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Fig.1.1: Situation of Masutani’s method and proposed method
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Fig.2.1: Situation of proposed method

Tx{Th > TWwh,

BT, RAXEAETLT SN -BESRERFIZH22ANE LT, EHFHEETTZ ).
HEMEERCEONA/NNT—ARZ MUV EEIFERAL, VHBERIHEHHICHVWSZ &
WEARERVESHEERIRET S, Z0HER, OEEMOHEEIEELR2ALED
B BREGEHETHD, AR MGTHOE—7 DRI - TEEBETVEY N EZ
E1EErHEEL, MEF— 252 E 1 @M EOEEBIIERT L, 2L, nEEEES
Thot- 18 hn— 1 SEEESIh b, ZOREXYEIRINICERVETI LT, Bk, O
ETRE L ETOOEEMZH#ET S, T2, AFETHVWAZETE—IHPFEL->TL
TOMBIEREL LI BBEIIBVTH, —HOBFHERLBEEEZHRV T TREL %5,

HAE— A2 M D@D VEERDSEE,. 47 —DESFHERDOREIL, YWIEEEZERTE
ENA [R7vy—ofEAE] 7PR0xr ZHICEZENT [AEFE] ICBEL 2P LEE)
LTwa ERBEEN, BHEKOHFLISEEANDORY MV BZORBOAERRE L %5, L
L., EAFROEEIE, EMICEESN-MEOR D WL L I8 HHEMTERLT
WEN->TWwWA ELERTE S, Zhid, JIoRFE TN 28OS RREESDERS
bEThb, Lo T, HaEERO BHEEDHEIL, BIROETVTELRIIERHET
&5, T, IEMHOBE D HEMETFRIOEVH A AT TR, 3#OSERBEESD
HETELEMTERILDPRENTWVS 4], £#Z T, KX TRET A2FEZFHHO
AAOZESHIH L THEAL, ¥YI2b—2 a3y THFOBEWHELZHRET S,

2.2.1 Hij4LE

Bilh, BRSPS TATORBIIASTY), BFEOEAICENTREIZWGERH5 L
ZXbNb, COLHIEBET Y IIRADPELESE, TOETITREL EFEE%
1% 2P RELE LB, LrL, HEBREORBTHNIIT, EFETIVOREHMEZFIA
THIELTREZZNL LWETH) ZEHFTRETH S, ZNIZL D REDGZVWXELT
TR L CESHREZT o256 L ) 2 ¥ TVEDEIIZ & 2 HEE 5 FRE O



22, BENT CHHEET 2WELOSOMERRIED (EHHERE 11

15 — 5
Q
1} ot t
= 4
kel
= /\ /\ 2
Eos \ T 4
I a
T o 2
2 / / \ | 2., T(t)

S 05 / e
5 \ g
© c
1
-1 .(g
173
£

"-5oto.s 1 15 2 25 3 35 4 45 5 % 05 1 15 2 25 3 35 4

time [sec] time [sec]
{a) periodic motion

L

AT Mlssmg Data i1Cylcle  iMissing Data)
4 | Before : Section
05 | Missig Data’

| Section

&

Secnon /\

amplitude [m]
(=]

instantaneous period {sec]

_ S

oto.s 1 15 2 25 3 35 4 45 5 2 25 3 35 4
time [sec] time [sec]

o
o

(b)) periodic motion with irregularity

Fig.2.2: Periodic motion and instantaneous period
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C(t) = C(t+7(t)) (2.1)
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.
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B () PEONG. I I TREMEBRE )6 2HELLT ) TYXLEHANT, 20
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Fig.2.3: Process of recovery of missing data
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Fig.2.9: Model with two rotations
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Table 2.1: Analitical Solutions and estimated values of rotate axes

Analitical Solution
1st Axis Freq. (¢) | f=0.796 [Hz]

1st Axis Direc. ( 0.000, 0.000, 1.000 ) [m]
2nd Axis Freq. (¢) | f=0.616 [Hz]

2 Axes Angle (6) | 39.232 [deg]

Estimated Values No Missing Data

1st Axis Freq. (¢) | f=0.797 [Hz]

1st Axis Direc. (0.000, 0.000, 1.000 ) [m]
2nd Axis Freq. (¥) | f=0.615 [Hz]

2 Axes Angle (6) | 39.200 [deg]

Estimated Values Including Missing Data
1st Axis Freq. . (¢) | f=0.796 [Hz]

1st Axis Direc. (-0.001, 0.002, 0.999 ) [m]
2nd Axis Freq. (¢) | f=0.615 [Hz]

2 Axes Angle (6) | 39.039 [deg]
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Table 2.2: Estimation of rotate axes

Frequency[Hz] Direction
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Z 9 L7z DRrgEIc X, $ S TRETAFERIADT Y )V TIEVWEEZ DL D
EWTEL, ETOEVY =3 XLEHDY A IV BEREBLHL-DIETICHHEINT
Wi E, BELONHFOEZEHE > THENSTH b, FiIZ, [R—V/RAF A7 ] 13/8F
NDEyFEF—DHRBHEERE L THELDN TR LD, AFEILLETTIL Y
RNy IS TELDTHE, (2L, ENSEONENLZEEBIIEL>TWD A
WEBPSLETH5,)

AL TREENE BFC UKy b XAFEFTFIIHEIZ L B RHEB L OHHFE/ T —
HHiAr (CPG) ORISR SN DL BIRTE 5, HR/¥Y — /E&%@ﬂﬁ%ﬁﬂ
BIIBROBRDOGBHFIZE-oTH, FOIRE/Y — V5L, BEZELIEFHLATY
5o T, TITORENE, BEHZORE L TARTIENTESL, BFCUKRy P X
LIREITFIIIRE T O5 | 2 AAFEL S BENICZOBEERL TWa, KX TIZFRFIC,
IERTARE T O 2 00FHMTH S (1) 5| ERAAB L TREFOALTFEICLD, BFY
MIFIU 227 P CERETENE ) XL EBERBEL D> THA L Y A7 HFERTE S,
(2) EBIESFHORFNLAHEERA»SE L., 5l&2A (BHFE) BT AT684%
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BELFEBEVICEL, TEIEARST TS,
BFEWTESIHTIE, INSDYXI v 7BEOERELRDL [F—VOBETE 5 X7 |
DIERRBFTET RV, K AZICBTAZENHEE 2ORERETEE TS, 22T
3. FEMCEELRECHERTL) 2010, Oy PORETRELR/TXA—5ThHb
NREVEES XU/ FUVIERED & % 2 55 (—% P BB o THRESNEH5HH
PICERETAZEDLERPEERENE, T2, ZOHMIRBZLT 0 L WIELETN
TBY, BEIIETLERPEL TP L2 VRRBIZBNTD, 2, =0T %bb, /SAFILE
EEEHEIB > TR VEHBTNWIZENIIEEL., V- TREIRIESNDE I L%
R, EHI7, BEVEBE TSRS R F—VITB21T42 213, WHEHIEBRER—
EERHHEIRL, K- VEHEDREMIRENDE, CORBEERIIL>T—F
ZEMATNE, FOBEERICLD., ME. BERICEEMMRI-NLI LIRS, D
TN, AN TREFREENLDICORY PP ARLXHIRIL, [—FEOME, EHE
oo TKR-NEIBTLIL] ThHd, RN TIEIORBERD /DI BFC 2Ry
M) XLJEFIHCONT RS, T2, ZOMOEREELZRIET 2 BEROGIHBEEDOTF
IOV Thih, E328TRET S X2 EFERBEITE LA CEHETT,
¥/, BI3AEHTR., BRETLHV AL EHERBEOASELER TRy ML VRIE
Th, 22T, BEWMLE 3OOV Y 7Y U kG ) X3 v 7 BBORIAERETITL )0
FITRADIAIELT, 20DK—-VERCTR—VEITE I X 7 %235, THIZEL
BRI XTI TR THY, E32HTHE2 -7 1EBDIAZ» Y Ialb—Ta
JIZHIE LD TH S, P A EFTFICERICEMEMA TRy MITOAIITEY
AIVIRREL. PR EMBE L CETWRER I EIREND, THITL ), REHE
WYY TNVRETHA vl od, BEELEEZF->TWE I EPEFESINS,
2FBHDYAZE, 200K —NVERWIR—VIISAZA I THbB, TDFTA7IE, 8B
S2HIIBITA2FBDIAZ VI a2l —Yarvidind b, 22TiE, YAFALALHKD
NERICESCHTHEEE2 S, TRy MERE (F-V) 2 AL THFO R b &EFY
ALEHREFL, 2OFE, Xy MNEOHBRABEITERHINL I L2 EET D,
3HBBDFYAZEL TR, F—VOBSTL Y A7 I2BIT5E8) XL0BBEE%IES,
oXy MIRBLOMEEREBL T, ATHERTEVRLE, BEVIREREFS
AIVIEERL, PRAIEBELTITL ) LD LB T EFERESIND, FERIIHE
2EOVRATLAERONFERIELLZHOCHABIERZ Ry b)) X3 v 7 EFICBIT
BIXY— VB EE DI —EOEFHFEFE L ER b, REBEREVDIDTH D,
DEDHREE2ZITT, RBICESSEHTEAMRETHEOLNTERET T LD, SRBROBZEIC
DWNWTiHhR5S,
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3.2 NAAMBEEE77O—FICLB3 XTI v IEBEOER
3.2.1 U X LESHEREE
SROBY XTI

