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(a) Masutani’s method (b) New method
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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
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Fig.2.2: Periodic motion and instantaneous period
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C(t) = C(t+7(t)) (2.1)

[ BERBER | : BEf 7 — ) ZEBRIC I o TRONE—- 7 BERI VER SN EH «
TREERBLHWL, ChEiMEE LT BREBAY ) *ERT45200 7V F -
B E OmMEEATR .

ZOIFNVF - E X, FRZICBITAIRIE L EEEREORITOEE L O—FE
2RTE CEREARPOBEDEL P ERT B X DEREIN, EAER o FTD2
DDIFINF—DNT vV A%k b oTW5h,

Bi(r,) = [C(t +7(8) - C)
{ Ba(r,t) = |7'(8) 22
.
E(r) = /t_o (Bu(r,8) + aBy(r, )} dt (2.3)

ZIT, CH) RADER. T GBEET 55 AHER Ct) "EEO 1 B ¥R
BETHY, (1) E—kEET.

IOZANF—REERICEMET A I LT Lo T, BB ¢ 0BT 5 B EL R
B () PEONG. I I TREMEBRE )6 2HELLT ) TYXLEHANT, 20
BHEFTLo T3 7). ANPRBELESEE AN, B5N2REENREE—F0
E%ED. $7o, REHEL L4, BEESBRRREKES L 20 1 B0
REICEASELS. Lo L. BEESOSALZREOMEIL, Boih Tz R0k
MRS, BRI HEL T 2 EHTRETS 5. |

[ REAXEOMHE | ERATORBEHOBLEI T L /-0T, EROBHE, S K
AREOT— 5 ZREAGIHOT -5 ICEERR 5 LT, REBFOT— BT
%9,

BRG SR

BREEGRECETSNCANERE cBEERT A2 LT, REXKEEETINIZA
NERER/LHZENTES. Fig.23 ICRBXHOEBETICBIT 2260REBOHEN %
RY.
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BWTAEH TR, 77— RED L WBRBE S ORERFIZ AN L LT, SRAUEDES) % i
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Fig.2.3: Process of recovery of missing data

EFULY

BHETNE LTEOE#MY 1 ATXLLEHmEFHNEREGHLETHVE. 74, HH
Bz LTV AREOEHIRA3MOEZOEREHLETHELTES 4] EEX T, BE
THRE#HME dRKAK3I LTS, 2L, ZOEFVICBWT, ZEOREK (OEEE)
F—E LT 5 (Fig.2.4).

MERETIE p, IH o @A, FHMA L ATRDE IXDHOEFEDEEFHNER
EbEILL>T, BELAME pt) BUTOLHIZEL ZEHTES,

p(t) = R(kh wlt)R(k2> th)R(k37 w3t) (po - pr) +Pr (2'4)

TIT. p, REWMORE (BLOME) TH Y. ki, w; EE BB ZBAANRST ML EA
RETHL (EH). 7. Rk, 0) 13 kBE Y OHE 6 ODEIEKZERT 3x3 OHEEATFIT
b5, A '

R(k,0) = (I — kkT) cos(9) + [kx]sin(0) + kkT (2.5)
[+ x] BAVRICEM % 3x3 OEMHATFEERT. K (24) BT, 1 MEEHOBHAEE
w9y = W3 =0, 2%@%&0)%%@ w3=0 &%ié.

T—-JIE#H

pt)E T —VIEMTEE, w, we, w3 EFTNOLDINREIZ L VHAGHL INLFER
WA PVHBENS, 7272 L., BELAHAEDLEDPE—DOBEERICEL 5546 (FR
EER) 3B D0, BETELZE—20HIZ 18T, 28T 2~4, 38T 6~13 L2 5.
ZIT3HEPETHA LARROGERERRr — AL LTEB SR TR, Blllick-
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TERIIRBTE 50, pt) zEHE AtERICF > T 7L NEBOT—% {p,, P1,
co PN_1} TH B AP THFIRE L NATFICRETIIE {p} T T 287 -V
IEBICEY, p(t) DERANT MVOFRERB L7 —) 2BBROME (BEH) PHEET
5. :

