEIC L - TER
TAES e HE L e bR D 5.
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Appendix.1 #5E7 41— F/ 3y o RD
‘ AT AT—=2ar
A THER L - EHET TV E2EE T 20 DWET 4 —
RSy 7 20BN BRI DWW TR S,
Al.l REAROFZLI) XL
SRIOBHRTIE, KROLIRIEEDO= 2 — b VERPERT
2k, RERBEERT.
O(k+1)=0(k) + a(k)J.* (8(k)) xa— FO(R))
(A1.1)
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i

i

ZOiF», Fun 5BEELTWwE L35, [HE7Z Vv E2FH
LT, BABTHEZEL, SRafk(12] 2FET5C &
YEMTCHBI8].

AL 2 FREOREE

RALDOREHRBOGE alk) DREEE LT, KR T
i, ERCEELFERRHCS, p REEOERELT,

a%ﬁ{%y (A1.2)

LBEE, pEERERHOESVCEUTHEL, REFELS
W, TR O IR

S(xa, 0)=|xa— F(O)? (A1.3)
PR T2 L BEALT S Thbb,
Sxa, OE+1))=< S(xa, 0(F)) (Al.4)

BRI T2ET, pRHEAIE ak)®1/2I2LTw. K
BoOXRBIORT Yy TR, ak) B2 TFThHLE, p&E—
OIS L,
alk+1)=2.0alk) (A1.5)
L, alB)B1ThniE, alk+l) 1 275 RV
faszwkdiw, plcid EREZERY S, &6, p OFIAEIZ 2
L5,
DS RERRERERETO 20, RN(ALLDOEFE
HICPER Y AT AOBEREIT—E T,
Al.3 BIETA KR
BEOoRy Mo, BfiAoREEECHRSS D, K
(A1 DWHE->T, BMESEEHET 2854, 0(k) P EHIH
PEITLEIBEND S, ,
RESERITEYID, Hr-ayiE 00) » o HE LT,
VEEEITY 2L b—DDFETH B, uly b OEFHFEY
AF LT, REREHAKT 2HE8S W, 22T, REF
w, BSAOWEEFAEELTUE D L) G EENTES L
e, ZOMEMiAOA -2y FOER LT, B
EEBETLILIZT 5,
Al. 4 BFER/MEORRIEMG
REOELOEMEE, BEAEREVEBEMTCR-EEL
EIEEHS 2 5T H 6 OFIHMEEE O B —E R 8 2
REASETA AREOYAT ATE, BAHEEOHEMI 1.0
X107 ml & ¥ 5. FRIEEEORIEOEAMIE 200 E & L,
— O QYIEAED & HiF T 2 RIEEEO BIRS 200 HET 5.
noOER, BREZEDTLDTHS.
RADBEII LG E I, BISMECICEL-b O L RE
L, REEEEOYHEOEE 2175,
le(k+1)— x(B) < v]aa— x(E)| (A1.6)
y SN EREOERT, AFETIE, 0.001 LBV
Appendix. 2 $EHHIZ L ZWESHFETINER
BEOIGGE T > 727 4 — NNy 7EEEB TR, 8
mERICEEEEEANLL
0= d(x,) (A2.1)
HEEEOHST O(y) BT, TRV AFLDANLET 3.
HOEEE xo EEBEOHTI F(8) L OBER Ny 7 Funy

— Y aVER T 4 — PNy 7 RIZED 74— RN oL, ¥H
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B Olxy) OFAIMEE @(x2) ZXRAD &S 2EEL, ¥8%
175.
D(x)=D(xs)+ AD(xy)
AP(xs)=K(D(xs)xa— F(D(x)))
(A2.2)
E#e 7)) > FDBE, WEY AT L F(O) DY a B8]
J(6)=0f(0)/50 (A2.3)
DEEEBITY] J(0) Y R IEOFE L 200 121751 % K(0)
BEBLTWS. Thbb
K(0)=pJ(0)" (A2.4)
Thbd. 74—F Ny 7EEFEETIE, FiC K@) 3ikE->T
Wizn, a1 U7 J(0) 0BT J(6)T 2HELT,
K(9)=pJ(0)" (A2.5)
LY, ¥ T o—bfTs] J(0)* 2 AT,
‘ K(0)=pJ(0)* (A2.6)
ETBHBENE G,
BB OTEEBICHRENS D 2 BE DO Ry b 7 —AOME
BT TNV REET - 010F, HEEOFMEE
V=>1.5(xq)

2.7
S(za) =z F(O(z) (az.n

BRAMET 220 CRTHLTH Y,
6minz'§ 6z§ (gmaxi (Z':ly Yy m) (A 28)

LD PERMRSEME R S 2% & 4w,

SEE, FAFAECEoT, RA3.)DRERIHE
HEERS. Tabb, RKADL I mFNT 1 B PO) %
BT 5.

P(0):Zij((9j)
0 {(Oins = ;= Oraxs)
Pf(@i): /«l(&iﬁamim‘)z (§i< eminz')
ﬂ(&i - 9maxi)2 (191' > Hmaxi)
(A2.9)
LIEFETAREREQDERTHS, SEADYSal—¥ T
W, 100 & L7, RO LD HRINEED TS V/
Z IR ABED & O REEREELOFEEHWTRIMET 5
LikoT, HETIN O(xs) OFEDFREE 5.

V'=>:5"(xa)
S'(.Z'd):|.1‘d* f( @(xd))|2+ P((p(l'd))
(A2.10)

HIXRECE

WETNEEROZ W/ N bR 8wk, %
AEEEZENRFETH S, HETRE Ny RITZ v
wel, ML NEFmBELKE Viw) EEL. EEEOHR
BAMETE, BRAAN R EHN RSB T AR ET
W, ZOMEE n. £ 75, Viw) B KBEEOEE, ne=Nu,.
ET M, FEEERTIE, nE No XV BASwEIZ LA
BEW, BEAFEOT7LT I XL, UTO®EY THS, 7
NI R LOFETRE, X202 E8F L. £, AR TH
Wiz a7 A, FXEROTER[21]) 2 Eic R L7z,

(1) BEHLFETwONHME wO) 24EKL, =08
& KREREN=0EEL.

(I) FFMREE Vw) OBRAEABET HFHEgw) 2 R
Aw(0) L LTED .

Appendix. 3

o(w)=—20e)
Aw(0)=g(w)

I V(w(k)+adw(k) #8/AMET 5 ¢ 2 ERFERIC & -
Tk, #FOazalk)t L, XOX 31 wlk) 2EHT
5.

w(k+1)=w(k)+ a(k)dw(k)

(IV) IREHOF = v 7 %170, PO EHE LSRR
T42%. Ne=N,+kE$5.

(V) Edtn.—1ThhiE, (H~ITL.

(VD) RFD X351 dw(k) 2FHHF+ 5.

dw(k+1)=g(w(k+1))+ B(k) dw(k)

B(k)— gw(k+1)"g(w(k+1))
o(w(k)g(w(k))
(Vi) k=Fk+1 &L, ()~FTX.
) w)=w(n), k=0 Lt BE, N.=N;+n. &L, (I~
17<.
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