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O0000000O0Master-Slave 000000000000 O0O0O0O0ODO)00000OO
oboobooboobooboobuoobuoobooboooboobboobboOoDbg
oboooobooboobooboobobbobobobooboobooboobo
oboooobooboobooboobobbooboon

oboboodobooobooboobuoobobbobboboobooboobooo
obooooboobooobooboobo

1.5 UDU0goooboogogo

gbooooboobgoobooboobobbobbobooboobooboboon
obooodboooboooboobuoobobbobbobooboobooboobo
oboooobooboobooboobobobobobobooboobooboobo
obooodboooboooboobuooboobobbobooboobooboobo
oboooobooboobooboobobobobobobooboobooboobo
oboooobooboobooboobobobobobobooboobooboobo
obooboobobooboobobobbobbobboboobooboobooboobo
oboooobooboobooboobo

gobooboobobobob20000000000000000DLOOOOODLOODO
obooop2000b000Db00DbO0bOObOObDbOODbOObLDO0ObDO0ObO0ODbOn
0000000000000 0OO00D00O000DOO000DOO0O0DOgd QuickMAG
O000000oooooooo0oooooooo0oooooooobobooooOoon 6DOF
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00000000 (FASTRAK)DOOOOOOUOOFASTRAKO OO O Master-Slave 0 O O
oboobon
O300000000000D0DbO000b0bO00b0DDD 3000000000Koditschek
oboooobooboobooboobobboboboboobooboobobbo
OO00000D0b0b0bO0ob00o0bO0boOoboUD kdtree0000O0O0OOOODOODO
obooooboobooboobooboobonboo
4000000000000 0O0DODOOODOODOODODODODOODOOD
gbobbuoooobbbooobbbbooobbobooonobbouooobobogo
oboooobooboobooboobobobobobobooboobooboobo
OO00O000O0000o0bbO0b0bbo0bO0o0o0oOobOobonog Direct ILCOOOODO
oooogo
Os00b00boboobooboobooboooo3oobbbobbb0b00UdLWR
0000000000000 00O000DOO0O00DOOO0OO Direct ILCOOODOOO
gbobobbooggbobooooobbobbobbooooobobooogoboog
gbobbuoooobobbooobbbbooobbobooobobbouooobobogo
oboooobooboobooboobooboon
geddoobbuoodobbooodbbboooobbuooobobboooooboo
oboooobooboobooboobobobobobobooboobooboobo
gbobbuoooobbbooobbobbooobbbooonobbouooobobogo
obooboooo
Or7v0o00b000b00000b0o00booboboobooboboobooboon
gbobbuoooobbbooobbobbooobbbooonobbouooobobogo
oboobooboobooboobooboobooboobooboooboobg
OO0D0000000b0o0o0o0o0obbo0oD0ob0o0o0oOgnoOoDO Master-Slaved OO O
ooboooobooboobobooobooobooboob WROODOOOOODOOODO
OOODirect ILCODOODODOOOOOOOODOODOODOODOODODODODOOOO
gobobooooboo
o8bobobooboobuobbobbobboboobooboob
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oboboobooboobooboobobbobbobooboobooboboon
obooooboobooboobuoobobbobboobooobon
21 JU0O0oboooooooon

obooboob210000000000000O000O00DOOODOOODOO0O0O0
oboobo200b00boobooboobboob 2000000 4bb000b0DO
oboooboobbooboobbooboobboob 1200000000000
(X), 00 (Y)Oooooooooo 34000oooooooooooooooooooo
obooooboobooboobooboobbon

Motor 1 [-1100 [mm] < X < -350 [mm]]
Motor 2 [-400 [mm] <Y < 400 [mm]]
Motor 3 [-90 [deg] < 65 < 90 [deg]]
Motor 4 [-60 [deg] < 6, < 60 [deg]]

000000000 [Vl [Vig...| = 6000[mm/s] 0000

00000000000 220000200CcCDO0OOOOOOO0O0O0O0ODO QuickMAG
O0000060Hz] O samplingrate 00000000000 PCOODOOOOPCOOO
OO000D0O0000000000D0ODO0Opulse generator 00O O O0O0O0OOOOODOODO
oboooobooboobooboobooboboobbo

22 JOO0oOoOn
gboboobobooboobooboobooboo200b000000000

e QuickMAG(OKK D) —-00000000000000OODOOO

e 3SPACE FASTRAK(OOOODOOOOOODOD)—-000000&OO000O0DO0OO
ooooo
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1525[mm]
(0 2.1 Table tennis robot system

221 00000 OOOd

0000000000000000000000000000000 (0000000
0 Quick Mag System 111 )00 0000 QuickMAGOOOOOOOOOOOD 20000
000000000000000000300000DIO00000 60HzO0OOOODO
00000000000000000000QuickMAGOOOOO 210000

021 QuickMAG ODOOO

0ooo RGB
0ooo RGB
0Doo000O0 VBS
0DO0o00000 s000 TTL
000 I/F GP-1B
000000 [[s00O0O0O0O00I/0000000000
0oooooo 000008000
0oooo 736x480
0ooo 640 x 416
0ooo 1/60 0
0oooooo (200)160 (300)8
0oo 00 640 x 416
0oo 0o
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Supply an electric
current with each motor

I — s |

[ 0 0

[ 0 0
\ \ ‘
Motor Driver :

|

. The Value of Encoder @ ﬁ Cw, CCQVQ
1 @ M ‘ DIO Output ——]

——_ ) |QuickMag =

Motion Graber

Host Computer

(VINE Linux 2.0) Quick MAG

0 2.2 System configuration

2.2.2 00000000 (3SPACE FASTRAK)

OO0O00b0b0oo0o0o30bibooooboobooboobobboobooogn 3SPACE
FASTRAK(OOOOOOOOOO)OOODOOOOFASTRACKOOOOODOODOOOOOS
ODooD0oD00 (X,)Y,Z2)0oooooooo (Pitch, Yaw, Rol) D 60000000000
O000OCO0O0OO0ODOOFASTRAKOOOOO 220000000000 230000
oboobobobobobobooboboboboboooboobobooboobobon
O000000000o00ooo2000000000006COO00/O0]0000O00CDOO