ABTTHES) TRy FORY A F 2I3EBE] ﬁW)I%"JEﬁODﬂiuﬁ,k%ow(pxﬂfé nTw
% (Fig.3.1)o RV AT LTI, BROBYFHMGE. FlE, LVEL IVECEVL2S
AT DB LHEETRET D, INLOERGFRERDY) XLREEFILBITH 1837
A =% 2 DEIZHIE DT b b,

EE/ NG — > LN EFIE

KIATLTEEGDNNY—2 TV KR (84 3I07) 2535 TEZTRE, 22T,
BNy — VERERNETER Y -2 b L) ICEEL TW5, Fig.3.5 DEMEIC
BN - ERT,

RETTHRT ) ALRHFIIRBEOMAW L BLIIT LBELRT 5, Ll TRy MIH
HICEE SNTNTEER GEXEER) TRBRSNAMNEBEISNFLVEHETAILEDLS
5o ZZT, BRy M BEBHBETKR- VBRI L)Y XRLIEREGFICE-T
HEINALI A IV IR T - FAy 2 X VAT A, TRIZAEIERICED|
[Beghi 7z ] BIMIC X o TEREN L,

) X LIRENF

) ZLREFIIRERICHEET 5 E IO Ry FOROBREFICOEL L ITETE D
Ve 29 LHMBEEBRT 572012, E@E AT 2 b otk + CGEEMRET) 0%
HENET S, KL TRETS Y XA%EE)H‘ MoK [RFIIC] BETHIL
HTE5 L, RE. ik, #EEVCOLEROGTIZHHE) TEPTE S,

[ X LR

AT, 42d LIE50D5584 D BVP ( Bonhoffer-van der Pol ) IREfF70 5
BAMERSF AT LERET S (Fig.3.2) JI Tk, ZOWBEREFFIAF7L% 0
Ry b)) Xa#E LT, BFC ( bottom-up fork connected: 7 +—Z#l ) TRy b
) X 2R TF LR, BVPIREIFI3 2 B BROEM A MEET TNV TH 5 5. EROHED
IDEFEMC IS ERBRATAZEDTHONT VWS, E5ICBVPIREIFEMAB L UFDnL
DPDREEHRIIDONTY XL DFIED mh 6 FM BT T 2T 5 [25], [26], [27],
(28], [29], [30], [31], [32], [33], [34]c % B. BVPRBTOEHE L T ZOHE IOV T
12 E TR %,

BETLO0XRY PO X2HEHF (BFC Ky b XLIEEHF) i3t H—# (oscl,
0sc2), U RXA4H (osc). E— ¥ —&B (0sc3) D3 O2DHEFPOBRENT VS, £ H—
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- Brain System

Robot System

HIE

o

Higher Levels in Brain System

Motion Pattern
Position Control

Rhythm
Oscillator

N

0]
L]

Mechanical System

Sensor I L Mechanism
{
Perception Action
Environment
Action Perception
Another Robot System

VR 3Iy 7 EEOER

Coordination

Fig.3.1: Perceptual-motor system for robotic rhythmic movement

ANEZT B K1 o+ —IREF (oscl, osc2) 1E. V) X LBHEEIT (0sc0) IZHEALTHEY.
FHLTHEHREZR D LD T D, ERRICE— 7 —REF (0sc3) DY X LIRS T L MER
ALTBY, VALBESHTFICEHLTEREEIT S, BFCORy b XLREFOF
BThr) ALEGIEESFII AT LOABRDICEEE b TV, £V H—T72—-V 3
YRY Y- DOBERPEERE (dis do) ZRHTHI LI THEBITEbR S, £
720 B LY RLREFVLDEL DLy H—%Tb R ITNIEL 5B WIEE, Fig.3.2 IR
TIHNC oY TFEEBMT AL oTHAL I VT L OBEYEBRTE 5,
CokE, EROBFCuKRy M) XLJREFEFHRT 2 KRG FEFNVIUTOLS

275,
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tonic input

\
inputl input2 tonic input
[ _S@ILSQEL - ( _sensor
BN A\
Rhythm rhythm
Ostillator kernel
: I\
--------------
h‘loutput

Fig.3.2: General concept of rhythm oscillator for some robotic tasks

) X LHAREF (0sc0) :

dzo
&t

dyo
dt

¥ —3REF 1 (oscl) :

dzy
di

4y
dt

Y —IREIF 2 (osc2) :

dzy
dt

dyz
dt

E— ¥ —#EENF (osc3) :

dza
dt

dys
dt

c{yo + zo — 1z0® + di(z1 ~ 0)
+da(z2 — ) + d3(z3 — 20) + 2}
—L(zo + byo — a)

e{yr + 21 — L% + di(zo — 21)
+z}
~L(z1+ by —a)

c{y2 + 72 ~ 1223 + da(z0 — 22)
+z}
—1(z2 +by2 — a)

c{ys + 73 — 3233 + ds(z0 — 33)
+z}
—2(z3+bys — a)

37

(3.2)

(3.3)

(3.4)

ABRLTHHITRY NP RITIE, VAFLNTA—F % a=07,b=08,¢c=30¢%
BZELTWwS, 2hoDEIR, BVPIRBFETFVOFHAZIEECFANSA T A83F
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G B AT R S SR
AL L
e L L L L5
wmpe el D L’\ 2 /‘m-l 2 l;
. At At At

Fig.3.3: Phase shift mechanism in adaptation stage

D% { DICHE [25], [26], [27], [28], [29], [30], [31] KB o THEL TV 5, Tz, HEHRE
(dy, da,ds) WAL TI3ES2.2ECHINZZ L LT 5, 8T X—% 2 IZBHEATIEERL.
BROWY AT LI > THIEENS, b L, 2=00 DFE, 72k 20Ky MR
ZoNTd, BFC TRy ) XARETFIIRA L2V, [FIL] DRETHL, /3T X —
¥ 2 DEEZTFITTWLIZDh, BFCORy b AAESHFIE - ADIIB L TEH %
D5, (Bl [H#E] RETH S, 2B, KEHXLOLUTOI X 7IIBWTIE, 2=-0.2
WKEHELTWwS, 22T, ZOBVPREFTIIEDANIFEERDOESTHA I LITE
EPNLETHDL, T2, £y —EBENE Y —IEEF (oscl, 0sc2) AP SNz E &,
LU=V ARERBICBEEN T 2 5z -hIlY 7 b TALDET B, TO/NTX—F
hiZh=1.0 ICEAE SN TS, 512, B/ SVAFNI X o THIE % %7 % BVP {RE+
(B o IERESZEICLTY X ARE T ORFORRE & EBEORERH I 60:1 OFFFEIR 7 —
VEBALTWS, $4bb, Y ALEFHTHO 60« EREMO 1 HITHESIE TS,

[RIAEZEDFBIE)

— I RRIRE OB A, BB ERAA L VABES LIRGTFRIFAHET RIS, *
DRI T—HTHI L%V, TITERR LT, Y A7 2ERICETTHE T2 D
NABEERII LA A7V 3Iab—varzBL TRz 7 MEG L, MHEEZHEE
HETW5 (Fig.3.3), BEEHIZL > TELNLEBBFR (K- VEMS 1 IV 7)) i3,
BT —5 & LT) XLREGFHORESNDITEIA IV FOBERY 7 MHwL R,
NREST LR THEOMNMEIFES NS, ZOBEI 7 MR- VHBEILH S —EE
FTofFhbh, FOBFFREMI A IV VBIVRHFOE— 254 IV FEIZHEZS
1.5 PTS(Positive Time Shift), NTS(Negative Time Shift) * B T2 I LICL VDS
nNt, ZOBBILLOPTINDGLTLIBEHOY ALZBWHELTLYN—F L E
FhoTWARKEBIZHLTAZ Lab, COBE% [ECHE] LRI LI2T5,

TRy MIZOBOEHEBEOEZ, ERICF A2 %2477%) [ETHB] ~e85, Z0HH
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Tit, VRALEHTOFEESIZ AL o T, OB THCAR SN /EEY XL~
DHNEFFIEE NS,
PED X ITNBEED-ODERY 7 Mlid, LTO2 00HEFE VTV,
(1) Ay 7 b EREETIT 2 bR A AAHD 7 T, SEES LIREFE O
ZEHNETFTVTHET 5,
(2) MPWAIAHY 7 b EFHE T ELRAMAEY 7 M T U X LIREEFOEEES]
ERAIZE > THEI T bh b, :
F7:, EROETHE T, EROHBNET 1 — NNy 7 EBEEG | EAHZDEHD
HMETITEY A IV IPRESN TS, BEHME 7 1 — F/Ny 7 050 I CHERE MR 2 3R
HITL20x L, JUXLBBTFEEOICI I IV IE2FAHTLTRY, Zho0%F0HEE
BB RBIZL > TIRIPEREIN TS,

BB 25 L

BESEELT, ORy bONXFLBIUE (3 LLBHEFORy POSEN) 25 v F
LU =DPROMFTOENTWD, THIZED, TRy MER—=AACFL, B (LI
MEOR> PO CERLAYAIVTEMABIENTEL, 28, BEOY I
L= a3y TN FVORBEREYHALHHETT v F 2B E T, AELE G2 T3,
THIZEDE—LVOEESIETALL, EVF—ATNDY L I v BT 5,
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TOUCH
SENSOR

SENSOR

pc  MOTOR POWER
DRIVER SUPPLY

Fig.3.4: Wall-bouncing task using rhythm oscillator

3.22 2O0DFR—-NWERWESRUR-—ILS v TYL T
(PN R Y—=K= TrpgT)