F 1 MOBRIDHETE

ROBBEHEDBTARANRY P VOBRBEERLTETOMOBREKOMELS. ZhE
whp =w) +wy+wsg EELL Tl FOREROBARS bV T =) TEBROHEEE
P = [Phg, Pry, Po)T E52 8, B1EOFANZ Ml ky = [k, by, ko7 1 BT X
IIHETE S 8. ROBHICHL TR, R A CFEHZ RS,

ks = sgn( sin(¢nay) )/ 1 — 2/ Phol®/ | Paf?

ky = sgn( sin(¢hez) )y/1 - 21Pay 2/ | Pal° (2.6)
k. = sgn( sin(énye) )y/1 — 2Phsl?/| Py
Prpg = Ohp — Shg (PG = T,Y,2) (2.7)
|Pal® = |Pral? + | Pay|® + | B (2.8)
ZZT, |Puyl & onp 3, BEHE P DHESELRATSHS.
Pip = |Puple™®>  (p=2,y,2) (2.9)

3 (2.6) I2BWVT, EEEOKE SIE/NT—ART ML OAKAIZL Y RES N, IBIIFS %
RO BIZDIZFICHBONT WS, ERDFE [10) TEERARS P EHV TV,
NAPRBERCEETELRVEEADTH DT, NT—ARY MVDAKIZ L - THEHD
FENRZ PVOKELSERETEL Z L RIEEBEDOH EANDLRIS,
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4. €= OFKEN2RTHEROIE fi = fo CE—IHMBLTVBOT, f =1f,
THb. (1) ~M7L.

5 E— 27 OREN 3K 0 B fr PO - BHERO 7 —) TEBOER -
BEDHD S B, b ICF T DDERDITENLVELIE, |fi — fo] = fo TE—
I PRBRLTVBDT, fi=2f, Thb.

(7) ~74.

6. BE#E fr UAOE - BEHO 7 -V ZEBROERELBHOED ) b, ky IIF
TebDEFEL, TOREBR>E28ARK f. L$5. ZOLE, fi=fi-fo
THh5h.

7. DETE18OBEER i BXUHE ky PNRESN.
[3EEETET IV

1. BRYAIF—5 %27 — ) TERT 5,

2. ARZ MVOY— 27 ZRTEERPET.

3. FDH L, —FEEVEER A+ o+ IEBITA T IEBROE, SR (2.6) &
DELEAE k) RIRET 5.
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I, = 100.0(kgm?], I, = 50.0(kgm?], A= L = (0.00,0.00,50.0)[kgm/s], EEI L F
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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
1st Axis 0.143 ( -0.022, -0.004, 0.999 )
2nd Axis 0.030 (-0.222, 0.802, -0.554 )
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Fig.2.14: Estimation on motion of asymmetric rigid body with missing data
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2% b TV [47), [65], [66]0 7275 L, ZTHIIBEL OFEAVEFETH B,

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



38 £38 JYXIvrEHOER

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,



49 £38E YX3IvrEHOER

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)
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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

sensor2

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
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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

59



60 E3E YXIvrEBOER

3.3 F—IOBEITE2I7ICHT2Z8MNEIHELTEMS
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Zh, B, BENE»OEHL THEEZTLHIHEIIOVTIE, %332%(%&5
WNEY A7 2R ALT HIZH2D, DUTIERT L, §X70EHUERIZE->T, 0
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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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FiREFIE-oTWHDT, BERNPTHIEH, Lzt T, EFHE

d’z
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Ij—‘: = —aF | (3.7)

b, ZIT. miIF—NVEE kg, a 13F— VPR [m], I(= 5maz) R = (FK) ©
EHEEE [kgm?], g SENMEE m/s?) 2K T, T2, BEE FLIGEEICIST

Fy = p'mg cosa (3.8)
TH52 615 [12), 73] £oT.
2
C;Tf = —(gsina+ u' cosa) (3.9)
!
dw _ _ep_ 5Kgcoesa (3.10)

dt I 2 a
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LB, MHEGEZELC, Bo95 L
dz

- = ~(gsinea + p' cos @)t + v, , (3.11)
5 !
w o= —‘(I—JI;FI :——iug(;osat (312)