23 0JU0U0obooodo

FASTRAKOOOOOOD 24000000000000000001000000DO

gbobobbuooogbobooooo20bbbbdoooobbobooooobobbod
oboobooboboon

gbboodgbbuoodbbooboboobooobbo20bbooobooobboo
3000000000 Lse, 00X-YOODOOUOOODOOOOOOO Ly, OOOOO

L3,arm = 1/ l:% + lz + lg (21)
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0 2.2 FASTRAKOOOO

ooooo 6DOF (x, v, z, Pitch, Yaw, Roll)
0o O0000.8mm RMSO OO 0.150 RMS
gooad 000 106em 0000
0000 (0ooo)o oo40000
gooooo lgoodooboooloooooo

200000b0bbe0bnoogon
sogobooboo40b00DO0
A0000000030000000

goboooog OO00O0D0ORS-232C000
gobooogo SYNC IN x 10 SYNC OUT x 1
gobooo gboboboogooboood

\|

1420[mmif 1 5601mmi/ ‘
r

transmitter

_— /
550[mm -

measuring range

W

0 2.3 FASTRAKOOOOO

L2,arm = 4/ l:% + lg (22)

00000000 10200000000 (21,91, 21), (T2,y2,20) 0000000, = 21 —29,1, =

Y1 —Y2,l, =21 —200000000 roll0 a4, 0000000 Ly, 000 20000
oboooo

L

Qarm = —sinH(
L3,arm

) (2.3)

yaw O Borm 00 Lygrmn ~ 000000000 yaw 0 Bhuaqe 0000000000000
00000000000 Lye,00000000L,>00000[,<0001,>00000



2.4 Master-Slave 0 O 0O 0O0O 11

l,<000O!l,<000003000000000000

ﬁpaddle ) <L2,arm =~ 0)
cos™H(—e— (L, >0
Barm = gféhfﬁ E;<Jmmzzm (24)
Loarm » \ly xr =
—r—sin" Y (=) (I, <0001, <0)

pitch O Ygr, 000000 pitch O ypegee D00 000000000000000000
000

02500000000000000000000000000000000000000
AmmO00000000000000000000000000000000000000
000000000000000000000000000000000000QuickMAG
0000000000000000000000000000000000000000
0000000000000000000000000000 (000 FASTRAKOOO)
0 QuickMAGOOODOOODOO0OOD (—1420,455,—60) 0000

2.4 Master-SlaveO OO OO0

OO0OMaster-Slave 000000000 OOOOOOO227000000000D0000O
gobobobobobobooboobboboboboboboooboobbooog
oboooobooboooboobuoobobbobbobooboobooboobo
oobooooobooboooboboobobobobboobouooob04mmynog
O0000000000QuickMAGOOODOOOOOOODOOOOODODOFASTRAKO
00000000000 (000 FASTRAKOOO)O QuickMAGOOOOOOOOOO
00 (1620, —455,—60) 0000

receiver 1

paddle

receiver 2

024 FASTRAKOODOOOOOOO
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pitching cameras
Y machine

N
FASTRAK
Transmitter

/

025 0000O00000obooon

00 1(0000000000) 0240000000Fasktrak 00000000000
000000000000000000000002.6()00000000000000
0260bO000000'X/Y/Zz00000/Y0D0O0000000000000000
D00000000026()0000000/X,/Y/X000000000 roll,pitch,yaw
00000000000000000000000000000000000

O02Fastrak 000000000000 OOO0OOOOOOOOOOOOODOOOOOD
ooooobogd

IX =Y X 01 0 IX
Yy 57X | v |=|10 0 ry (2.5)
17 — 17 rzZ 00 —1 17

gbbbooooobboooobboboooobbobuoooobon

OO0000o0D0DO0bO0b0ob0obo0oooooD0 X-YUOOUOoDooOFastrakdO OO
00 (@0D0O)000000Y—=X-Z000O00U0O0Ooooooooooooooao 656,00
Fastrak 0 X)Y,Z000000O (o, 5,y) 000000000000 OODOOCOOOODOO
gboooobooboobooboob

cos B, 0 sin 0,4
°R, = sinf,sinfl;  cosfz3 —cosb,sinbs
—sinfscosf; sinf;  cosbycosbs

0000000000000 (Fastrak) DOOD0OO0OOODOOODOODOOODOOOXOYOZ



P2 (robot)

2.4 Master-Slave 0 O 0O 0O0O 13

Fastrak (position) Fastrak (angle)

0 2.6 Fastrak&OO OO (P2)0000

/AQENIER

0 2.7 Master-Slave 0 0 O O

00000000 r(=roll), p(=pitch), y(=yaw) 0 0 Osin—s, cos—c 0000000

ORf

cp 0 sp 1 0 0 cr —sr 0
0O 1 0 0 cy —sy st cr 0
—sp 0 ¢p 0 sy «cy 0 0 1
cpey + Spsrsy  —cpsy + spsrcy  sper
crsy crey —sr (2.6)

—spcy + cpsrsy  spsy + cpsrcy  cper
(2.7)

O0O0O0OFastrakO 0000000 ZO0O0O0O0O0O0O0OO00O0XOOOOOOOOoOooOoOOOo

cosfy = sper (2.8)
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sinfysinfs = —sr (2.9)
—sinfycosfs = cper (2.10)

Oo0O0oOOo0O0oDOoOooDo 66,00

-1
o, — | cos (jpcr) (eper < 0) (2.11)
—cos™ H(sper)  (eper 2 0)
0, = Atan2(— - LTy (2.12)

sinf,” siné,

00006,000000cs ' ()00000000000000-180[deg] < 64 < 180[deg]
000000000
0000000000000000000000028000000000000000
00000000 00000 00000 «000000000000000 «0
000000« 00000000060006,000000000000000000
0000000000000000000000
000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000 XO0000000000000000000000000000
0000000000

0, = r(=roll) —90[deg] (2.13)
b, = 0 (2.14)

