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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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RMS BAZEOFHE D7z » OEIEE ST & ® Twiz vy, MINE
X, WEEOY S av—ya VEROS B, 7— AERAE
D RMS BREBR/NC L5725 DDETH Y, MEANE i3,
WEEOY S 2 Vv—ya VIERDT7 —LA%&HED RMS 8220
WETHY, 03 FOEBRFETH S

T, 1 FEORIEDRER, BLBENDZD > I nEH
FETMIZDOWT, FFHRIZID, S5 HRK 4L AEROKENR
BE1T5. 1,000 B & & B 2 7V ORBERHAN, Fx
v 7 FIEESD RMS 8% (M0 RMSE) »&/Nc# o ohF
STORMSEZ % Table2 W RT. BHD, Nold, 7O
HTORBATEORERKTH 5.

Yial—varOffiR, RERIEFIMICENT, SRy
AT LOEEEEN D%, $HEEBSNOIHETNVOEBED
Bl GL OXHRY R 7 ADBIEREE Nr i ND O 50
1UTFRZ->TEY, GLOABND XD HEFTHS. BE
HBIZBWTH, ND2RGL2E, 7—2BfE0EEI»LY
REWED, EAWTHREY, SEOY S 21—y 3 TR,
GL1 %, ZFEHCHELR T —ADOBEMERENSD 2L, i, %
FINLWEBFETFTVORBE L HEBNEL, HiEIE»-
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Table1 Results of offline learning after 10,000 iterations
of conjugate gradients method

& M

Table 3 Examples of results of offline learning after using
forward model

Method Ts  Nr  MINE [m] MEANE[m] g Method Nio Nr RMSE [m]
NDO, ND1 — 1.41x10° 4.12x107° 5.14X107* 7.24X107* NDO 19,000 6.57x10* 3.48 X107
ND 2 100 2.66X10° 4.11%X107* 5.13X107% 5.40X10~* GLO 20,000 1.89X10% 3.42%1073
GLO, ND1 — 3.77x10* 4.90x107* 5.98X107* 8.60X10°*
GL2 100 7.67X10° 4.57X107 5.41X1077 7.93x107 Table4 Simulation results of hand position control
FIM — 9.41X107 8.23%X10"% 8.99Xx10-% 5.99X107*

Table 2 Examples of results of offline learning

Method Ty Nio Nr RMSE [m]
NDO — 33,000 1.41X10° 4.08%10-°
ND1 10,000 20,000 2.43%10° 3.76%10-*
ND 2 100 33,000 1.24 X107 3.58X10"°
GLO — 32,000 3.77x10 4.02%10"2
GL1 10,000 45,000 8.26x10 3.33%107®
GL 2 100 50,000 8.74%10° 3.22%x10°®
FIM — 18,000 1.70 %108 7.97%107°

Vo, WY1 EAEE O EHERE 2 RA L RES OB
Zahiz,

4.2 EEFIOMNE

Y a VT 0EE L AR, 512 HORFEIZDWT, aRy
b — LD BERREIES L L, [HEFNVOEFET
Jo. JEEFAE, AKX 0IE, 38, 1518, 1518, 2{ED
Za—aVitko THERINTWw S, HBRARRIC L 2FE
E 5T, 1,000EDRESICBT BIET T VO RMS BEZ
66X107 [m] k-7, ZhEFALT, #BEFVDOFT T TA
VEBETS.

SPARC station 10 (45[MHz]) 128w, 1,000 EODRKEZE
BRIT o 7384, FIM 34,481 o 7z0xt LT, NDO,
ND1TX2,198%, ND2Tix2,364%, GL0O, GL1T
2,182 GL2 TIiF 2,24 Tho7z. IUREEHKTHEL
TG, BEER, ek, FHEREE T,
feR L, EBICT —AREWER R ZEFANE, EEH Tk
o 5 RER OB NS v,

IEE 7V %F LSS, HERAEEORE 1 TR ORI
BT, EEFVEAVRY Table 1 DFH AT, MINE,
MEANE #3E4 L, 0.001[m]f8E, #E T VOBENE/LL
o CHIRIEEFALDETFAALEED D EEL BN,

lgEF L ERBLT, $BAEED 3 FEOREZTo
t, EBIT—AREESET, NDO, GLOK -7, ¥H
BIFo I iER% Table 3 =Y. [EETFT NV EHORWEHEEICE
RT, EEwSRCEEEHET, REBEOREOWESY €7
WEEBETE LI LSBT,

4.3 HEENFETNE T« — Ny oREFALR

T — LS ATE S

RECI, FPELEBEESEE T VRHELC, 3ETHRN
Fo 7 — AEROTERIEIR 2B L, ZOMRERHE 2T .