85, ZIT, BUERIIOVWTERD L
dx . 7 n 5 7
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7
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dzx . 7 ! n
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INE 4 IIDOWTHEWT,

f = Vb (3.15)
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2155, Wl e DI, F0E ol (¢) TIEOTEE TEAY) E20T, BIEEENP LS
2B <, £oT, EFAERIZ

m—m = —mg sina + Fy : (3.16)
dw
I— = gF: 3.17
dt ar (3.17)
Ehb, T2, TOLEBNEELZVOT
dz ‘
T:l_t- = —aw (3.18)

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

F-HEOBRRALD

—

1 1
im(vl?u,p)2 = §m(vgu,w)2 + §I(wgu,w)2 + mgh’ + Fll?u(tl)

DY Do BEILEHETHZERTIZIE> TR RWDT,

n n
Vpyw = —awbu,w

ELT, K (3.8). (3.23). (3:24) £ D v, , ICDWVWTHEC L,

5 10 :
vgu,w = \/; (Ufu,:,,)2 - 7(gh + p'gcos adf (t1))

285, KITI (1) KD &,
1
lgu(tl) = Ul?u,ptl —§G1t§

(V5 )? 1 gsina+ p'geosa
gsina+ Zu'gcosa  2(gsina + Zp/gcosa)?

2
(Vpu,p)

2gsina + 12p'gcos o

= n 2
(2gsina + Tp'g cos )2 (”bu,p)

L, R (3.25). (3.26) XV

vl?u,w = fa ('Ulr)lu,p)

=155,

(3) K- VERCERY 3 BRE

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

REBOHEIZL ZFZBEIEFHTILZDIDOLETEE, F—-VEBOREOX DL, KA
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n+1

n
Vbd,w —CuwVhyw

f3 (v;)lu,w)

(4) BHSINFUARAR-IHED

(3.28)

BEDORER. F—ViIME oy FRL, BOLSOMEEEN ) EL L, TOLE, &

BEEIETHICE > TWADOTEHEEN EHFIZBL, XoT,

d’z )
md—t2— = -—mgsina+ Fj
d
I—w = aF3

dt

(3.29)

(3.30)
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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
d
71% = —(gsina — u'cosa)t + vg;;,l (3.34)
_a, Spgcosa g
w = IF3 =3 . (3.35)

/5, 22T, BIEEIIOWTEZSLE

5
—C-g +aw = —(gsina— u' cosa)ts + vgj"; + 5“19 cos at
) 7
= —(gsine— §,u'g cos &)tz + v, (3.36)
WODPETILREME &35,
d 7
d—j + aw)|t=t; = —(gsina — §,u'g cos @)t + vy, , =0 (3.37)
t3 IZDWVWTEWT,
,Un-l—l
by = bup (3.38)
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vph <0 THBENT, 43> 010% 51t gsina—Jp/geosa < 0 THFNTEL LW, L

tana < ;u' (3.39)
DEGEBD, ZZT < puTHhHOT, LREEFEZHT i ZZLDITEY AL,
0%, BOTEN D, —FH Iy <tana < LpDEFREFELTIESIEL D, $LD
BE,
O<tana< Iy :(1BV)— (E455)
W <tana < Ip:(E4°5)
kb, LoT, BoTWAERt I
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vn+1 7
{ —2E_—— (0 <tana < g4)
i3 =

0 (Zp' < tana < Zp)
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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
ZT;: = —gg sin & (3.43)
MEES () EFEEL T, LBy v5 L,
% = —;g sin ot + o7 (t3) (3.44)

135, 3 (3.34), (343) SV THICALAEELOMEEORESIILEVOFEIILL
T, ENnZh

Gs = gsina—p'geosa (3.45)
Gy = gg sina (3.46)

LREND,
BT, BEOTEN LML ¢4, BV DPLEL T COEREL I () e ThE. ZFN
¥— L HEORGERL Y
1 1 1
5™hay)” +mgh = Em(v{,g;;)Q + iz(wg;;})? + B3l () (3.47)
WY LD, T2 N FNITERET HERITIRIES> TR RWOT,