003000000000 0O01200000000000000/0000000/0
gbooodbooobooboobuoobobbobbobooboobon

v, = K, (“p, " 2) + Kg* (", -2 v,) (2.15)
vy = Kpx (“py =" y) + Kax (v, =" 0,) (2.16)
ws = 0 (2.17)
wi = K2, ("0, —"*0,) (2.18)

0000000+*“0000000000000”20000000000000000000
oooooooooooboooooooooks,=3.0,K2,=100,K,=1.0000000
0oooooa (*p, =% a0t +4v,0t+dp,) 0000000000 X,YOOOOOOOO
O0(AtO000 Fastrak 0O OOOODOO0000000O0%,:000000000 Fastrak
0000%,: 0000000 FastrakO0OO)0O



angle [degree]
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150

100 i
50 i
of |
50 | i

-100

12 14 16 18 20 22 24 26 28 30 32
time [sec]
0 2.8 DDDDD(93DDD)
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3.1 0000

oooooooooooooooboOooooooooOobOOobOoOoooooDOODbo
ooo00o0o0O00ooooooOOooOO0oO0ooooooOoOooO0o0oOooooooOoObODbOoO0o
00000000000000000 Burridge O [18)0 00000000000 OODO
OooooOo0o0o0ooOobo0oooooboooooOobo0ooooOoObOO0ooOoObObbOb0On
oooooooo (7,19, 20 000000000000 0OOoO0OOOODODOOOO0OOO
Oooo0o0ooooooboooOOooO0o0o0ooooobOoOoOobOO0o0ooooooOOOb000n
0000000 2000000000000 00000goooooooooooo
ooooooooooooooooOoobOoooooDbOoOoObOOoOooooDOOObDbOoO
O0D0000000000000C0C00O0000000000Andersson 00000000
O00000000000000 [5,22)[0Andersson 000000000 OOOOOO
Oooo0o0oooooobooOOobo0o0o0ooooobOoOOobO0o0oOooooooOO0Obb000n
ooo0o0o0O0ooooooOOooO0oO0oooooDooOoOooO0o0oOooooooOoOObOo0Oo
Oooo0o0oooooobooOOobo0o0o0ooooobOoOOobO0o0oOooooooOO0Obb000n
Ooo0o00ooo0oo0o0ooooo0ooooobooOooooDooOobbooOooooooOoo
Oo0o00oo0oooo

oooobo0ooooooooooo0ooooooooOobOO0ObOOoO0oooooDOODbO
Ooo0o0o0O0ooooooOOooO0oO0ooooooOoOoboOoOoOooooooOoboobOoOooo
O00000000000000000 RamanantsoaOOOOOOOO0O00OO0O0OO0O
ooo00o0o0O00oooooooo0oO0ooooooOoo0oOoOoooooooObObOoOoOoo
0000000000 (0000000000000 DO000O0OO0OOo0oOoOooO
Ooo00o0o000ooooooOCooOO000oooooOoOoboOoO0oooooooObobOoOO0o
Ooo00o0oO0Oooooooo

000000000000 0000000000O00O0O0O00000OOODOO0O0000
00000000 k dimensional tree(k-d tree) 0 0000000000000 O0O00OOOO
O0D000000000000000000000000000 KoditschekOOOOOO
OO00O0Omirror lawD OO 0000000000 OO0DOOOOOO

ooooooooooooooooOooooooooOobOOobOOoOoooooDOODbo
Ooo0o0o00oOooooboooO0OoOoooooOoooOoOooooooboooDoOOobOoOO
Ooo0o0o0O00ooooooOOooOO0oO0ooooooOoOooO0oOooooooooObObOoOoOoo
Ooooo0ooooooboooOooO0o0o0ooooDboOoOobO0o0ooooooOOObO00n
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(The ball passesthe virtual plane)

C

Waiting task | Planning task

(Return to the
home position)

(Start hitting motion)

B
Hitting & Returning task

(The moment of impact)

0 3.1 Task oriented description of stroke movement

gboobobobobobboboboboooooboobouooboooobooboooooooon
oboooobooboobooboobobboboboboobooboobobbo
oboooobooboobooboobobboboboboobooboobobbo
obooodobooobooobuoobuoobobbobbobooboobooboobo
oboooobooboobooboobobbobboboobooboboboon

3.2 JUOO0oboooood

obobooboobooboobooboobobn

3.21 00OO0OO0OO0OOO0OOO

gbobbuooggbbouoooobbbuoooobboboooobobboooooboo
gbobboooobuooobboooob o3abuggooooobouoogobban
ood
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TASK A: 0000000 OOCOODOOOOOO
TASK B: 0000000 0ODOOO
TASK C: 0000000000 TASK ADOODOOOOOOODOOOOO

TASK AO0ODOOO0ODOOO0DOO0O0DOOO00DOOO00DOO00ooogoooooooo
O0O00O0O0O0DOO0OTASK BOODOOOOOOOOODOOooOOoOooDoOooobobOooooo
000000000 TASK ADOOO0ODOOOO0ODOOOOODODOOOOoDoOoOoOooDooOoo
oocoobobooooooooOooooooOoooboboOooobboOooooooDoOooon
Ooo0ooOo0o0oboo0ooooo0oooooOoo ADODOODOOOOOOOODOOO
oooogoo

OOobooooOoboobbooooboooboooobooBOoOOobOoOoOOobOOoDbOoOoODOO
O00000000000000D0D0000000 (TASKA)ODODODOoOOooOoooooo
EREREEN

3.22 00OO0O0OO0OO0OO0OOOOOOOO

O00000000000000000/0000000 (TASKA)DOOOOOooooo
Ddodooooodobouooodooooooooooooooooooooon
0000000000000 0000000000000000000D0 00 Andersson
O0odooodoooooouooouooodoooooooooooooooooon
Oo00ooooooodoooooooooooooooooooooogooogon
Ogodoodoooobooooooouooboooooooooooooooooooon
Oo00oooooooooooouooo 32000000000 0000000000
ODo00oooooooooooooooooooooooooooooooooogon
000000000000 000000000000000O0 XO00OOoOoooo zoOooo
Oddooooooooooooooooooooooooboobooooooonbn Xxoo
00000 X, 00000000000XZ000000YOO0ooooooooooo0
HREREIE