F— NEAE O BEEOERIBUTO X5 fT). T
—HEEHBC L o THEBNY MV O 2FRESED. ZORD
7 — NAREEATE R IHAE 2, £ LTED, T, FHALEK o
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Method P(%) RMSE [m] MAXE [m]
WOIM 1 71.7 1.36 X107 8.00%x1073
WOIM 2 89.4 1.74X10* 2.42X1073

IM 99.2 3.29x10-® 1.51X10°2
WIM 1 98.6 1.52X10~* 1.78%X1072
WIM 2 98.6 2.03X10-* 1.96Xx1073

Wk o TT — LSEAiE xs o 5 OFL e ~NAP DX b
W dx. D i K%

Az2e:=0.050 [m] (22)
DESWED, XDX 3 ZHOFL x. ZED 5.
.l'c:xsz-rc (23)

BEREE R T LT, RELEBRBFS, HOFLEDYD D
EliEA 0.(k) ZRD & S5 WCED,
JOS (20)
k=01, 10T BT, HEEE XA TERT 2.
x(B)=x.+ R(k)dx.
cos O.k) —sin 8.(k) (25)
sin 8.(%) cos 0:(k)

RO D LD HHPED > b, WEHEREIFET 55D%
BiEffE s 45, 2,500 BOMEED S 5, 1,539 HOEHRA
genESER SN, T %100 &5 5.

BEEREE e(k) %,

' e(k)=xdk)—(O(k)) (26)
L L, le(k)] ® RMS (Root Mean Square) T 7 — &RAfEIZ
k5T, WESFREY AT AOWEETHET 5. '

WEFFEFVvERGT, R0 X o CHSARELHE
Lizb 0%, WOIMIL (WithOut Inverse Model No. 1) £ #¥.
R, RANWC > THHARER2HFE LD %,
WOIM 2 (WithOut Inverse Model No.2) &#&3. B DOfEIX 0.1
32, KAWL o THEEBIFET T LD AEH T, BHIA
HEEREE L D% IM (Inverse Model) 83, 74 —F
Ny 7%%FEELUTCHY, WEEEE T 2R vz
AN k> TEAHARELZHE LS 0% WIM1 (With
Inverse Model No. 1), #EEHEETNVETZELTHY, 74
— BNy 7 RN V722 (20) 12 & o CRAETAELE 2 &
HL7b 0% WIM 2 (With Inverse Model No. 2) &3, %
B, WOIM 1, WOIM 2 iz%\T, O(¢) OFIHE 6(0) 1%

8(0)=0s 27
L, WIM1® 6(¢) OFIHE 6(0) i3,

0(0)= D(24(0)) + T (Pra(0))(20)— F(D(24(0)))  (28)

WIM 2 @ 46(t) OFIHE 46(0) 1%
46(0)=J *(x40))(xa(0) — F(xa(0))) (29)

R(k)=
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) »

0 05 X
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0.5 25
75
50
0 05 X
(a) WOIM 2 (hand position controller WithQut Inverse Model
no. 2)
A
0 100
0.5_
25 75
50
@, ] >
0 05 X

(c¢) WIM1 (hand position controller With Inverse Model no. 1)

(b)

IM (hand position controller by Inverse Model)

‘} 0 100

0.5
25

0 05 X

(d) WIM 2 (hand position controller With Inverse Model no. 2)

Fig.3 Path of Hand

EEL. BEEEETAELTCR, 4.1.2HICBWT, GL1
ko TEBULHEREREHV 5,

VIial—varOfER%E Tabled 2R7T. £FHD P,
FEHARERHED S b, BHiAOA ta—2 Y FEMZ 52
LS, BEBLEICEEL-EE %2R T, RMSE dBREEE
DFETH Y, MAXE ZBRBEORAMETH .