PN 157

ARETIE, Fig.3.4WRT LI TRy FOERLHKAQR- T 2R - VEITEE LE
72 [K—NVoOBITEY AV #2320 —3 3 IZX 0BT 5, F—MidEIZAFEH
FIZBIP N7 A FOLEEHTEIDET D, RYRATZEN R EDFNHR BRI
[TV FE—F= N 777057 r] EENRE2BOR— VT Y 7)) 7 IZHY
THELDTHbD, 2D [T7or7r] ERFFETCEBROR-NVERITRAY Y 7Y v 7
Y —rD12TH5 (Fig.3.9, Fig.3.12), ZZ T, [R—LVHEDO—FEBEVHERE S

W] ey Vx Y Y OEERVETE, TV Y -REBECF-VHEDESEE
AT, -V HEAZ@EBLIZSAIVIIEZARELTWA I LB 5, KA T7ITBW

T, BRI o7y v F Lo -7 —V—OHEITHLE L TwE, —F, O
Ky PONSFVEZEDFF Oy v FEIHF -3 TV AV - DMEIIHET 5,
RKyIalb—2arTid, HELICE D R— IV OREDH 480 ~ 520 [mm/sec] IZEfLT
%o BRY MEETHELHBICENT, —EOMNE, BETR-VEREIATOILHFT
EHLEIEH % 50 [sec] . 1T% 9o ZD%k. LYY —FRICETEARIAR I LY
AL F 2 AT NLVEE 274 ). ZOEFHHTE, T—5 —RFTFHIOE -
GIALIVIBNRFENE—F AT FFa—L LTELN, HOPUDHARTNT
BB — VP BEESNS, 2TOYATDETIVE Fig.3.5 IR T,
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MT3

V_pad
<
-
v_pad /
MT1 rcnt)o:nrland l >t
T lag TlagtAtl iTlagtAt2
rhythm
osciliato
T —» t
touch
sensorT
(pzdr" \. » t
e TotAtpl g TptAtp2 e
touch etoto otdto

sensor | |

v

Ll TwrAtwl i TwtAtw2

Lt L gt}

Fig.3.5: Wall-bouncing task model

Yialb—i gl iR

DFDyial—3 3> (Fig.3.6 »5 Fig.3.8) T, %%@?WFA%ﬁ<ﬁﬂh
d3) % dy =ds =0.067, dy =-0.067 & LT3, Fig.3.6 3. —EFEHKT/¢ M/%%@J
Liz%E tUXA%Q?%ﬁwTAFW%%QLK%A%k?Lf§@Téé 2B,
DB TEBEDIDR-NVE1D2ICL TS, —EREET/NFVERE LIZEHE. ﬂﬁ
DEBIZIVIZAZZTCICERLTLE ) —H. Y RLIRETFZAVGEIMNELE
WL, F=VE2HEHETEIEDVARTHS, Figd.7TIZ20DFK -V TEBEITL Y X7
TR o T2 HBEDOHTH B, ) ALREFTIEER-VERBTE I ENFNTELRVD, F—
V1DODFRAZEREICHSFLVEED Y A IV 72 FABL, 8)ELEF—VEITHEITS
ZEDTMEETH S, Fig.3.812 200 FK— LV DOEEITH ¥ R 7 12B1T 5 KIEFFOHRNES
ERLIEDDTHD, ZTIT, ¥ —3kEF (oscl, osc2) FIFTFEMMHT, ) X4
IRENF (0scO). 7S FAEID X v —3REIF (oscl). F£— % —IEEF (0sc3) ZRMAHT
LTS, ThH6DY) RAZEFNEN, H5—EDY I v M A7 VIIEDLEFEE, IR
B (K- ) 280CE&RONFEROEERARBEE LTS,
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distance [mm}

time [sec] paddie
w H
rhythm oscillator |- wall
- :
balt
E 400 '/
E
Py 300
Qo
f=
S
w
©
100
a
ideal point '
™ 35 © - EY 55 60 6 n  paddle
adaptation stage .  execution stage

time [sec]

Fig.3.6: Effect of rhythm oscillator in wall-bouncing task: constant frequency oscillator
(up), rhythm oscillator (down)

wali

B ball 1
E
@
2
8
2
2 ]
ball 2
/
| _-padde
s = a5 ) s 7o s 20
adaptation execution stage
stage
time [sec]

Fig.3.7: Two balls’ trajectories (in the wall-bouncing task with two balls)
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Fig.3.8: Output signal of each oscillator; phase plane (left), z coordinate (right)

-3
oscO
-2
a
]
1
2
150 155 160 . 185 170 175 180
time [sec]
-3
osc1l
-2
4
o
2
2 -1 o 150 155 . 165 175 180
X time {sec]
-3
osc2 osc2
-2
4
o
| /
2
2 2l Q 1 150 155 . 185 70 175 180
X time [sec}]
osc3 osc3
-2
-1
o
f
2}
2 -1 o 1 10 155 . 165 1 175 190
X time [sec]
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Fig.3.9 °5 Fig.3.11. B X U Fig.3.12 75 Fig.3.14 i, 2 DD K — V& FV7CBEFT
LA ZIIBITE2ODERL ARELREH Y —VERLTVE, TNHLDRELBHI/NY —
Vi3 XLREEFOBEDECYP LEL S, BRAOEE/ Y — Vi3 ARG TFHRDET
DIRENTF (0sc0, oscl, osc2, osc3) PHEHFI THEAESNBHEIIARONS (Fig.3.9 5
Fig.3.11)o 22 Tid. SOEFVEI X 7Y Y IRETRE2I—%H M F X7 v 75
& [67), [68], [69], [70],[71] Z VT [8000) B EMERZ LI B, ¥4 FAT v TIdREH
FEFRTXY o7 — P ETK-VOBTHYPIT 2R HI EZFHRICLT, Vv 7
VU F1H AL ZNVICBIIAE—LVOBITRY DIEE YR TLLDOT, FEFIZT V87 b
GIEETH D, FHIIEETLN, ZOH A PATy 7TeHZLOBICRBELRBERES
BT EPAMONT VS, R—VHPERED L) IIRITONDINEASL120OIZIE, ZO¥A
NAT Y T a— FEBETILEND S, IORLBELFEIBEY- LTI TS
TLRFEBRTHIETHAS, Fig.3.1013, V¥ ) YV FERETRE2T—% b ) —DDFEL
E. VAT TLREFHCT2O00R— VOB LY A7 38R L7200 THS (8000
), BELZBIIBEC-r2EL, BRIV PO IV TERLTYS, &
DEATTTLRERI YY) V7R — 2B TELFELXATARE., I
N7 PTHVWEW)REEZFED, £/, Fig.3.11id, Y Ial—YarilloTHLNL
NEVE2DDR—=VOHELERLIZDDOTH 5,

D) —DODRERNY—ViF, —FDE I —IREF (0sc2) V) X LZIREIF (0sc0)
EHECEERTES SN, MOIREF (oscl, osc3) 3 X AKIRE FICHEHPHIES
LTWw3 L) %2BAICELS (Fig.3.12 26 Fig3.14), ZI Tk, ZOEFLEH A
M ATy TELEE BT, (80800000 E &4, Fig.3.13. Fig.3.14 3£ EFh, 21&
DE—NVDEEFTH % X 7 (80800000 B) I2BIFAFA 7y IaibiEeyIalb—vay
WKLo TBLNZE-LVENSFILOEEETEL TV,

8000 B E 7L TS REE di,da,ds > 0 EFRBEN D DICxT LT, 80800000 % &
FUTIRESREE di,ds >0,dy <0 EFRENS, LUFTIE 8000 BIEFLIZBWTIE
di = ds = d3 = 0.067. 80800000 EIEFLIZBWVTIE d; = d3 = 0.067, do = - 0.067 &
HARBMEEET S, ZOLE, REZALIHEE» S Y A7 ZBBLZE LTS, Y
RLFEFETNVDOEVICL o TER— VOB A IV FDHELEL NI —VIEEL - T
%, 8000 HIEFNZBAZEE. EXR—NVIIZHBTHEINS, —7F. 80800000 !
EFNTR2OOR-VEELLRFHERTHREINSZ LIRS, BB, ¥ A7 TR
R= NP1 20%E, 8000 HEFTNVITY) XLRET &L L THER LW LILEEPLETSD
bo B=N1 DDA, NV — 3B Y — I LT EMRICE 5006 TH
%o 8000 BIEF N TIE 2200t U —IRETF~NDANBESNRMMETEITNITE S5,
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BE7T 7 0—FIc LAY X3y ZEEDER

player’s e / ’

»®

player’s hand

Fig.3.9: One-handed two-ball fountain (8000: 2 in 1 hand)

Fig.3.10:

+ ? UA —;F.‘_‘ I o
BRI m]

- | )
L I me
Y ®
\X/@\X/ o
b TN T N T N

Diagram notation in wall-bouncing task with two balls (8000)

Wl paiy

T~ vall2

distance [mm)
EEEEEEERE

o) I vas vo

time [sec] paddle

Fig.3.11: Two balls’ trajectories in wall-bouncing task with two balls (8000)

