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Paddle, Ball Vertical Pos.

Time

0 1.5 Simulation of hit trajectory: (top)positive accelerating hit. (mid-

dle)consant velocity hit. (bottom)negative accelerating hit.
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0 1.6 Setup of ball-in-a-wedge juggling
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O 1.7 Run of the real ball-in-a-wedge
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O 1.8 Setup of the Shannon juggler
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0 2.1 The result of the stability analysis. x: Unstable, (): Stable
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~1.94 —0.49 1.04
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O 2.8 Robot system for “Wall-Bouncing” task
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a frame of would reference
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motor 3

racket a frame of robot reference

O 2.9 Racket posture
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(VINE Linux 2.0) Quick MAG

O 2.10 System configuration
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z just before rebounding from wall
by least square approximation

Curve fitting with 5 points J

Estimating a hitting point
from 5 points just after a
fall from a pipe by least
square approximation

Robot system - - - - 1z=0.2[m]
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Hitting the ball task

C B
t=Ts Waiting task | Returning task
(Starting time of a strike motion)

t=Th

&he moment of impact)

t=Tr
(Returning time to the home location)

O 3.1 Task oriented description of stroke movement
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O 3.3 Table Tennis task configuration
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O 3.6 Table Tennis system
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0 3.7 Acquired input-output map

00000000 X =-1000mm) 0000000000000000000000
00000000D0D0000000000000D0000 133[mse 00000000
0000000000000000000 Z00000000 ¢, 0000000000
0000000 X000 (VA V) 0000000000000000000000
Z=195mm] 0000000000 XO0O0O00 X, 0000000 (VZ, V2, a,)00
0 (X,—-X)D00OO0ODOO0OOOO0O0O0000000000000000000000
0000000000000 TSPOOO0O0OO0O0O0DNODO000000O000000000
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000
000000000000000000000000000000000000000

51700000000000 (V5, Vi, a:Xm — X)) 0000000000 RO
1 Tvgv, Tvga, Tvgdr,
R— Togv, 1 Tv,a, Tv,dy, (3_8)
Ta, vy Ta,v, 1 Ta,dj,
rdL’UCC TdL’UZ rdLCLZ 1
1 0.5632 —0.0089 0.2802
o 0.5632 1 0.5258 —0.0550 (3 9)
o —0.0089 0.5258 1 —0.8208 ’
0.2802 —0.0550 —0.8208 1

00000000 ROOOOOOOOO0O0O Tablel 0000000000 A\ O
00000 (A +X)/ Y, A00900000000000000000 A, 00
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2 ~ 0439V 4 0.692a, — 0.567(X,, — XJ) (3.10)

r

000000000000000000000 Z00O0000000000000000
XN0000000000 20

29 ~ —0.716V,. — 0.552V,%. — 0.416(X,, — X[) (3.11)
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oooooooo (v, Vi,e,)ODOOOOD (X, —X))OODODOOODOOOOOO

xry T zZr)

00O0o000b0 O0BOobO0obO0o0ObO0obOOobObO0obODoobOobDoboboDobobooo

Eigenvalue Eigenvector [
A 2.00 [0.082,0.439, 0.692, —0.567]
A2 1.60 [—0.716, —0.552,0.095, —0.416]T
A3 0.35 [—0.688,0.579,0.068, 0.432] 7
A4 0.05 [—0.082,0.408, —0.712, —0.565]

O 3.1 Eigenvalue and Eigenvector of R

Error [mm]
100 !

©o error

50 - 1

-100 I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100

Trial Number

O 3.8 Errors in the Z direction

O000oU0ooooooooooog (Ve vy

xr) T zr)

X, —Xr)0OOO0OOOOOOOoOOoOoO

40



I O < I O <
0000000000000000000000000000 Z =195mm] 0000
obob00o0o XOobooobooooboooobooooboooobooooooo
00000000 0y=—n/8rad D0D0OD0DD0OD0OD0ODODOOOOODOOOO:
O0BRO00MO0000000 15mm|00000000 25mm| 0000000000
ggoboboooobbboooobboboooobobbouoooooooo

333 U0ObOOoOonbooooon

gobobogoobobboooobbbooooboboboooooboooobobooon
goobboooobbboooobbbooobobbuooooboboooubbobooon
OO0000000oDooO00oo0o0oooO0oooDooO00oD k00D OODoOoOn
gobobobooouooobooooooboboooooobobbobobboooooboonog
0000000 Snhe, 000000000 ODODDDOOODODODOOOO

Smam
k= U, 3.12
Vi (3.12)
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O 3.9 Trajectories of the ball and racket
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* + + + 4+t ++ * +++ i+
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4
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Trial Number

0 3.10 Errors in Landing point(target: -1700[mm])
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X(0)=x0
v(t0)=v0
a(t0)=a0

X(2)=x2
v(t2)=v2
a(t2)=a2

Velocity [m/s]

0O 4.1 Boundary conditions of the 4th polynomial velocity

goboboooobobboooobbboooobobobooooboboooobbooon
ooooboooboobOobooboooboobboooobobboboooDob 40b0b0oboOoo
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0@d1000000000000000000000000D0 00 (oOUOO0O)0o0
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000000000000 00000 4000000000
ya(t) = Cat* + °bt® + °ct® + °dt + °e (4.1)