Xy = Xop + k(X — X) (3.1)

X,00000O0O0OOoooooo0X,0000oooooooooooooooooooo(s.a)
000000000000 0000000000000D00000D0O00 KoditschekO [7]
O000000000mirrorlawd00000000C00OO0DODOO0OOOOOODODOODOO
00000 X, 000000000000000000 X,00000000000000
oboobobobon
032000000000@QUOOCO0O0OO0OO0ODOOO0O@QUODULOODOOO@OO
0000000000 000oooOo0o0o0o0oooD X,000(@)0booooooooo
000000000000 00 X, 00000000oooooooooo@B.1)0 (00
oboobooboboo Xboboooobuooboboobooboboboobobooobo
oboobobobooooboboboobooboobobobobobobobobon
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Real trgjectory Mi Imaginary trajectory
irror

,,,,,,

N

X‘

Y5 XD

| Xm .
l Xp -
|

0 3.2 Mirror Hitting

ooboboboboboobooboboobooooobooboboboooboboobo
0000000000000 (000000000)X, 000000000000000
OO0 f(00000000D000O00OOOOODOO0

3.3 Juboooooood

00000000000 0000000000000000000000 3.1000/0
000000 (TASK A) 000000000000 0000000000ooooooo
0000000000000 0000000000000000000/00000000
ooboboooobobobooboboboobobobobooboboboobo
O00000001/60s|000000 TASK ADOOOOODOOOOO0O0O0O0O00 0.2[¢
gbobbuoooobbbooobbbbooobbobooonobbobouooobobogo
O00000000000000 5/m/s)]00000000O0DODOOOOOOOODOOO

3.3.1 0000000

0320000000000000DL0DL0O X, 0000000000000D0O0ODOO
oobooooob0 032000000000000330000000O0O000 X=X,
0000000 (X,Z)0o0ooooooooooooooooooooooooooo
obooooboobooboobooboboboboboboobooboobobbo
gbobobuoooobbbooobbbbooobbobooonobobobouooobobogo
oboboooobobooobobn Zz=Z, 0000 XO00OOOoO X, 0000000
O00000ooooooo (X, 2000 (V,,V,) 0000000000 yYyooooooo
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Start point Hit point
| et | o |
' Waiting task , Ball hitting task
| il

0 3.3 Table Tennis task configuration

0l w, 000000 0ododgoaond
Xm:f(sza‘/;ca‘/;awy) (32)

obooodobooobooobuoobuoobobbobbobooboobooboobo
oboooobooboobooboobobboboboboobooboobobbo
obooodobooobooobuoobuoobobbobbobooboobooboobo
oboooobooboobooboobobboboboboobooboobobbo
oboooobooboobooboobobboboboboobooboobobbo
obooobon

obobodbooobooboobuoobobbobboboobooboobooo
oo0o000b X, 00 Z2=Z2,000000000 X0000 Xg0O

Xd = Q(Vm, ‘/zrv wy) (33)

oooooooooooooooooooooo (V,V,,) 0000w, 00000000
0000000000 X, 000000000000 ooooooooog (3.3)0000d
Oo0b0000 X, 00000o00oooboooooogooboboobooboooon
O0000000000000O0O0O0000ooooo (3.3)00oo

X — X =gV, V2 a,) (3.4)

xr) T zry %

O000000000o0o0ooooooooooD (34)0 X0,V )yooooooo

xr) zr

ooboooooooooobooboobooobooooboooooooobooboobooonD X,
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1
A
o
Avel i - 7 - - - ®
New Partition .
o
o
o
o
>0

0 3.4 Partitioning of 2-d space

o (.., V,,) OOOOOO0OO0O00000 v, 00000000000000000000
0000 [(23000000000000000,0w0w,0000000000000DO00
0000000000000000 34 00000000000000000O0OOOO
obooooboos3410bgobobobobbobooboobooobon
(34)000000000000000000000Obinary tre0 0000000 k-d
tre0 000000 0OOOOO0O0OOODOOOO0O0O0OOOOOO0OOOOOOO0O0n
O0000000000000000000000000000 [10]0k-dtree00kOOO
obooodboooboooboobuoobobbobobobooboobooboobo
gooboobogbboobbo34tboobboobuoobbobboobag g 3.5
obod b3400000000000000O0O0ODOOODOODOOorIDDOOODOO
gbboogbobooooboobbouooobbog bo3sgbbooobbuoooboDg
OO000kdtree0 000000000000 0O0DO0O0O0OOOOOOOOOOOODOODO
oboooobooobooobuoobuoobobbobbobooboobooboobo
ggbooboobooboobooboobooboobooboobooboobg
oboooobooboobooboobobbobobobooboobooboobo
oboooobooobooobuoobuoobobbobbobooboobooboobo
oboooobooboobooboobobbobboboobooboobooobn

332 000000DODDOOOO/0000DDO0OO

obobooboooboooboobuoobobbobbobooboobooboon
oboooobooboobooboobobbobobobooboobooboobo
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The bucket sizeis 3. ® :Data
(O :Node
New data :Bucket

®0 (X ]

@ (b)

0 3.5 Corresponding k-d tree

000000000000 (0000000000 D0)000O000O00D0O0ODO0O0O
Oo0odoee, 0000000000000 0DODOO00O0XDODOO0OoOoooooDoooo
obooooboooboooboobuoobobbobbobooboobooboobo
gbooboobooboobobobbooboobooboobooboooboboob
obooooboooboooboobuoobobbobbobooboobooboobo
OO000bO0ob0obooboooooboooboOob Lo

L =u(Var, Var,wy, V7) (3.5)

oooooooooooooooooooooo (Ve V) 0000w, 00000000
oog Vv, 000bobbobooboobooobo

V;” = w(‘/xra‘/zrawya[/) (36)

00000000036 00000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 A00000000000000000000000000
O (Ver,Ve,) 000000000 (V7,V2) 00w, 0000 ¢, 000000000000

) zr

Oooboodoo X, 0000000 X, 00000
k=w (V. Vi, a, Xn—X,) (3.7)

xr? zr?