45



46 #w3E X3y rEEROER

player's e
@{9%

player’s hand

Fig.3.12: One-handed two-ball fountain (80800000)

|
t
o0t 1@
v v

Wall Sensor

Paddle Sensor

l

Wall

\%

&
d AN vl
N7 NN
Paddie \®/><\®// \\®/><®//

Fig.3.13: Diagram notation in wall-bouncing task with two balls (80800000)

walb
bali1

o4 ball2

distance (mm])
NEITEREEEE

o ez ~7o

time [sec] paddie

Fig.3.14: Two balls’ trajectories in wall-bouncing task with two balls (80800000)
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252, KV AT LADPREOEITH LIMTICEIL T 202 RT 7200, 200K —
ERWT, BICBICNTABEIT LY A 7% 232 —2a vV TREFL, ORy b EED
BOEBEOEIIR—VDOITEY 4 I V2 B35, FMELE LT, NFLVORE
BEEHLEEATT VLB EIE TS, KXY 32— a yTiIESREE 4,
=dy=d3 =0.067 & LTV5%, Fig.3.153FD> Iab—>a VEREZRLZDDTH
o TRy FIEEORNIIC L THEOKEEBELZ AL L Th200HEINL, &5
WKHARY MIEBEALERBT2O0FR—VEITHHETTWA L, BHAE 7 1 — F/Ny
7 BRREITEB T, F—VITBUE 2 BESTEIIR s TS,

AyIab—aryTid, ORy FOROBRGHFELT, EEANE 2% 2=-0.2
75 2= 0.0 ™ Bl 900.0 [sec] TELEH TV 5, [Eik] 45 THE, TRy MIZD
WEIZHEV. N FVEIfER DTV 2,

E5Z, BFCURY M) XLEREFERHCLIET2O00F S BEIENTESL, &
LS, VALREF R L CEEOR—VOBITE ¥ A7 2470 ) B, T2 & 2 7S VA EAERL
BETCR-LVEHLHETAIENTERLELTH, HELICE o TR VEOMHIZERLT
LEHe 2F D, BEIIo TN FUPFFEBICERDOF - V2T 2TRIER L 20wk
MR B, LAL, YUXLEHFIZ—FDO) RLNXT - E2B2E5IELOT, 25
LEREERIRRIREZ S Z L%, 210 XARFBFIILVEBOANTESTIIHL
TLIDONAHT Y 7 HFRED LIV AT LANRT A—IPRFENTVWEDT, 72k 21
Ry b —FOR=VEFBBLTLTCILL ) —2DF—VEBICEEL., BhOKR—
VESIILITEHRITAZENTES (Fig.3.16),

T2, VXLERBFIIR - VOMNHEEBIIB U TR - 28L& ¥ 5, 2F ), Z
DA RBLTYRALOFIERRAEZENTES, Fig3.17T D& T I 7OEAIZ 1:1 15
EERL TS, BEFTVERABERITABEIIBKERIR LTS, —K, §7770
AEIZ 21 EERLTWwE, BEFVE2HEHOFEICH L TIREKLTWS, 20K
RREHHHOZ2 0 B THEFICHEKEY, LeL, Z0) XLFENRS R 7 2 RHEE
EHEELH 5,
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Fig.3.15: Two balls’ trajectories and their enlargements (in moving-wall-bouncing task)
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Fig.3.16: Robot keeps hitting one ball while it fails in hitting another ball
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Fig.3.17: Bifurcation of rhythm ; paddle sensor (left-up), wall sensor (left-down), ball’s

trajectory (right-up), = coordinate of motor oscillator (right-down)
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Fig.3.18: Passing a ball task using rhythm oscillator
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Fig.3.19: Two-ball blind passing with a shout
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tonic input tonic input

Fig.3.20: Connection of rhythm oscillators in passing a ball task
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Fig.3.21: Diagram notation in passing a ball task with two balls

4
11

S3ab—Y 3R

KIalb—2alilBnT, BEERHNFA—%iddi =dy =d; =0067 £ LTW
%5, T, F3.2.28cBI75 [8000] BEFLERUTHSE, ZOETATiE, &7T
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osc2 ) IZERAHTANIZ, ) X LR T (0sc0) (LB VWFAAEFTA2BLILIIL 5, &
512, U XLEIEENT & £ — 9 —IREIT AN TR T %, Fig.3.211d, 220K — )
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Fig.3.22: Two balls’ trajectories and their enlargements (in the task of moving robots
passing two balls)
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Fig.3.23: Output signal of each oscillator (robotl); phase plane (left), z coordinate

(right)
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Fig.3.24: Output signal of each oscillator (robot2); phase plane (left), z coordinate

(right)
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Fig.3.25: Two-player juggling task using rhythm oscillator
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VA Y —ofE, HFouRy MIRVHTonis v FLrF—37 V1Y —DEEIC
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Fig.3.26: One-handed two-ball fountain juggling by two players

tonic input

Fig.3.27: Connection of rhythm oscillators in two-player juggling task
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Fig.3.29: Four balls’ trajectories in two-player juggling task
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WNEY A7 2R ALT HIZH2D, DUTIERT L, §X70EHUERIZE->T, 0
EFNVDOEHHEEPRL > TL B, EBEDORE—LVOEHZ. SFLVIZE->TMabN B
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Fig.3.30: Wall-bouncing task model with slope
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Fig.3.31: Four phases in one cycle of ball’s trajectory
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!
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dt I 2 a
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LB, MHEGEZELC, Bo95 L
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! gsinoz—i—%u’gcosa )
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Ehb, T2, TOLEBNEELZVOT
dz ‘
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BB D0 & oT. K (3.16). (3.17). (3.18) LU

2
dE{Qx- = —ggsina (3.19)
PELN, WS (WL(h) EEELT, LXE2EST5 L.
Z—f - —;gsinat +of (1) (3.20)

b, K(39). 319) IV EVICELEZEELOMEENKRE SIZEBEY)OFRIIEL
T, FhEh

Gy = gsina+ p'gcosa (3.21)
5
Gy = ?g sine (3.22)
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ERING,

GOT, BETENSBME b, BOAIEE S I TOBEEE D(h) ETHE. TN
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—

1 1
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DY Do BEILEHETHZERTIZIE> TR RWDT,
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2
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=155,

(3) K- VERCERY 3 BRE
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REBOHEIZL ZFZBEIEFHTILZDIDOLETEE, F—-VEBOREOX DL, KA
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n
Vbd,w —CuwVhyw
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(4) BHSINFUARAR-IHED

(3.28)
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WY LD, T2, BIEE B IIREICLLT

F3 = p/mgcosa (3.31)
THEz2HN5[72], [73]le Lo T,
2
ZT;: = —(gsina — p'cosa) (3.32)
dw a_ _Spgcosa )
@ - T . (3:33)
55, IBEHEZEREL T, LXEEATH L
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BE,
O<tana< Iy :(1BV)— (E455)
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kb, LoT, BoTWAERt I
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LR D, b5 UL BED(t) B boT Fo LB LFENDEDL B,
B HRER A L CH L,

2
m% = —mgsina+ Fy (3.40)
ﬁ% = aF, (3.41)
2. BOLRVERFLD p
d—f faw=0 (3.42)
ThAHDT, K (3.40). (3.41). (3.42) k¥
2
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¥— L HEORGERL Y
1 1 1
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Vhdp = —Why p (3.48)

%o R (3.31). (347). (348) & D vpf IOV TEL L,

5 10
it = 20500+ ioh — wycosalzf 1) (349
TIT ) Bk B L,
1
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("’?&,21))2 1 gsina-p'geosa , , o
= +3 (vbd,w)
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DAL ALT B, 72720, B¥la, b, c i
/ N
0 < tana < Ly DHE:
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! 7 7 (2gsina+ 7u'gcos a)Qu geosa (0<ki<1) (3.61)
5
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FIE

TEEIND, TZT.n—>0 &LT

=75,

_ IRT n
Ubdip = nli)l{olo Ybd,p

X3y 7EEDER

(3.63)

DOWC, 1A NVIIETEEBETRBIVCENETHICETZERHOEAT 2K 5
7’:&)0:\ tg\ t4 %*&)50

)3

LT,

(v
(v

'Ubu(tl) = 7_)bu,p_Glt1

'Ebu,w = 7—7bu(t1)—G2t2

T)bu,p - z_)bu,w - Gltl
iy =

Go
Tpq(t3) = Upaw + Gats
Toup = Ubdlts) + Gats
t = —Updw + Vbdp — G3t3
G
Brup — Touw — (G1 — Ga)t
T, =ty +1p = "2 U”"”"G?(Gl GoJh
-9, + 0 —(G3 — Gyt
Ty =ty + 1 = 00 bd,pG4 (Gs — Ga)ts

2
(Gl - G2)t1 = 'ﬁbu,p

THY, F72. Gou =G =G4 THBHDT,

T

7
2_
(G3 — Ga)ts = = Tbd,w
T, + Ty
-~ - - - 2 — 2 —
Vbu,p ~ Vbu,w — Ubdw + Vbdp — FVbuyp — 5Vbdw
Ga4

2 f1(Bba,p) = fo o f1(Beap) — 2f30 f20 fi(Brap) + Teap

Gy
Ft(Trap)
Gas

(3.64)
(3.65)

(3.66)

(3.67)
(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)
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EHIT. AT =KD B &

AT = |T, - Tyl
_ 7—7bu,p - ﬁlm,w + "—)bd,w - ﬁbd,p - %ﬁbu,p - %77bd,w )
Gos )
- 2 f1(Bhap) — fo o fi(Brap) + 2f30 f20 f1(Trap) — 5bd,p[
Gas
gt(f)bdp) -
= g 3.75
2, (573
LoT,
T _
_/A_ —_— |gt(vbd»p)[ (3.76)