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
lz"jl(t3) = Ug"z_u];tg + §G3t§
("’?&,21))2 1 gsina-p'geosa , , o
= +3 (vbd,w)

gsina — fu'geosa 2 (gsine — Tu'gcos a)?
_ —2gsina+12p'gcosa, .00
" (2gsina — Ti'g cos a)? (Ubd””) (3:50)
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vty = falvphy) (3.51)
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vzlu’p = fl (vgld,p)
Vpuw = J2 (0, )
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vty = fa(vpy)
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Vpap = Jeofsofao fi(vey)
= — /(@ + b +c= f(vfy,) (3.52)
DAL ALT B, 72720, B¥la, b, c i
/ N
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a = —vkikseyep, (3.53)
= Vkiksew(1l+ep)tp (3.54)
10
c = 7gh{l — (Vk1koey)?} (3.55)
5 10 2gsina+12u'gcosa o
kh = —-——-= 1 .
! 7 7 (2gsina + Tu'g cos a)? geoser (0<ki<l) (3:56)
5 10 —-2gsina+ 12u'gcosa ,
ke = = —— 3.
2 7 7 (2gsina — 7p'g cos @)? cosa (0<k <1) (3:57)
I <tane < IpDHa:
a = - kleewep (358)
b = rksew(l+ €))7y (3.59)
10
c = —gh{l- (Vkikaey)?} (3.60)
5 10 2¢gsina+12u'gcosa )
by o= o—— .
! 7 7 (2gsina+ 7u'gcos a)Qu geosa (0<ki<1) (3.61)
5
ky = 7 (0<ky <) (3.62)
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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
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- ‘ 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



78 #EI3E YXIvIiEHOERK

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



80 £3E YXIvIEHDERK

(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,
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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. &
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Fig.3.35: Class of BFC oscillator algorithm
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Fig.3.36: Three different architectures in timing control
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Fig.3.37: Effect of discrete feedback control
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Fig.3.38: Effect of entrainment control
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Fig.3.41: Trapezoid pattern of paddle motion on time vs. velocity map
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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




34. BV ¥ 7Y oKXy ML ABIEER 93

Fig.3.42: PSD distance sensor Fig.3.43: Touch sensor on robot paddle
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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]
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NDANELR B,

HIfEER
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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<
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Fig.3.44: Timing command switch for robot 1
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Fig.3.45: Data flow of quasi-juggling robot system
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Fig.3.46: Two-ball wall-bouncing in adaptation stage
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Fig.3.47: Two-ball wall-bouncing in execution stage (1)
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Fig.3.48: Two-ball wall-bouncing in execution stage (2)
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Fig.3.49: Two-ball wall-bouncing with moving slope
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Fig.3.50: BFC robotic oscillator in two-ball wall-bouncing task with moving slope (1)
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Fig.3.51: BFC robotic oscillator in two-ball wall-bouncing task with moving slope (2)
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Fig.3.52: Ball passing in adaptation stage
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Fig.3.53: One-ball passing in execution stage
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Fig.3.54: BFC robotic oscillators self-organize through the environment
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Fig.3.55: Two-ball passing in execution stage (1)
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Fig.3.56: Two-ball passing in execution stage (2)
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Fig.3.57: BFC robotic oscillator autonomously acquires stable timing of paddle move-
ment
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(1 = kz2)cos(8) + k2 —kokycos(8) — kzsin(B) + kzky —kxks cos(8) + kysin(8) + kzk=
R(k’ 9) = | —kyk;cos(8) + k= sin(8) + kyks (1 = ky2) cos(8) + k2 —kyks cos(8) — kg sin(8) + kyk=
—kzkz cos(8) — ky sin(8) +kzkz  —kzky cos(8) + kz sin(8) + koky (1= kz2)cos(8) + k:2

B, p, IELONETHS.
3 (A.1) % cos(#),sin(f) IZDOWTEET S L,

p =acos(d) + bsin(d) + ¢ (A.5)
= I-kED)p (A.6)

b = kxp (AT)

¢ = kkTp+p, (A-8)