Fig. 3 W&FHIC L 3, PUEBREO—FlI2RT. BEE EHE
HETHD, BRI 7 —L0KBOMETH L. Mt £=0,
L, 10T BT 2HEERLTWS. £i2, k=¢T+p (g=
0,1,,9, p=0,25,50,75,100) QBFZNIEG 5 7 — i D
ERLTWwS. 7—AERKZpDEERLE. WOIM i,
BEIABA bo—2 2y FREZTLEY, ZOHBICERT
BIERFTERDOT:. '

WOIM 1 WOIM 2 O & 3 W@ FEF VAV vy
AT ALTE, BEBOA M-y NI TLES L
by, B EHAREOR 2T EERERNETH-
ThH, BRETERWVWIEENE L., IMO LS, WEEFEET
NOBEBOI-FEE, Aro—2 v ez 3T E
AEENY, BEMEL, SEE¥ETLET 4 —F Ny IR
OWHEZFIA L WIM1 & WIM 2 Tk, BAAifAE L0885
ETFNVOHIDOMEICL 3 X3 wERE N5, BEfifAiES

A&RORy MEask13%5 S
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BRI =72 FREBZLIERIEEALEL, BRETTRER
HENS D, WEEEET NV E T 4 — RNy 7 ROHBOER)
HESHER S . ’

5. 8 b 1 IZ

TRy b7 —AOMEEFME L Jo D, PR 4 — R
Ny 7 REMALUIEREETNOL 7 74 VFEBEHARE
LT, MEEC LT, {EREL D BDBROHRY AT LD
EMEREIET, HETNVOEEWIRTHL I EEY Il —Y
aE o THER L., &6, HEHMFEETVEEED 7 4
— RPNy 7R EBRHAG ORI VEEFREY AT AT LS
T, AbR—2xrREBALDLI LML, 7—LERABOH
HWEITZ 5T L 2HER L.

HRECBWT, HEi7— EHDR T Y 2 — VEEI I
ETHY, FLRTHENNT S &, FHEEFIIEEICKE R
VI EESAED L, WEETETVEZEE I Lo TER
THES e FEL b AREENDH 5.
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Appendix.1 #5E7 1 —F/3v o RD
‘ AT AT—2a
A TR L IEEE e TV REETLODOHET 4 —
Fovw 7 20 BRI D W TR 5.
Al.1l REAROFILINX L
SEIOBETIE, XARDE S REED= o — b EEPERT
X5, RIERREERZITS.
O(k+1)=0(k)+a(k)J. (0(R)) xa— F(O(R))
(A1.1)
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= B

ZOE», Fun 5BRELTWE X5, EEF VA
LT, BAETAAZHEL, HRamik12]2fATsIL
bYEHTHB[8].

Al 2 REORER

RALDOREBREDOGEK alb) OREHEL LT, £FET
X, ERCHEELRFERRHCS, p REEDERELT,

a%ﬁ{%y (A1.2)

LBE, pRIERPEOES G CTHEIL, REHEICS
W, HJTRRE O RN

S(xa, 0)=|xa— F(O) (A1.3)
WA T B L BRRET S, Thbb,
S(xq, O(E+1)= S(xa, O(E)) (A1.4)

BEEMT 2 ET, pEEARE, ak) B12LTWL. K
BoOXRBIORT Y TR, ak) B2 FThnE, p&—
DTS L,
alk+1)=2.0a(k) (A1.5)
L, aB)B1Thnid, alk+l) 1 55, FEEV—T1
faozwnwkdie, plcid EREZERT S, B, p OFIHMER 2
bl -
DX REHRERERETI Y, R(ALDOEHE
BPER Y AT AOBEREIE—E T,
Al.3 BEETAOHIR
BEOoRy Mo, BEfiAoTWEEECHRESHD, KX
(A1 DHE-T, BMESEHET 254, 0(k) »o]EHE
PEZITLEIBEND S, .
RESERITEYI0, Hr2yEE 00) »sHELT, B
VEHERITI 2L b—DDOHETHED, TRy FOEHFEY
AF LT, RERESEATIEENS N, 22T, REH
w, BfAOTHEEEEITLUES &5 e EEVHEZ L
7, FOBEMiAOA te—2 N OfEk o, BHE
EEEET2ILI2T 5.
Al. 4 BFETR/IMEORIRIEMG
REDEIEOSEMEE, HIBREVEBEUTCR>15E
EEENSE % 5T 6 OFIHMEZE O B2 —E EHCE 2
& ET 5. KOV AT ATE, HAEEOHEMEIX 10
X107 [m] & 3 %. FIHIEEEORZKOHEAMIZ 200 FE L L,
— O OYIAED & HFe T 2 RIEEE O ERS 200 T 5.
noOEER, BRECEDTLDTHS,
KAMEIL LB E I, R MECICEL7-b D L Rk
L, RIEEEOYHIEOEE 2175,
le(+1)— x(B) < y]aa— x(B)| (A1.6)
y AN EREOERT, AT, 0.001 LBV
Appendix. 2 $ERHIZ L ZWEFSHFETINES
BEOIEHEF) 77 4 — NNy 7EEEE TR, 8
ERCHEEEEANL
0= d(x,) (A2.1)
HBEEEDOH T O(y) BT, TRV ATFLDANET 3.