T B ft(’r)bd,p)
/7 ho ENIERA o WKET 2 Z L ITERFLETH 5,

EHAIPAZVEES (EET IV D2)

AEH T, B oD tana > Ly WA TERAPKEVBEEOR -V OEEZR) -
BIZIZ, p=02&,T5E o DRAIAIL35.0 [deg) &£ 25,
CITHLEIEREIL. £7 2 REOR—LVOEFH TS,

(1) K= IS FILICERT 3B
RERED z BFANDOREIC L ZEBIIEHTELDIDET S,
TDEE. K= LVENRFLOREREORD S, KETFEL,

vgu,p = _epvl?d,p + (1 + ep)'l_)P
= q1(vpay) (3.77)

(2) ISRV SBEBFRNR-IHED

NP ORFER, K- VZWR g, Z5Z 0N, E-oTHEZ LS,
ZOEE, EMAIIERIEo TWAEDT, BIEENSTHIZE .
LoT, EFHEAIT

2
m% = —mgsina— F} (3.78)
K .
Ié% = —aF (3.79)

Ebo T2, BEE R EERICLSLT

F1 = py'mgcosa (3.80)
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T2 615 [12), [13] DT,

2
dgg = —(gsina+ u' cosa) (3.81)
dw a 5u'gcosa
—_ = AR =g 3.82
dt =" (3.82)
dz : ! ' 5 ¢
prili —(gsina + p' cos @)t + vy, (3.83)
l _a_ _ 5p'gcosa )
w = -2p=-2° (3.84)
Eb, TOLE ENVEEEZEEL T, BIVFILI AL 2RDL &
vn—i—l
t = bup (3.85)

gsina + %u’g cos &

285, BHl 4 URBRIEITHIUEVRDADT, ¢ IRICBEIZEREL Witz b %
Vo, BEFTIETLOINETLRE TN T

1, . h 2 e
Vo p L — 5(9 sin v + p'g cos @) (T7)? = e, (3.86)
I D AY
o — (v )2 —2(gsina + u cos ) <L
TZZ - bu,p \/ bu,p : : sina (3.87)
gsino + u'gceos
THBDOT,
v = —(gsina+p'geosa)Ty, +vp,,
h
—_ n 2 _ 3 !
\/(vbuyp) 2(gsina + p cosa) o
= gp,) (3.88)
PEOLND,
(3) R—ILPRICERT 25ER
REROBEIZLZ2ZBIIERTELIINLTE L, K- VEBOREOXDS,
vg‘;"ulj = —ewlh
~ R, ) (3.89)
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(4) B S/ISKVARNKR—IUDED
BED O R G, K- V3B oy 285 B GO DHELEN ) EL L, ZOLE, &
AEIITHICHES Tw%@'(?)jﬁ*?‘é%#l:jﬂ @, LoT, BEHERIED

(57;; = —mgsina+ F3 (3.90)
I%fz aF; (3.91)
B, T, BER BEEEILLLT
Fy = y'mgcosa (3.92)
THE2 605 [12], [13]le £oT.
| dgg = —(gsina -y cos d) (3.93)
PO, EREZUHEHEEZEEL RS T5L
(Zl—j = —(gsina — u'cos )t + v,’,‘dfpl (3.95)
w = —%&=;E#?3t (3.96)

285, TIT. NFVETHET2OLET AR T 3

1, . h
v T+ §(g sina — p'gcos o) (T74)? = o (3.97)
BSL/IN
Tn+1 ZLd+ulJ \/vgjz}) +2 gSlna p' cos a)su}:a (3 98)
gsina — p'g cos o )
Thb, £oT,
vg‘;"; = —(gsina— p'geos )Ty + v,’féi},
h
= \/(v,’}d’w)Q — 2(gsina + p' cos a)si—n—&
= 94(Vpa) (3.99)

PREoNnb, LLEX D,
vlT)Lu,p =41 (/Ugd’p)
vbu W 92( l?u,p)

1
l?t;w =g (vbu w)
1
Vpiy = 9t(Vhirn)
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&0,
v = g0 gzogaogi(vhy,) = g(vhy,) (3.100)
DEALAPTHIZL, n— o0 LT
Tbdp = UM vgy, (3.101)
255, bbb, A (3.77). (3.88) L1,
Vpy iy = \/(—%U?d,p + (1 +¢€,)0,)% — 2(gsina + ¢/ cos ) sixflba (3.102)
3 (3.102), (3.89) £ 1,
vl = —ew\/(—epv{]d’p + (14 €p)0p)% — 2(gsina + p/ cos a)ﬁ-& (3.103)
X (3.103). (3.99) £ 1,
vg’;:; = -\/e?l,(—-epv,’}d’p +(1+ep)tp)% +2(1 —e2)gh —2(1 + e?u),u’gtana (3.104)
Z 2T,
a = —eyep (3.105)
= ew(l+ep)ty (3.106)
¢ = 201 -e)gh-2(1+ e,“},)y’t—a%a (3.107)
EBE . n—> o @4'7%,5;%%2_50
Bhap = lim ofy, (3.108)
£L T,
Tbdp = —1/ (Tpap + b)% + ¢ (3.109)
ERXE Bpgp ICOWTE L,
Thap = —ab+ Vb2 ¢ — a2 (3.110)

a? -1

I T, _ab<m\ 17bd,p<0 LN



3.3. F—VOETLSY A7 BT 5 ZEHHHIE & Telk 73

- ‘ N
— 3 )
ab+ Vb +c—a“c (3.111)

a? —1

Vpd,p =

a = —eyep

b = ey(l+ep)tp
1)
— N 2
¢ = 2gh’{(1 ew) tana(1+ew)}

\- _/

#1582, LR R 1ogRIl Ll od EEXPHRICDEBRLETHSH Z LIERT
BLENDH L, HELICLDEELENH-TH, ZOEFRINT #2000, B0
BBIFTS, 2. K (3.87). (398) L0 T, AT, L 2 RkDBZENFTE %,
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paddle, ball position

time
\ n+l
td7/ 7\td \ xy(ta+ At )

xD(ta) Xp(ta+At, ;) et

X (tq)

Fig.3.32: Sketch of the wall-bouncing task with perturbation

3.3.2 EFHNREBICSIBARESRS

AEITIE, K=V 1DDBITE ¥ X 7 2\, EENKBIIB W RAETEEIRIES
NB/SRLVEEINY - OEEF #EL, 22Tk, F—-VIEIKFEREZEHL. FEED
BEIZWLDETE, DL E, K= BIUNFLOEEILDTO L) IR EN S,

Thip = T s and gyt =apti(ta) (3.112)

vl?d—;l = ew€plhyp — w(l + €p)vy (3.113)
L L

ta = + (3.114)

T ep)vf —eptlay  ewl(l+ep)ep — eptfa)

ZIZT, g BREEREBIZBOT, F— VA1 EETIDICETIEREALET,
FEEFVTIR, F—NVEEHALLTELRZTWAEDS, K-V EREMK (3kE) & L, BE
SEET LB ey =26, ETHILT, AHICH) ZEHTES,

WE, AELICE Y EERED SBUNE A = (Aty, Azp, Avpap, ATy, Avp) TEITEEIL 72
RELE 2 5 (Fig.3.32),
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9. K=V A 7 P OBEEE At, ZRDEHIZHTTTET,
At, = (At, — Atp_1) + Atn_1
= Otp + Aty (3.115)
ENOEIEn ~ (n+ 1) BEEOR= VA 287 MBI A RBEEEEERL TV 5,
CDELE, IEADEEEZITT, K-V 1HFETHOILET 2RI
L - Azy
1+ ep)v]’} - ep(vgd,p + Avg‘d’p)
L - {:L'g_*_l (td + Atn) - .’L';H_l(td + AtnAl)}
ew{(l +ep)vf — ep(vgd’p + Avgd,p)}
DEHCEBTED, LoT, (X (3.116) — X (3.114)) £FTE L. A2, 82, A-§ O/
HEEBTLHE, ROESRZHS,
ew(1 + ep)vpdtn — ewepAvyy ,ta — €weplpy ,0tn
= —(1+ew)Azpy, — (xg+1(td + Aty) — :c;,“"1 (ta + Atn-1) — Azpy,) (3.117)
TIT, 2l (tg+ Aty) ZEFRBICBI DR -V A 237 MEZLEBETREA L. #FE
Pefriz) &,

. 1,
it (ta+ Aty) = zpt(te) + 251 (ta) Aty + §x;;+1(td)At3, + ...

tg + 6t, =

+

(3.116)

~ 2t (te) + & (1) Atn + B (Ba)taAy, (3.118)

EREND, 2L, () EHMICHET 5 1 EMS 5. () SRMICET 2 2 @RS & %
£v, 0L E, X BT LV ARXNEEF5,

13 n
—ey ATy, + eyeptiAvg ,

Sty = Aty — Aty 1 = 3.119
" -t ew(l + ep)vly — eweplhy, T a3 (tg) + 2 (t)t4 ( )
IIT, BEREBICOVTERSE, A B113) &) opf ) = v, ELT,
ew(l + ep) .
= _ W\~ P/ 12
Vbd,p T —eue, vp (3.120)
. XG4 L EREFAVS L,
by = (1+ey)(1—ewep)L (3.121)

ew(l+€)vp
BB EHIT, apt(ty) = vp, TpTH(tg) = ap & L. K (3.120), (3.121) &3K (3.119) i<
RATBH L, AP HLND,
6tn = M-Azpy,+ N-Duvgy, (3.122)
—e2 (1 — ewep) (1 + ep)vp
ew(l +ep)(1 + eyw)vZ + (1 + ew)(l — ewep)®Lay
ewep(l — eywep)2L