E%hb.
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Fig.A.1: Motion with one rotation
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5 [ 1Ba(D)lcos(da(£) ]
a = = | |B(f)lcos(dy(f)) (A.13)
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o [ 1B=(£)Isin(gz(£)) ]
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— cen( sin _2AR(H)P
kz = sgn(sin(¢zy(f)) )4/1 PO
2
ky, = sgn(sin(¢z:(f))) 1—1';:’2%?2‘ (A.17)
: AR
k, = sgn( sin(¢ys -
sgn( sin(@yz(f)) )4/1 PO

ZIT, sgn(x) i« OBFEETEHTH Y, duy(f), ¢ue(f)s Sra(f) BLU [P(f)]

bay(f) = 6:(f) — dy(f) (A.18)
bz2(f) = b2(f) — ¢2(f) (A.19)
¢yz (f) = ¢y (f) - ¢z(f) (A'QO)
\P(f)l = \/IPx(f)i2 + [Py () + [P (A.21)
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0 (z=-2m,—-m0,mn) (A.22)
-1 (-7 <2z<0,7m <z <2m)

1 (-2n<ze<—70<z<m)
sgn(sin(z)) =

KAL) IZBVT, EEHOFEOKE EEFNNT—ARZ P VORIZL-TEKEY, 20
FE*EETADIMANAVONTWE AITEELTD b,

BECEO S kFEHMTHIHD, X (A12) BIURK (ALY D2BYVHFEZI OIS
2, TITREBRMBERCKRT AN AR MPVEFICHVAR (A1) 2 HVEZ
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Fig.A.2: Motion with two rotations
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P = acos(6)+ bsin(h;) + ccos(f2) + dsin(6s)
+ecos(f; + 62) + fsin(f; + 02)
+g cos(f1 — 02) + hsin(6; — 62)

+1i (A.24)
a = —-CiCsk1+C5 ks (A.25)
b = C3 (k1 X kg) (A26)
C —(0103 bt CQ) k1 (A.27)
d = Cik (A.28)
1 .
e = 5 { (1+Cl)p+(0103—02) k1
—(C2+ Cs) k2 } (A.29)

f = %{—04 k1—03 (k1 ng)
(k1 x D)+ (kaxD) )} (A.30)
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1 )
9 =3 {(1-C) p+(CL1C3 =) ky

+(Cy~ Cs) ka2 } (A.31)
h = %{041671—03 (k1 x ko)
+ (k1 xp)— (k2 xp) } (A.32)
i = C1Cs k1 +p, (A.33)
L,
C, = kiTky
C, = ki7p
Cs = ko'p
Ci = ki"(k2 xP)
ET5.

22T, EHAETIKEL, 01 = 2nf1t,00 = 2nfot (f1, fo REE) £ T 5. p ODERY
%7 IEWT LI ETHEONDa, b, ..., i b EROEETELWVE LTk IEDWTHEL
ty

ex f
= A34
kl eTe ( )

21585, —F, BRBOBEBEETTBAVT, KX (A.29), (A30) L0715 6&&20@%@%
&

lel = |f] (A.35)
elf=0 (A.36)

L0, N(A34) 2L, by DERGVBUTD L) ITRESINS.

kl:r = Sgn( sin ¢zy fl + f2)) )\/7 w

|P(f1 + f2)l
- 2|L.1_+_f221_ :
ky = gn( sin(dq.(f1 + f2)) )\/ \P(f, +f2)l (A.37)
X 2|P,
| ki = sgal sinlgya(fi + ) >\ﬁ - L,Tﬁfif—;’l)'—

ZIT, sgu(x) &« OFFEBRIBETDY, ¢:y(f), ¢os(f), ¢ya(f) BEU |P(f)] &
by (f) = &:(f) — dy(f) (A.38)

¢xz(f) = ¢z(f) - ¢Z(f) (A39)

¢ym (f) = ¢y(f) - ¢a:(f) (A'40)
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P(H)] = V1P (H)P + 1B, (F)P + IP.(F) 2
EEETS. :
—J)F, BEE O idik W igoNs.