000000 a,°,%,°d,%,°f00000000000

r +5 4 3 2 T _ - - -
tg t3 t3 to 1 0 |°b vo
3 2 o
41550 31;0 21;)0 tg 0 0 C _ ap (4 2)
12 |2 3 3 t 1 °d o
5 4 3 2 2 0
t3 t3 t3 to 1 0| | ¢ V2
o
4t3 33 2 t, 0 o] [f] a2

0000000000000 (00)040000000000000

u(t) = ‘at* + bt + et® + Udt + e (4.3)

43 0O0D0OO0OO0O ILC

ya[n)] 0000000000y 000000000000uR000000000e[n
D00000¢R 0000000000 kOOOOOO0O0®0 000000000
00000
000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
20000000000000000000 LSMOO0ODOD000000000000
0000040000000000000000000000000000000000

gogooood
ug+1[n] = LSM {ug[n] + ®eg[n| + T'ex[n]} (4.4)

ex[n] = ya[n] — yx[n] (4.5)

00000 (00)wn] 0 yn)] 000000000000 Elk+1]>Ek]0000D
ooooo

S el]
E[k] En\/yd—[n] (4.6)
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t0=0.0 |xm:O70 10=0.0  ap=0.0
ty=0.4 ‘x22070 09=-1.0 ay=0.0

O 4.1 A boundary conditions

431 0O0O0OO

000000000000000000000000 04[s00000000 600[Hz]
000000000000000 Table EI0O0000@20000000000000
0 E[23] =0.0435230000000000000000 0.002m]000000 0.02[m/s]
ooooo

TableE200000000000000000000000000000000007
000000”000000000

Desired [Input] [Output]
a | 585.937500  962.044067  576.199401
b | -437.500000 -323.039227 -429.077814
c 75.000000  -74.255166 72.649484
d 0.000000 16.903601 0.245856

e 0.000000 0.347636 -0.008084

O 4.2 Polynomial coefficients of the sample learning

4.4 Direct ILC

0000000000000 00DO0DO0DO0DO00O0DO0DO0OD0O0DOO0O0”T4” O
0000000000000 0000 N(>5)000oooooooooooooooo
ggobobooooboobooodoboboooobobooooobooo

ial iaz ce Z‘(]JN °a1 OCLQ . OCLN
by by ... ‘by °b1 °by ... °byn
ey ey ... ey | =[T4] |%1 °ca ... “cn (4.7)
‘dy tdy ... ‘dn °dy °dy ... %dn
iel ieg Ce ieN 061 062 OGN
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Velocity [m/s]

t0.00 x0.70 v0.00 a0.00 t0.40 x0.70 v-1.00 a0.00
zansa[23]=0.043623 self_zansa[23]=0.043430

1.5 T T
desired ——
input -------
~~~~~ e output  +
1 4D-Ism output - T
0.5 K - W S
0F M b W% .
08 \ %&%\
-1 ,/ n
-15
-25
0 0.1 0.2 0.3 0.4
[s]
t0.00 x0.70 v0.00 a0.00  t0.40 x0.70 v-1.00 a0.00
0.78 T
desired
ﬂ%i& output R
0.77 f
0.76 f# \
0.75 f %
0.74 %e
— £
< 7 !
c
S 073
®
o
= 0.72 f '%%%
071 M,f TS%S
0.7 it
0.69
0.68
0.05 0.1 0.15 0.2 0.25 0.35 0.4
Time [s]
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0 4.2 A result of ILC. Velocity and Position.



000 740 5x5 00000000 (BE7) 0 [4 = [74)[B)000000000000
T4000000000000

1

T4=AB" (BB") " (4.8)

000000000000000 [a°b°c¢’drle’ 00DO0000000000O0
0D00000000000000000000000000

‘a a

‘b °b
ie| =[T4] |°c (4.9)
Z:d °d

7 ]

e (&
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t0=0.0 |x0:070 20=0.0  ag=0.0
ty=0.4 \xT=070 0o=1.0 ay=0.0

O 4.3 A boundary conditions

000000 Direct ILCOODODODOOODO T400TableZ30O0DOD0OO0OODO
ooboob 20000000000 b0o0ob0bo0obboobDbooboboobboooo
0 TableZ3 00000000 E3000000000000000 0.001m|0000O0
0 0.013m/s]00000000000OOO0DOOODOOODOOOOOOOOOOOO
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(22,02,a0;) 0000000000 ¢, 0000000000 (z0,v0,a0) 00000 (00O
000000000000)000000000000 ((E2)000000000000
0000000 T40000000000000000000000000 (E3)000
0000000000000000000000

0000000000000 20000000000000
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t0.00 x0.70 v0.00 a0.00 t0.40 x0.70 v1.00 a0.00
zansa=0.070695 self_zansa=0.070386
25 T
_-——new desierd ——
“input -------
’ output  +
2 4D-Ism output -
15
1 S // w\wkhuu
? /, \‘ %
2 05 -
S ,, \
ke Y \
(3] / \
0 o \
0.5 e |
1 \\\ _— — 7
-15
0 0.4
Time [s]
t0.00 x0.70 v0.00 a0.00 t0.40 x0.70 v1.00 a0.00
0.72 T
desired
output +
> M\ |
0.68 %"*
E
S 066
c Lff
0.64 %,
0.62 JM
0.6
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [s]

O 4.3 Generating unknown movement. Velocity and Position.
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O 4.4 Switch to new control. Velocity and Position.
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Z Position [m]
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Floor X Position [m]

0 4.5 A zx-position data of ball
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O 5.1 Experimental conditions
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O 5.12 Ping-pong robot

ROLE: Swing Movement

O 5.13 Functional partitioning of human skills
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