gbooooboobooboobooboboboobooboobon
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3.4 UJUO0O0obooooooobboogod

gbobbuooggbbouoooobbbuoooobboboooobobboooooboo
Ooo00o0o0o0O0o0oooooboobobob XZoogoooooooooooooboo
obooobooboyzobooboooboobooboobooo

3.4.1 00OO0O0OO0OOOO0O0O

Xm - Xr*[mm]
120
100
80
60
40
20

-3400
-3450
-3500

-3550

-3600

2550

-3650
2600 -3700 Vbiz* [mm/s]
Vb1x* [mm/s] 2650

[mmy/s] 2700 575(:375

0

0 3.6 Acquired input-output map

3310 0000000000000000000X,,00000000000000
000000000000000000000000000000038.30000000
0000000000000000000000500mm00000000000000
0000000 X =-1000mm] 0000000000000000000000000
00000000000000000000000 133[msed 000000000000
000000000000000Z00000000e 000000000000000
00 X000 (VA,V:)0000000000000000000000 Z = 195[mm|

0000000000X0000 X, 0000000 (V2,Ve,ae,)000 (X, —X7) 00
000000000000000

000000000000000000000000000000000000000
51700000000000 (V2 Ve, e, X,,— X)0000000000 RO
1 0.5632 —0.0089 0.2802
0.5632 1 0.5258  —0.0550
R= —0.0089 0.5258 1 —0.8208 (3.8)

0.2802 —0.0550 —0.8208 1
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00000000 ROOOOODOO00000S8.10000000000 AL\ 000
000 (A4 A)/S4, A00900000000000000000 A 000000
0000000000000000000000000000000A 00000000
00 % 0

21 ~ 0439V 4 0.692a. — 0.567(X,, — X7) (3.9)

r

oboboobooboobobooboboobo zobooboobooboobooobo
A0000000000 20

2 ~ —0.7T16V — 0.552V% — 0.416(X,, — X7) (3.10)

T

0000000000000000000000000000000000000000
00000000 (V4,Vie,)0000000 (X,,—X)00000000000000
00000

0 3.1 Eigenvalue and Eigenvector of R

Eigenvalue Eigenvector [
A 2.00 [ 0.082, 0.439, 0.692, —0.567]"
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O 3.7 Errors in the Z direction
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O 3.8 Trajectories of the ball and paddle
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4.2.1 O00O0OOOO
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ag(t) = 20c1t® + 12¢5t? + 6est + 2¢4 (4.3)
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obobo0¢ =04000000000000

o(ty) | = | 200 (4.14)
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(2)00000000 yg,(t) = cat* + cat® + cst> 0,0 (4.15) 0000 300000
00000000000000.

Ya,(t) = ka¥a, (t) + kpya, (t) + keya, (t) (4.15)
ggono [ka,kb,kc]T a,
Cal Cp1  Cel ko Cd1
Ca2 Ch2 Ce2 ky | = | ca (4.16)
Ca3 Cp3  Cc3 k. Cd3

00000,y, 0000000 wO0O0000030000000 ug, up,u. 00
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ug = koug + kyup + koue (4.17)
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v(t) = eyt + cot® + cat? (4.18)
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p(0) =p;, v(0) =0, a(0)=0
0

p(tn)=pn, V(tn)=vn, a(ty)= (4.19)
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0 4.5 A new input and output trajectory generated by patterns A, B, and C (ug4: In-

[0 4.6 One stroke movement (ug: Input calculated by the proposed method, v: Actual
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0 5.1 Definitions of ball events
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(The ball passesthe virtual plane)

C
Waiting task | Planning task

A2

(Return to the
home position)

(Start hitting motion)

B
Hitting & Returning task

(The moment of impact)

O 5.2  One stroke movement
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r=0vr=0ax=00¢t=t, 0000 z="2,vx=00000¢t=%tL0000ar=00
Oo0oo0oooooooooaa

doodoooot=00000000

fd(t) = Cd5t5+6d4t4+cd3t3 (72)
ooooon Cd:[Cd5,cd4,cd3]TDDDDDDDDDDDDDDDDDD

A= | 5t 473 343 (7.3)
203 12t3 Gty

gobooo

ogoo
C.=A"'| 0 (7.5)
0
gbodbdobdgboobobdabd DCa: [Ca5,Ca4,Ca3]T,Cb[0b5,cb4,0b3]T,Cc: [CCBacc4acc3]T
0000000000000 k., k,k.OOO0O0O0
Cy = kuCa + k.Co + k.C. (7.6)
00k, kp k. 000000000000 0O0OOOOOOOODOODOODODODOO

u = k,u, + kuy + kou, (7.7)
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0 7.10 Patterns A, B and C (ui: Learned input. yi: Desired output.)

7.2.4 0OU
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gbobbuoooobbbduoooboboooobbobooobbboooon

73 Uoooubbouoooooonod

obobooboooboooboobuoobobbobbobooboobooboon
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7.3.1 Master-Slave O OO0 OO0 O0OOOOO0O
ooonO

000 Master-Slave 0 0000000000000000000000000000 2.7
0000000000000000000000000000000000000000
00000100000000000000000000000000000000000
0 Fastrak 0 0000000000 Transmitter 1000000000000000000
0000300000000000000000000000000 Master-Slaved 00
0000000000000000000000000000002000000000
000QuickMAGOOOOOOOOODOD0D0000000000000000 (300,0)0
(500,0)0(700,0)0 3000000000000 (0000)00000000 (1000,0)00
000 2.7)

gooo

071000000 £100mm|] 0000000000 00000 y0000000OO
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00000000000 OMaster-Slave 0000000000 O0OOOOOOOOO (O
7.15)0000000000000000 (0 7.16)0 Master-Slave 000000000
gooo

O00000000000O0ooooo(@oon)

obooooboboooobobooobbooobbooobboobboora7oom
O0000000000000000000000 +£100mm)0000000O0OOOOOO
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0000000000000 000000x00000000000000000000
00000760000:—y000000000000007.700000000000
0000000000000000000000000000000(@0000000)
000000000000000000000000000000072000000
0000000000000 (0000=300[mm], 500mm))000000000000
000000000000000007.2000 7.2100000
000000000000000 +100mm|000000000000000007.2.2
00000000000000