N = 3.124
ew(l +ep)v2 + (1 — ewep)?Lay ( )

M

(3.123)
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_‘75‘ Atn—l &i\
At _ Azy
T ) Aty + 277 ()t
Al
= b (3.125)
vp + aptd
LERBTEZOT, A (3.115) &1
n T n Axgdvp s
Atn =M- Axbd,p + N - Avbd,p -+ m (3126)

2185,
RICHMBICEL T, EFREPOMINE A ZITEFSLREEZEZ 5, X (3.112) & D

zply =2y (ta) (3.127)
THBHNDT, BIE AREHROMNER.
Tpiy + Azpt ) = 2pt (tg + Atn) (3.128)
b, oT, (3 (3.129) — K (3.112)) £ 0. RONMEEFRNEE 5,

sz‘;; = x;,”l(td + At,) — x’;"’l(td)

= (&P (ta) + £ (ta)ta) Aty (3.129)

ZIT, EERELTEZEL. K (3.121), (3.126) 3K (3.129) ITfCAT B &,

Azpis = (vp+apta) Aty
) ) ) . Azpy
= (o apta) (M - Aafyy + N - Dy + -~
= A-Azpy,+B-Avjy, (3:130)

4 _eﬁ,(l +ep)(1 — ewep)vl + ew(l + €)1 — ewep)Lay 133
ew(l+ep)(1 4 ey)v2 4+ (1 + ey)(1 — ewep)?Lay ’
ep(1 — ewey)?L . ew(l+ ep)'uf, + (1 +ey)(1 — eyep)Lay

(14 ep)vp ew(l + €p)v2 + (1 — ewep)Layp

B =

(3.132)

PELND,
T, BECELTOEERE,OBUMNE A 2T LS LAREEZEZ 5, X (3.113) I
BT, F—VOEREBILENNFVOERELLEEET AL,

vgj"pl + Avg‘j:; = ewep(Vpyp + Avpy ) — (1 + ep)(v;} + Avy) (3.133)
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/5, LoT, (X (3.133) — K (3.113)) & . UTOREESRAIHELNS,
Avg‘zpl = ewepAupy , — ew(l + ) Avy (3.134)

ZIT. S FEERL AR id,

iy (ta) a
Avt =2 Agn = B pgn 3.
’Up jg(td) -'Ep ’Up xbd,p (3 135)

LB TEHOT, K- VEEEL Avil i,

Avp =C - Azpy , + D - Avfy, (3.136)
ap 9 1«
C = —ey(l+e)= (3.137)
Up
= eyép (3.138)
ERTIEDNTE S,
Pled 5, K (3.130), (3.136) L ., LTOESFEASDELN D,
Azpf =P - Azhy, (3.139)
Azl
Azx? — bd,p .
Lodp ( AU?@) (3.140)
A B
P = :
(2 2) s
CDLE, BPREL LM 2E 0, BFEIERERDS L,
det[\] — P] = (A_A B )
C X-D
= (A\-A4)(\-D)-BC
= M —-(A+D)A+(AD-BC)=0 (3.142)

t%h%, ZIT, ZORFHRRKHL T, WRBER w = 377 TR,
(1+A+D+AD - BC)w? +2(1- AD+BC)w+(1—A-D+ AD — BC) =0 (3.143)

PHEEOSND, LoT, BHFRREL L L0121, EROBEEPSEE L s4E4%5KkDMT
Bw, $%bb,
1+A+D+AD-BC >0
1-AD+BC >0 (3.144)
1-A-D+AD-BC >0
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LZAEARER BT, UTOEFERXPHZLNS,

3 ew(l +ep) _ap ew(l +epH{l + ey —eyep(l +eley)} (3.145)
(1+ew)(Q+ewe2)L 02 = (1+ey)(1—ewep)?(edes +ewe, ~ 1)L )
—14++/5
( Eywep > ) Vs ) _
Py, BFTE 5 A7 X BT B XENLEIEERL T RILT 5 £
. )
| B 5 B
7 < @) <7 (3.146)
_ ew(l +ep)
Eq = (1 n Cw)(l T eweg) (> 0) (3147)
eyt {l+ey —ewep(l+e2 ep)}
-14++5
( Ewep > —2_’—\/‘ )
o ; . v

LFEIND,

3 (3.146) 3. ZEMGICKELRBTIRELT 4 ) 200, 9Fy P ORIETRES /S
FA—% —%#f/ﬁiﬁklofﬁlméﬂ%%éﬁﬁﬁlﬁkﬁ%‘t?’% &@M%TE%TL’C\A
5o E72 Tﬁh INFVDEE) Y — OERICE > TRF—VOEFPHEFH L. 71 32
TOFAZTTRATHTHLIEEZRTIDTHH S, SHIT, f)ﬁiﬁélﬁéﬁ‘%‘%iﬁﬁé
KGO HRVIRIIZBENTD, &, =0TF%bb, NFIVEEZERIIR, TF-LVEH]
Byl XEMICERENLT 5 RIFRERRE,
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3.3.3 EFHNRBICEUIIRAEERERALT 2EH/NZ—>

ARETid, I TEVWLLTERMICE TR, BREERIRIES N LE /Sy — v DiE
HETZ ). RENLREELEBOK (3.146) 1. BEIFIRELENLZWEE, 2ORE
HeRETLHBEOENI DL DT, KERGIFBENIHLEHK, TE 2T,

(;p)g =K, (=const.) (3.149)
2

E, E,
(-7 <Kp<4)

EBLZET, BREEERIET 5EH)/35 — V2 RET S 5,
Thbb, R (3.149) 2B T, RO—KEEEEBL,
o(t) = —— log(K,t + C1) + Cs (3.150)
KP
T, MHEGE LTUTOEK 252, FIERBY» OEBICHELITE ) F TORM
to BLUCy, Cy ERET %5

2(0) = 0 (3.151)
z(tg) = zo (3.152)
z(ty) = wo (3.153)

72720, xo I ZEEITEMNE., v 3IBEHBREEYRL., R85 5ELET S,
Dk E, EFNy—iT

z(t) = ——1 lo e r -2 i 1t—i—l 3.154
TEZ N, FTEER ¢ & .
g = — 1 — fp20 3.1
0 - 0( € ) (3 55)

ERIND,

Fig.3.33 13, B% % K, D&Y — v TY A7 R FET LHEO RN LV EBORER
BEHBELZLDOTHE, ZITRYRAIETIIRL., FEHRETI3MELT, —EfH
THARLVFEBILCEBY, KEREDEVILET Y- DOBVORIZEZIDTH D, &
BE Y — VBV T, B, BESDTOICEL ZEEO MRS S EB Y BB L7
BREILBITAER - VHBEIRENT A, 2B, AV Ial—T a3 VIIBIT A REENF
i3, ey = e, = 0.8, L=500 [mm)], 2o=30 [mm], vo=100 [mm/sec] & LTV %, ZD& &,
TEMPRIES NS K, #HIZ —0.001 < K, < 0.207 £725%, (a) 1& K, =0.002 & L7z
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(a) positive acceleration / wall

paddle

(b) constant velocity /

(c) negative acceleration /

paddle, ball position

time

Fig.3.33: Simulation of the influence of shape of paddle trajectory on stability in wall-
bouncing task

BET, REDFR— VTR L o TREREBINCBEL T B T LD R EN S, $72, (b)
i K, =0.000 & L72HAT. EETHFLVERHLLFITHE, Z0BED (a) T,
EERBIZPR LTS, —F. (¢) iE K, = —0.002 DIFETHBHH, THIIRESEAE
THHD, FEALFEULAHNEISFBRLTCIBEE LDICEFNEIRE(RD, &
R-VHBEREBLTWE, TCICHERERMT I LIl b, LLEOERI L, TER
B 2EE Y~ DEERIHEEIND,



3.3. F—VOEFTHL ¥ A7 2B 5 5E0EIHE & ek 81

3.3.4 HHREICHIBIR—ILEENDABLER

ARETIX, R o (0<a <90 [deg]) zFHORE LIZBITER— V1 DOEEFTH &
7 EF, F-VEEDOKBEERZIAR T 5, 2 TIE, SFL (TFv b)) FEEL
BET—EDEEZZ > T, F-VEHLETHEEEEL Tb, T2, EFMLICEL,
RV ORERLKRE & OBEE, B EZELTWV5,

InEE, BWIILEOBRLY, En+ IHBOHBREMOF—VRE vl 13, £n
o E OITRERH — VEE o, TAVTUTOL) IiREh L,

ol = —-\/(avg‘d’p +b)2 +c (3.156)

2T, #LRORE 0, b, c IMERE o LEERE EEERE Y BEEERRE) ©
BRIJELT, LT L) ickEshd,

0 <tana < Zp' OFE:

a = - kleewep (3157)

b = Vkikoey(1+€p)0p ’ (3.158)
10

¢ = Zgh{l - (Vhiksew)'} (3.159)

5 10 2¢gsina+ 12p'gcosa ;
b = - —— 0<ki <1 3.1
! 7 (Qgsina+7,u’gcosa)2ugcosa (0 <k <1) (3-160)

7
5 10—2gsina+12u'gcosa
7

ky = ——— pgecosa (0<ky<1) (3.161)

7 (2gsina — Tu'g cos )?