A HEE xo EEBEOHTT F(0) E OBEENNy 7 T any
— Y VvERT 4PNy ZRIZED 74— v oL, FE
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B O(xy) OHEIEE @(xs) #XAD L3 EHEL, 8%
175.
@ (xy)=D(xs)+ AD(x4)
AD(xa)=K(P(x2))(xs— F(D(xa)))
(A2.2)
B 70 > 7 DBE, SWRYAT L F(0) DY a EF75)]
J(6)=0r(8)/00 (A2.3)
DIRETYN J(0)" L R IEDRE B 201 1275 % K(0)
ELTWw3. T5bb
K(0)=pJ(0)" (A2.4)
Thd. 74— PNy 7BEFETIE, 52 KO) 3kE-T
Wiz, ¥ 175 J(0) DEmETY] J(0)T #FE LT,
K(9)=pJ(0)" (A2.5)
EL7D, ¥ aeirilo—bsfis J(0)* 2R,
: K(6)=8J(0)* (A2.6)
ETHHBEDVE N,
BEAOWEERICHIEL S 2WEOU Ry b7 —ADOWE
BT TN REET 570100, HEEO TN
V=>1.5(xq)

2.7

S(xa)=lza— F(D(x))? (a2.0
PRAMET Z R TEFR TS THY,

6mini§ ﬁlé (gmaxi (Z':ly Ty m) (A 28)

S NEAMREM 2T S 2T HER 5%,

SEE, FVT 4B LT, R(A3.8) DFRERMHE
HEE>. T2bb, KADEIRFVT 1+ B PO 25
BT5.

P(6)=21;P{06;)

0 (Omins = 0; = Oraxs)
Pf(@i): #(ﬁ‘*@mm)z (§i< eminz')

#( 0:— (9maxi)2 (191' > Hmaxi)

(A2.9)
LEFTHAREREDEHRTH S, SEADYIaL—v¥a T
i, 100 & L7, RO &I REGRENIEED ZFMEKR V'’
TR ABLED & O B EEFRELOFEEH N TRIMET S Z
LWk oT, HETN O(x,) DFENAREL R 5.

V'=>:5"(xa)
S'(.Z'd):|.1‘d* f( @(xd))|2+ P((p(l'd))
(A 2.10)

HIXREE

HETNEEROS /N TR bME i 8w Tk, H%
AEEFENRFETH L. HETRE N, RITR7 MLk
w L, s/METNEFEBELEE V(w) EEL. EREO®L
BAMETE, BEAAEEHNCRAETARCRDET
W, ZTOMEE ne L35, V(iw) BRKEAEDEHE, ne=Ny
LT BB, FEHERTIE, nlE Nw XD B/AS0EIZLES
BEV, RBHEREO7LTY ALE, UTOEITHE. 7
NI Y R LQFSRIE, ER[20] 2 S F T L. £, AFCH
WieaZ 7 A, FEIXEROTER[21] 2 Eic R L 7.

(1) #ELFET wOWHE w0 2EKL, k=0 L&
& RERHN=0L:EL.

(II) MR Vw) OREBRT Fagw) 2R H [
Aw(0) L LTED .

Appendix. 3

o)=L
Aw(0)=g(w)

I V(w(k)+edw(k) #5/AMET 3 ¢ ZEBER W L -
TRD, Tha%®alk) L, ROX>W wlk) 2EHT
5.

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

(IV) IREHOF = v 7 %70, PEREHET LGS TR
T4%. Ne=N,+kE$5.

(V) kD un—1ThiE, VIH~I7<.

(VD) KRD & 512 dw(k) 2+ 5.

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

B(k)= gw(k+1)"g(w(k+1))
9(w(k) g(w(k))
(Vi)  k=k+1 &L,

(D ~17<.
Vi) w0)=w(nc), k=0 LEE, No=Nr+n. &L, (I~
7X.
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