72 00000

D000 0000 [0000 [000
[mm] O] O] %]
300 243 156 | 64.20
500 221 171 | 77.38
700 206 167 | 81.07
Total [ 670 494 [ 73.73 |
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07.230000
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7.4.1 0O0O0O0OO
oboobboobooboobooboon
1. 300 (000000 300mm,500mmO 700mm) 0 0000000000000 OOO

2. J0000do0odooodoooooooooooouoooouoooouoogo
0000000 (z,vz,vz,a2) 00000

3-1. 200000000000000DO0O00DOO0OODOODODOOODOO0O0 200mm 00
obooooo

3-2. 000000000000000O0O (z=200mm)000000O0O0O

072400 7300 0000000000 DOO0OOODOOOObOO0ObOODOODbOODbOn

7.5 UUoUouobbuoooobbboobbboooouobbuoooog

7.5.1 OJUOUOUOOOgood

O0000000000000D0O0000D00000 CrossValidationError 0O 0000
0000000000 (07.32,07.33)0000000000000000000OLWR
O O leave-one-out cross validation error [J ,

v _ w;(y; — szTIB) 78
,rz 1 o Z,,:T(ZTZ)_IZ,,: ( . )
ogood,0020000
1 - wi(yi - CUiTﬁ) 2
MSEcV = 7.9
(9) . ;(1 — ZiT<ZTZ>_1Zi) (7.9)
Nywr = wa (7.10)

gooo

00000000 (MSEev(q) OO queryD0OOOOODOODODOOOOODOOOO
gbobobbooogbobobooooobbbboooogbobobuoo 200000000
gbooooboobooboobooboboboobooboobd
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vx [m/s]
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1 700 x
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00 A Locally Weighted Regression(LWR)

o000, 000000000 IWRODODOOOOOODOO,0000000D0DOO
00 Leave-one-out cross validation(LOOCV) 0O OO0 LWROOOOOOOOOO, 0000
000000,000000000000000 [23, 29, 11, 30, 31].

Al 0JO00OOOooooo

p000000 24,...,3j,..,2,,] 000000 y0OO n000000000000

Y=o+ b1+ ... + Bpzy (A.1.1)

gobooodg,ob20004d,

C=> (z;B-wu) (A.12)
=1
000000 CO00000000000B0aC/93=00000000.000 2,y
0i00000000000, @ =[1., 24, .., Zij, ..,z 000
000000 80
B=(X"X)"'X"y (A.1.3)
D00000.000 X0i00 2 0nx(p+1)000000,y0i000000 40
Doooooo.
query 000000 B00O0O0
J(q@) =q'3 (A.1.4)
0D0o0oO0D00oo

A.2 LWR

LWROO queryd ¢00000000000000000000000000. d(=;,q)
0q00«000000,00000 K(d(x;,q)) 0000,0000

n

Cla) = Y |(al 6 — ) K (d(x:, ) (A.25)

Oooo0oo0o @BoOoOoO,
i@ =q'B (A.2.6)



124 00 A Locally Weighted Regression(LWR)

Doooooo.
0000000000000000000,0000000000,000¢0i000

0002000000 d,00 (A2.7),2,00000 K(d)00 (A.28)000. 000 my

0;000000000000000,,00000000000000.

2 d;
K(d;) = w; = e:)sp(—ﬁ) (A.2.8)

w; 00000 (A25) 000000,

O(q) = ST 6 — yi)Pu) (A.2.9)

i=1

ooooooo,0bdbdfw,0nxn00WIHOOOD Z=WXv=WyUOuoogd
00,0 (A13)000,0 (A210000000000000O pO000O0O.

3=(2"2)"'Z" (A.2.10)

D000 ¢OO00Dooo,
9(q) =4 (Z"Z)*Z"v (A.2.11)

goo.

A.2.1 LOOCV

LWR O O leave-one-out cross validation error [J ,

v _ w;(y; — iBzTﬂ) A212
ogood,o02000d
1 & wilyi—x’ B)
MSEc°cY = A21
S (Q) nLWR ;(1 . Z;I<ZTZ>_IZ¢) ( 3)
Nywn = > W; (A.2.14)
i=1

ooooo [11).



A3 O00O00O0O0D0O0ODOO 125

A.22 OJ0O0ODOOOOO

000000000000000000000,LWRO00000000000000
00,0000000000000000000000,000000000000000
00000000=00000000000000000000000000.000,0
(A27)00000000m;000000000. 000000000000 ¢(M)00
00,00C(M)000000000MOD00000000000000000000
00000. MOOOOOO m; 0 (p+1)x(p+1)000.

OMDziéMSEW@”M) (A.2.15)

1=1

A23 0O00ODOOOOO

0(A28)0 h000000O0O0ODOOOOOO. AODDODOODOOODODOODOODOOOO
oooooobooboboooboooo,0co0AbOO0000b00ObOODbDODbDObDObOOODbDOD
oooobobobo.bohAb0OO0O0OO0O0ODODOOOOODOODODODOOOOODOn,
0(A213) 000000 A000¢qO0O0O0O0OOOOOOOO,DO (A211)0000000
O0000.000,hOO000000o0o0000ooooooooooooooon, (W
gboobobboobobobooboobooboobon.

A24 0O0O0ODOOOO

gooboboo,0obooboboobobobbobobooboboooo. b
gboogbbooboobbuoobooobuoob,boogbuoobobodgbboboboo
oo, 000000000000000O000DO0O0ODOOO0ODOOo0ObLO0ObLO. bDbOo,O
gbooobobodgbooo,bbooboobboobboobboobuoobobooobooo
ooooo.

0(A213) 0000000000 MSE®V(z,) 000, 0000000000000

MSE®Y (z;) > ko (A.2.16)

gbobobod z, 00b0booogbbog.

A3 0ODOOOOoOoOoooboOo

200100000
Y=z + 212 + 75 (A.3.17)

o000 LwWROODODOOOOOODOODO.