W <tana < Ip D¥a:
a = —vVkikseyep (3.162)
b = vV klkgew(l -+ ep)'z’)p (3.163)
10
¢ = Tgh{l - (Vhiksew)’} (3.164)

5 10 2¢gsina+ 12y'gcosa
S S k<1 3.165
L= T T Rgsmatiggemsaptiese O<ki<l)  (3165)
S
7

ky = (0< ke <) (3.166)
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Ball Impact Plane

Poincare Map

Fig.3.34: Poincare map on ball impact plane

%u <tana <1 DHE:
6 = —eyep (3.167)
b o= ew(l+ep)bp (3.168)
!
¢ = 2gh{(1—¢2) - ﬁ&a +e2)} (3.169)

ZIT, BE {vfy, e N R RFNMITE DR = A L%y P OREE F - VEREIIK
TERTAVHREEZAGEORFIZERLTED,

Y= {{Ugd,p}neN € Rllz’l’:d,p = l';l} (3170)

ERBTHILNTED, 72K (3.156) i3, SORT VI LEHZ (BRER) Z0o1v0
Thb, ZOL X, EHEEEICETAIR-VEHMEOREZ R v H VITEEICBIT 58
BEEOBEZMEICEES TS Z LT, ZOIREERT I EAFTE S,

Thbb, oy =vy, LB LE £TOEBATH LY LR VIBEIHLT, £
DR - NVHEBOREEMZTRTIIE. B ab,c DEHEY -1<a<0,6>0,c>0&L T,
ROmBZIAERITHIT LV,
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4 ™
= _

P

z; <0 (3.171)

Tnt1 = —V/(azn, +b)2 + ¢ (3.172)

(-1<a<0,b>0,c>0)

TEENDERH {5}, v RS 5.

N J
Pr.) ‘
CBEIV, z,={z,|"n€N,z, € R} THHDT, K (3.172) £ .
("n € N)z, <0 (3.173)
E AN
Thi1 =25 = {(azn +b)*+c} -2y
= —(1-a?)(z,)? +2abz, + (b* +¢)
P _ab o, P Hce—d’c .
= —(1-a%)(z, T a2) S 2 (3.174)
L0, M= aiesate ) | BT {,}, Ny <O THEILEEET S L,
(I = (—OO,IM])({:L‘n}nEN ChL =z, < Tny1) (3.175)
(I = [J’VI, 0))({$n}n€N Cl=zy,>Zpt1) (3.176)
ZOEE, g, = {22, € 1} LT, 2, < M(<0) THEDT,
Tpt1 = —V(azn, +b)2+c
< —V{@eM+b2+ec=M (el) (3.177)
DY LD, FRRIZL T 2 = {2472, € L} ISF LT, M < 3,(<0) £ 1,
Tny1 = —V(az, +b)2+c
> —V(@M+b2+c=M (€l) (3.178)

ThHb, 2T, UTOEHE*»EAT S (EEDOLHIIFEG 258),
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- ' ~

L LIZER% (ERD12Z2U L¥5) BEFREMEES {2}, v RIEL. &
FRIZ EFR sup{anjn € N} IZE L

(ke N)CU e R)(z, < 24 <U = lim z, = sup{z,|n € N}) (3.179)

2. TICERL (TRO12% L LY 5) HRBIERS {zn}, v BIORL. &
FRIZTER inf{z,|n € N} IZE L\

ke N)PLeR)(zy > zpy1 > L= lim 2, = inf{zaln € N})  (3.180)
\_ J

3\ (3.175) REEF 2, = {2n|n € N,z, € I} PEFEMFIT, K @B.177) 3 ZhA RIS
BRTHHIELERLTLTVWADT, LAROERLD lim, yoo{znjn € Nz, € [} ER
PHEEL, TNIE M =sup{z,jn € Nyz, € 1} £ b, Thbb,

lim {z,jn € Nz, € 1} =M - (3.181)
n—ce

FREIC, 3K (3.176) IFEBF {zaln € N, z, € L} PEFBIFIT, K (3.178) i THATIC
ARTHLILERLTLTREOT, LEOERLY hmn—)oo{-z'nl’n eEN,zp, e} €R
fﬁﬁ?‘f L, Zii M= inf{xn|n c N,IEn c 1'2} & b,

lim {z,|ln € N,z, € b} =M (3.182)
n—e0
T,
I= | In=(-o0,0) (3.183)
n=1,2

E35E, K (3.181). (3.182) £ b,
nlg{)lo{zn[n EN,znel}=M (3.184)

s A VASH
BLEX Y, EEHF {20}, N 13 M = e=vBie=d’e gy 2,
(QE.D.)
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Feedforward / CPG . Feedback / Reflex

Mirror Robot

X BFC Oscillator .
Weak : Algorithm I\ gtrong
TTTTTTT T Coupling . /7YY, " Coupling """ '
Open Loop Stability .
Environment

Fig.3.35: Class of BFC oscillator algorithm

LD, E@TOERBOHHLWD KR VFEMEICS LT, BEEEEICBITART U h
VHE EOSEFIORERE., $2bbE—LA 237 POABWLRREESTRENT, ko
T, ERERCBIT2R-VEFEOIHRE L RIEE NS,

INLDERIT, —EOMNE, BEZ Do TR NVEITET L Z DML LIE, K-
VOEYEIIDRAEGICBERELETOEMAIBVWTRELTL I L EERL TWA,
ZL T, —EZEtTNIBMEERICL )., ME, BELICKEIRINEZ LIS
bo £oT, BAN—TRENMEEESINA72DIZO Ry T hbRITNIER S W &I,
[—ZEONME. BEZD - TR VEHBTLIL] Thb, ThEEHTLDOHE
ELT, RBIXTEBFC UKy MY ALRE T2 AVAFEEREL Tw5, RFEEE,
TA4—=F73T—=FKR—Z (+@BY 71— FN\Nv ) oF77a—-FeEZo5h, K-l
DAy VEEICBUABEM L YA IV IEROAPS TRy POFIBETL D AH
b [BRELHHES] 2FELBIRTES, /-, Koditschek 51252357V TY X
2 [55],[56] ICRESINBRA A4 DIRFFERELE L T HEREDEGEN 27 1 — FNy
INR=-ZADTTa—F ( [BRLEREE] 2FE) L, S TVETFFL TR %
EHARETH L, SHIT, AFEKIZH L BEDREREICFET A L T\ 5, Koditschek 13,
HEHDFERY CPGR—RADFFE LA LT, “class of purely reflex-controlled robots”
ERBEL TS 14, BLEA»S, BFCUR Y b XARETF 2 AV AFEOMEMITE
Fig3.35 2 Lo 5,
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Task Success

. A

Position Feedback

7 //// s / //

Open Loop
Stability
{ i — > Kp
Es £z
o ° D
negative acceleration constant velocity positive acceleration

Paddie Movement

Fig.3.36: Three different architectures in timing control

3.3.5 HIEHEBORTEMEZODR

KETII Y A 7B ORER T RIET 2 EHOBBICOVWTHN, FOEENIDOVWTHE
Rb, KB TRETEHIA I FHfIZ, LTO3O0BBOHEDRIZL > TEHS
h‘( vy %) (Flg.3.36)o

o BEEIRYHIE

BRI D « — RSy 8
HEMEBETR-NVETBTEL L) CHRMOEEY 1 IV 7 4HH TS (ER
ZL%V) . MIHERICEDS(BET, BEICALETTRY b OSFL) B
HBrRET 5o

o ZERIHIE

5| %A A KE1E:
BIEERUME (§430F) TFR-LVEHETLIDICHIOEES LI~
TERERL., ZORGET L), HxBRICESCEBET, BEICELE T
Ry b USFV) BEXRET 5,

BRIV — TRERE:
RELZRE (LB, EE) TR LVEHBTEL LR VOEH % A
Th, WEIZEEXNT f/ﬁi“ (K—) BEHEHT 5,
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Fig.3.37: Effect of discrete feedback control

DT, EBEBEOHEREICOVWTEARNICHET %,

BERLT « — RNy TRBOBR

Fig.3.37 13, F—VHEBOI A IV FRECBILER7 1 — PNy /BEOEREL
F-VITBNEBDEVCERELIZIDTH S, 72721, BIEAAEEII A IV FTERD
728, MEFIEA SN TS, 51 EAREELZT TR EICZELT 5720, 5O
T NE Lo T R 2 RMT BBV HLDITHT L., BERT 1 — PNy 7 iE%
BMLHEE. BETBUECKR -V EF BRI A ZEFTE, LV RELITENIESR
T TH%, 2B, I TOBNMNREIIRE) XL ) OMFARLRL T b,

5| &AL BBDOTR

FI2HNII 2L —TavilBnT, ZLDF|EAMMEBEOHNELTRLTE/, TZ
T3, HEPEZBOBLIZITT 2 BEHEZIT TR, RRBEOEANLBLTETHL T
EERT, Fig.3.38 RIEFIDDH L HEIIBIT A 2HOR-VEF LY A7 0FTHY, W
ERIRIBAEILE LTH R 7 EATHICFTRER)/ Y — v 2 Ebs 8/, 22 TiE, 7S FIVDE
¥4I EBFCUuXy MEBFEFHVWTHEL, =¥ —EHFOLE—-2 513~
TIRE—F—a FELTE—F —~FEbI, EFITENRY — U PEFTENE ET 5,
KyIab—2arTid, FATETHIHEBEE Y -V OEREHREL, 100 ~ 200
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Fig.3.38: Effect of entrainment control