126 OO0 A Locally Weighted Regression(LWR)

goooooooo

0 (A3.17)00 1000000000000000D0. 00000000 OOOOD.
O UO00D01.0000000000000 zy4,29,x3; 00000

@ yi = (21 + €u) +2(x2 + 1) + e, 00 00000,

@ i=100000000.

UO00e, 0000000100000 000000000000000000000
O. 00,0y 00000000000000.
0 A31~A3500000000000000.

sample ﬁala + j i j j j j j sa‘mple dala‘ +
+
12 q 12 |
10 1 10
+ +
8 8
6 6
> >
4 4t +
+
+ 4 + "
+ + +
2+ + Lt + 2 + N
R + +
+ THe R el Fp ot : { . oy f:' + to W
ol X T o AT,
+y I&,H,i» R tat + + o+

E £

2 2 4
+ +
4 4 1 1
3 2 1 0 1 2 3 4 -2.5 2 15 1 0.5 0 0.5 1 15 2 25
1 x2

0A31 000000 (21-y) 0A32 000000 (z2y)

T T
sample data  +

+ sample data  +
12 b 4 XL+X1*X2+X2*X2 -------

4t + .

"
2 + Ay + + +

+
+ + +*¢; MRS S
P + e
0 N + E +
+ + + +
R %
+* +
2k
"

4 .
-25 2 15 1 0.5 0 0.5 1 15 2 25 3

0A.3.3 000000 (z39) 0A.3.4 000000 (z1-70y)



A3 O00O00O0O0D0O0ODOO 127

oboobon

0 (A215000000000000000000000000MOO0O0O0000O0
(320000000000, my/|M| = 0.189,my/| M| = 0.982,ms/|M| = 0.029, h = 0.202
oooo.

gbobobuooooobbuoooobobon

25

sample data  + 0.15

15

05

+
000000000 B
PhwhnoN©ORR

-0.5 -

-15

-2.5

0 A.3.5 oooooo (Il-ZQ) 0 A.3.6 o000 AO0O0000 (]31-]32-]1)

0A310,7,2,0-25002400 02000 25x250000000000000. 0
00 a2;0000000.

1)2)0,00000 MOOOOOO my; =1/|M|00,3)4)0,0 (A215000000
0000000000,m/|M|=0.189,my/|M| = 0.982,ms/|M| =0.0200000. 00O
1)3)000000 A000002020000,2)3)000000 (A2.13)000000 A0
0000000000.000,,000000.15000.

0OA31 0000000000000
M h g oooo |00 0o

fixed | fixed | 0.0109 | 0.7357 1.8767 | -5.0676
opt | -0.0855 | 0.6644 1.2749 | -4.0459
opt | fixed | 0.1315 | 0.4570 2.4140 | -1.5906
opt | 0.1069 | 0.3616 1.7389 | -1.4606

—_

w

[\
~— [ — | ~— [~—

W

0A3600002)0000000000000AO0000000A350000000
Ooboooooooboobooboooogob pRO0O0ODbDoOODOODODOOODODOD
OO00A00000000000D00DODOO



128 OO0 A Locally Weighted Regression(LWR)

34000000 1)) 0000000000000 000000OOO00O0O00O
0000000000000 00000001)000 203)0004) 00000000
oooobooMOOOOOobOOobOeAOOODODOODODOOOODODOODOODOD
obooboboobon



oo

1]

[10]

[11]

[12]

HONDA ASIMO
http://www.honda.co.jp/ASIMO/

SONY QRIO
http://www.sony.co.jp/Sonylnfo/QRIO/

00 0:“000000000000000007, 000000000, Vol.20 No.6,
pp.569-570, 2002.

R. A. Schmidt, & T. D. Lee: “Motor Control and Learning : A Behavioral Emphasis”,
Human Kinetics, 1999

Andersson: “A Robot Ping-Pong Player: Experiment in Real-Time Intelligent Con-
trol”, AT&T Bell Laboratories, The MIT Press, 1988.

M. Ramanantsoa and A. Duray: “Towards a Stroke Construction Model,” Interna-
tional Journal of Table Tennis Sciences, No.2, pp.97-114, 1994.

M. Biihler, D. E. Koditschek, and P. J. Kindlmann: “Planning and control of a juggling
robot,” International Journal of Robotics Research, Vol.13, No.2, pp.101-118, 1994.

J. L. Bentley: “Multidimensional Binary Search Trees Used for Associative Searching,”
Communications of the ACM, Vol.18, No.9, pp.509-517, 1975.

R. F. Sproull: “Refinements to Nearest-Neighbor Searching in k-d Trees,” Algorith-
mica 6, pp579-589, 1991.

E. W. Aboaf, S. M. Drucker, and C. G. Atkeson: “Task-Level Robot Learning: Jug-
gling a Tennis Ball More Accurately”, Proceeding of IEEE International Conference
on Robotics and Automation, pp. 1290-1295, 1989.

C. G. Atkeson, A. W. Moore, and S. Schaal: “Locally Weighted Learning,” Artificial
Intelligence Review 11, pp.11-73, 1997.

K. F. MacDorman: “Partition nets: An efficient on-line learning algorithm.”, Proc. of
ICAR ’99: Ninth Int. Conf. on Advanced Robotics, Tokyo, pp.529-535, Oct. 1999.

129



130

[13]

[14]

[15]

[18]

[19]

[20]

[21]

[22]

gooao

D. Gorinevsky and T. H. Connolly: “Comparison of some neural network and scat-
tered data approximations: The inverse manipulator kinematics example”, Neural
Computation, 6, pp.521-542, 1994.

S. Arimoto, S. Kawamura, and F. Miyazaki: “Bettering Operation of Robots by Learn-
ing”, Journal of Robotic Systems, Vol. 1, No. 2, pp. 123-140, 1984.

A.J.Ijspeert, J.Nakanishi, and S.Schaal: “Learning Attractor Landscapes for Learn-
ing Motor Primitives”, Advances in Neural Information Processing Systems 15
(NIPS2002), Becker S., Thrun S., Obermayer K. (Eds)

Pierre Andry, Phillippe Gaussier, Sorin Moga, Jean Paul Banquet, and Jacqueline
Nadel:, “Learning and Communicaiton via Imitation: An Autonomous Robot Per-
spective”, IEEE transactions on Systems Man and Cybernetics part A: systems and
humans, Vol.31, No.5, pp.431-442, 2001.

Yuichiro Yoshikawa, Minoru Asada, and Koh Hosoda: “Developmental Approach to
Spatial Perception for Imitation Learning: Incremental Demonstrator’s View Recovery
by Modular Neural Network”, IEEE Proceeding of RAS International Conference on
Humanoid Robots, 2001.

R. R. Burridge, A. A. Rizzi, and D. E. Koditschek: “Sequential Composition of Dy-
namically Dextrous Robot Behaviors,” International Journal of Robotics Research,
Vol.18, No.6, pp.534-555, 1999.

D. W. Aha and S. L. Salzbeerg: “Learning to Catch: Applying Nearest Neighbor Algo-
rithms to Dynamic Control Tasks,” Proceeding of the Fourth International Workshop
on Artificial Intelligence and Statistics, pp.363-368, 1993.

S. Schaal and C. G. Atkeson: “Robot Juggling: An Implementation of Memory-Based
Learning,” Control Systems Magazine, Vol.14, No.1, pp.57-71, 1994.

UgbobobmoobobobouooobnbDholgssn

H.Hashimoto, F.Ozaki, K.Asano, K.Osuka: “Development of Ping-Pong Robot System
Using 7 Degree of Freedom Direct Drive Robots,” Proceeding of IEEE IECON 87
Industrial Application of Robotics and Machine Vision, pp.608-615,1987.

F.Miyazaki, Y.Masutani, E.Hirose, D.Nakamura, and N.Sato: “State Estimating of a
Spinning Ball Using LWR(Locally Weighted Regression),” Journal of Robotics Society
of Japan, Vol.16, No.5, pp.108-113, 1998.

T. Flash and N. Hogan: ”The Coordination of Arm Movements: An Experimentally
Confirmed Mathematical Model”, J. of Neuroscience, Vol. 5, No. 7, pp. 1688 1703,
1985.



[25]
[26]

[27]

o004 131

gooo“cboboooor’obobooooo
ooo“co”,oogon

Anne-Marie Brouwer, Eli Brenner and Jeroen B.J.Smeets: “Hitting Moving Objects
—The dependency of hand velocity on the speed of the target—", Exp. Brain Res.,
133:242-248, 2000.

R.J.Bootsma: “Timing an attacking fore-hand drive in table tennis”, J. of Exp. Psy-
chol., Vol.16, pp.21-29, 1990.

goooo“co0o0ob0"b0b0obbobdnbdVoll3,No.1,pp.20-24,1995

C. G. Atkeson, S. Schaal: “Memory-Based Neural Networks For Robot Learning”,
http://www.cc.gatech.edu/fac/Chris. Atkeson

Raymond H.Myers: “Classical and Modern Regression with Applications”

Willam H.Press, Saul A.Teukolsky, William T.Vetterling ,and Brian P.Flannery: “Nu-
merical Recipes in C(O0 OO O)”, 000000

John J. Craigh OD0O0OO0OOOODO: “D0000O",0D0Db000OO0O), 1991.
oooOdoD: “Ob0b00b00ob00ob00oboobOor’oonoOgngigss.

F.Miyazaki, S.Kawamura, M.Matsumori, and S.Arimoto: “Learning contorol Scheme
for a class of robot systems with elasticity”, Proceeding of the 25th conference of
Desision and Contorol, Athens Greece, December 19860 pp.74-pp.79



oo

.O0ODOoO

1]

[12]

[13]

[15]

[16]

Masahiro Takeuchi, Fumio Miyazakill Michiya Matsushima, Masato Kawatani, and
Takaaki Hashimoto “Dynamic Dexterity for the Performance of* Wall-Bouncing”
Tasks”, In Proceedings of the International Conference on Robotics and Automation

(ICRA2002), pp. 1559-1564, Washington D.C.; USA, May 2002.

Fumio Miyazakill Masahiro Takeuchi, Michiya Matsushima, Takamichi Kusano,
and Takaaki Hashimoto “Realization of Table Tennis Task based on Virtual Tar-
get”, In Proceedings of the International Conference on Robotics and Automation

(ICRA2002), pp. 3844-3849, Washington D.C.;, USA, May 2002.

00000000000000000000000000000“000000000
00000000000007, 00000000000, Vol.38, No.5, pp. 456-461,
May 2002.

000d0000doodboobOdoooodooooooooo“0coooooon
000oo0oooooooooooor, 00o0oooood, Vol.21, No.1, pp. 81-86,
January 2003.

Michiya Matsushima, Takaaki Hashimoto, and Fumio Miyazaki “Learning to the
Robot Table Tennis Task —Ball Control & Rally with a Human—", In Proceed-
ings of the International Conference on Systems, Man and Cybernetics (SMC2003),
Washington D.C., USA, October 2003.

Fumio Miyazaki, Michiya Matsushima, Masahiro Takeuchi, and Takaaki Hashimoto
“A Robot Plays Table Tennis: Ball Control and Rally with a Human Being”, In
Proceedings of the International Conference on Methods and Models in Automation
and Robotics (MMAR200/), Miedzyzdroje, Poland, August, 2004.

Michiya Matsushima, Takaaki Hashimoto, Masahiro Takeuchi, and Fumio Miyazaki:
“A Learning Approach to Robotic Table Tennis”, In IEEE Transactions on Robotics,
2005 (in print)

133



134 0000

I.Oo0oboobooon

1] O00000000ooooooooooooooo0: “00000ooooooo
oo0o0”, 0100000000000 000DOpp. 819-820, 00000 O, 2000.

2] 000000000000000000000000: “0000000000000
0000000007, 0190 0000000000000, pp. 1085-1086, 000
0, 2001.

3 000000000000000000000000: “000000000000
0007, 0190 0000000000000, pp. 1079-1080, 00 0 O, 2001.

4 00000000000000: “0000000000000000000000
000000000007, 0210 0000000000000, pp. 191, 0000
00, 2003.