[sec] TREEDFRMEEHME . 200[sec] UETITEREL I &, THITLDY
R VEELEEL TS, ZOLE, Ry MNI2EOKR—-VEOMNHE—FILREDD
D, K= VEEDEIIE L CHEBBZHAICHAST L Twb, 29 L% Bk
74— Ny 72 TERTEILEIRERETH 5, FERIIT]| EAABEF RN
B Z T, ORy MAHBEEELIC Lo TELEARBEOELICOEL L., B
L R0 OGN TR B2 E 2R LT 5,

IV — TRERBOIDR

£3.3.2H1, $3.3.3H, £E334HTRLALIII—EDPNE, HEZD-TK-L
BT AIENTRELZHIE, K- VoOLHEINHEGICERR2ETOERAILS
WTRE L, —ERELTNIBAEE®HICL )., NE, EERLIZEMFRINS,
Fig.3.33 DX F VA SERTHELABEN Y Iab—2a VERDPZOMELTEEIIR
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LTwh, 2B, NFVEEZFERICROBE, TRy NIRRT LERELEL L
ZVWEIEHIET 5,

INHLD3ODOEIERL, ERNICIESLYGREEZ D572, ThFNEEDORL 5 1iE
THH, TNLOEFBLITZONEHEICED, AELLD L D BVEER Y A7 221K
DEBNEEEPRI-NT VWD, T2, 295 LESFHHICBIT 2 EEBEO RS, &£
PWOBITIZBVTHOERWICEI D LN T 5 (75,
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3.4 LT +yFVYIAOKRy MILBBRITEE

AETIE, BIZEFTIIRETT 2o AL EBERBEI A L) X I v 7 2EE)IC
NLEHTHLZEXERUERY MIIVKRFET S, I TiE, BEMZ3 SOV v 7Y
VIR Xy BEORIEER YT o7, TTRUDIAZIE, 200F—VEH
WK VBT Y R 7 THY), SBUM LR VI S TR THE, ¥ A7IT
E3228NDYIaL—Yar ke LD TH B, 2FBDIY A7 E. 200D F—-Lv%
BWIzFR—VISAY AT THb, ZOF¥AVIE, £3.238HDyIab—Yarvemnd
o MBEDI A2, R—VOBH LI A7 IIBITLEE S A IV T OBEESBTH D,
DRy MIBEEOMEERAEZEL T, RTEHREKVEL %K. HENIZE L EHY
AIVTRERL, FRAZEHELTITER) LH 2% 5,

TR, TTRUDIC, ThOSDEFAZIIRBELRZEHUI Y 7Y Y70 Ey b
AT AHERIZDOWTHRNS,

3.4.1 AOFY P IATFLOER

AETIZ, TNOD) X I v VBB FITLR I LDIEBELLTRy P AT LA0HBEY
BB,

IN— K7 1z 7R

Fig.3.39 SR Ky b ¥ 27 AOWBEETRT, $7:. Fig.3.40 3ERICREL:D
Ky VOBETHD, KV AT Ak, FLCHELA2H50TKY b oBR SR, £0
Ry MRERER, S EVEBETR ) E— 5 — 8, SNROEREAET 5L > F— 18,
BRI D S EBER AL ) HEHBN 3 0022y M ALERESA TR, HTKY
FOBICE, R VHPEREHTIL L) 2RKDOFITLRTA FL—LAFIhR T 5,
F72, GIEEE. BIUBERERR VAT LN —BOEEO LICEESNTEY,
DEELET B L CENEONENHREENEEH I EHFTES,

Table3.1 LAY AFARNEZET Xy bON— Fo o THEEFRT, IFy b1, 213,
HICFEEDN—Fy 27 DoBRENTEY, FREFUHMZLPCICE-oTHIEEAT
Wwh,

-2

RY AT LTI, THK(HR) #HOLM 74 F7 2 F2I—%— (KR3310C+200L2-165X)
ZRHVWT, XFVOFEEG 2T o Twh, ZOT 7 FaL—%—|JIZ=2ER () #
D ACH—FE—% — HC-AQ0335D FENfFIIonTED, £—F —DEEICL > T,
T2 Far—5—HNOF—VRLFEEL, GiEAMOEFHIERSIN TS, 72, AC
PF—RE—F —~OGFHTRPCOLOLIYTVT—TNENL, ZEERFR) B H—FK7T
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Fig.3.39: Sketch of quasi-juggling robot Fig.3.40: Quasi-juggling robot
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Fig.3.41: Trapezoid pattern of paddle motion on time vs. velocity map

¥ 7 MR-J2-03A5 IZESNETENS,

R=VITBZT%H)/SFVET 7Y VTIMIL, F—VHBERICEI NN~ v ay
PIRON, WEIHIONTVE, AP LET 7 F 22— ¥y HBERIRQALEDTLIE
T, PCORFIHIZE o T, WFLDEREE*EHE L TW5, ZBBEAEETIZ, /S Pt 100
~ 600 [mm/sec] DEHA TEHERZR> TEBI SN, /S NIVERE)/ Y — VI3 REHRK LT
Fig.3.41 DX ) ZE|/Ny =V L oTw 5,

U -8B

[BIE 2 > — ]
EEHBICBIT 208y FOHE, BLUF- LEBEOWERIIES 4 FL— Ll

SHARP(#k) 3 PSD #i#+ % — GP2D12 / GP2Y0A02YK #'HL ) 13 SR TV 3 (Fig.3.42)0

ZDOPSD HEEL - R3FIRIC L VR A I COEEY = ANEOFRETHRIE L,
TOHREE T TUEREL LTHNT 5, Ay —2HwBREEOHFMIL, 185
H T@&~X5%,
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Table 3.1: Hardware configuration
oRy b1 ]
BRER A—H— | BF i BLU wE
FAZ My 7T PC DELL / Dimension 4400 CPU : Pentium4 1.6 [GHz]
Fv Ty b 845
A1) : 256 [MB]
V7 broxT Linux kernel 2.4.19
RTLinux version 3.2
A/D A—F REIGERE / IF-0145-1
F—FK7 7 =% %% | MR-J2-03A5
ACH—FKE—%— =% &% / HC-AQ0335D EAEHTT 30 [W]
TEALEE 24 [V]
LM %74 F77Fa2x—%— | THK / KR3310C+200L2-165X | A F O — 7§55 137 [mm)]
PSD fEgEt > H— x 2 ¥ ¥ —7 / GP2D12 HIFEERH : 100 ~ 800 [mm]
BREX H—- {7332 [ SR-D-18-LT
yyFErH— — (%437 7%5RH)
[E AL =B ERT / KX-100L HHEE% 24[V] IIRE
L TRy b2 |
BEER A—H— [ BHE iR BLU fwE
FAZ by T PC DELL / Dimension 8300 CPU : Pentium4 2.6 {GHz]
Fv Sy b 875P
XE1) : 512 [MB]
V7 b7 Linux kernel 2.4.19
RTLinux version 3.2
A/DA—F 4>%—-7z—X [PCI-3521
Y—K7 7 =Z %R /| MR-J2-03A5
ACH—FE—%— =%Z&# / HC-AQ0335D EAEL T 30 [W]
TEAREE 24 [V]
LM %4 F7 27 Fax—%— | THK / KR3310C+200L2-165X | A F O — 7 & 137 [mm)]
PSD fhEEt > — x 2 ¥ —7 [ GP2YOA02YK PR - 200 ~ 1500 [mm]
BHE+E ¥ — A F/NT2 [SR-D-18LT
Eii &R = REVERT / KX-100L HAOBE% 24[V] IZ8&E
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Fig.3.42: PSD distance sensor Fig.3.43: Touch sensor on robot paddle

[ BREL Y —]

OFRY hONSFVBIUVBEIIIREREL T, AFNNTL (R EEEL -1 F R
P ¥— SR-D-18LT »"HUYfHF 5h T3 (Fig.3.43), ZHIZE D, Xy MEIE—
DNEVBIUBEBM LA IV 2 LI ENTEL, 7275L, TNHDE TV H—
BETA FL—NVEOR=NVIZEBEBODIDT, BRY MIFA FL— IV EDOFE— L% [X3]
THIEEITERY,

B, SNVBIUERFNEFN2EDT 7 ) VIRTHEER IR TWS, Tho5DRziE
WTED, ZOMIIEEL VT —FANDL I ETE Y —DF— )L & OEHaA S 5
EEME ), ELGBMIAI V7V 2BAZEDNTETH 5,

TIT, SEVICHY NI S NEREL - OEIIMEIC L BRI
RIS, BEOBREL - OEREES LIBEEICL - TBONETHS ) K-y
AIVTERIEZL TS, ZOREL VY —I2L55 4 IV 7EBIR, ) XLIRHTF
NDANELR B,

HIfEER

KYRATLOEZETRy MIFNFNHT L7z PC (DELL £ Dimension 4400, DELL %4
Dimension 8300) IZL o THIFI SN T %, ZALDPCIIIE, AD F— FAEE#HI Lt
CH—EETANELTR/AZIENTES, F/. YUTAT—=TLEHL, H—KT >
TWZE—S—a7vV FERELIELETACH —KRE—F —%EREITAH I ENTAETH 5,

X512, ORY PIICRABICEAY A IV FEFRIZY v F 2o H—FRy U258
ToNTWAE, ZOXRY V&2 ANEPETZ & T, PCHho@iINc—enE—¥9y—a<
NEEBIEAILEDNUARETHS, ZNIZLD, ABHIRORY b2 5TV RETERET
5ZEDTEETH 5 (Fig.3.44)

























































































































































































































