A3 3EHEEETIV

(A.41)

3ONEEMIBLTRDPZLL, H18, 28, FIWOHEMNTHNI FVeZh
Fki ko ks ET5. $7, BREZEZNEN01,05,03 95, Z0LE, Bfllxp
DESEEDICEEL, F2WMEVICHERLT, SLKEEI@AYICo MEL T p’

BB LIEEE2EZA. P RUTOLHIIIRENS.
P’ = R(k1,61)R(k2,02)R(k3,63)p + p,

K (A.42) % cos(6),sin(6;) FIZOWVWTEHET L &,

/

P = acos(f)+ bsin(6;)

+ccos(f2) + dsin(f,)

+e cos(fs3) + f sin(63)

+g cos(6; + 02) + hsin(6; + 62)

+icos(6y — 62) + 7 sin(6, — 62)

+k cos(fy + 63) + Usin(62 + 03)

+m cos(fz — 03) + nsin(fy — 63)
+ocos(f3 + 61) + psin(f3 + 61)

+qcos(f3 — 61) + rsin(fs — 61)

+scos(6h + 62 + 63) + tsin(6q + 62 + 63)
+u cos(f; — 02 + 03) + vsin(f; — 62 + 63)
+w cos(0; + 0 — 03) + xsin(6; + 62 — 63)
+y cos(6y — Oy — 03) + zsin(fy — G2 — 63)
+a

E%B. B, B¥ab,...a DAFIUTOL ) IZ%5.

a = (3C¢ ka — C1CCs ky
b = CyColkr x ks)

¢ = (CsCo—CiCaCe) ko

= CgCr ki

e = (CiCs— CiCxCo) by

a

(A.43)

(A.44)
(A.45)
(A.46)
(A.47)
(A.48)
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f

C1Cyo k1

%{ —(C3Cs — C1C2Cs) Ky

Z(CsCe + C5Cs) ks

+(Cs + C1Cs) k3 }

%{ —CsC7 k1 — C2Cg(k1 X ka) + Ce(ka % k3)
+Colkr x k3) }

%{ —(C5Cs — C1C2Cs) Kk

—(C2Cs — C3Cs) ko

+(Cs — C1Cs) k3 }

%{ CsCr by — CCs(ky x ks) — Co (ks x k)
+Cs(k1 x k3) }
g@—QQ+@@-@Q—@@
+C1C2C6) ky

2 (Co +Cs ~ C1Cro ~ CoCr) b

%(04 — C1C5 — CoCy + C3Cs — C3C
+C1C2C) k1

S(=Co + Cs + i — CoCr)

%{ —(C1C5 — C1C2C5) k1 + (Cs — C2Cs) k2
—Cro(k1 x k2) }

S{=CiCu k1 +Cro Ry + (Cs = CaCa)(k1 x ko) }
%{ (=C1C5 + C1C2C) k1 + (C5 — C2C5) ko
+Cro(k1 x k2) }

%{ —C1Cyo k1 + Cy k2 — (C5 — C2Cs) (k1 x kg) '}

1 R
Z{ (1+CI+CQ+03)p

+(—C4 + C1C5 — CyCy 4 C3C5 + C3Cg — CICQCG) kq

+(—C4 — Cs5 + CyCe + 0306) k-
—(Cs+ C5+ Cg + C1Cs) k3
+Cro(ky X kg) }

117

(A.49)

(A.52)

(A.53)

(A.54)
(A.55)

(A.62)
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f 8 A

%{ (Co — Cs + C1C10 + C6Cr) k1 — Crp ko
+(1+ Co)(k1 x p) + (k2 x p) + (k3 x P)
+(C2Cq — Cs) (k1 % k2) — Cg(k2 x k3)
—(C5 + Ce¢) (k1 x k3) }
Ha-G-G+0)p

+(—Cy + C1C5 4+ CoCy — C3C5 + C3C
—C1CyC) k1

+{Cs — C5 + C2Cs — C3C5) ko

—(Cy — C5 4 Cs — C1C) k3

+Cro(k1 x k2) }

%{ (=Co + Cg 4+ C1C1g — C6Cr) k1 — Crp k2
+(1 — Co)(k1 x p) — (kg x P) + (ks x P)
+(C2C¢ — Cs)(k1 X k2) + Cg(ka x k3)
+(Cs5 — Cg) (k1 x k3) }

%{ 1+C1—Co—C3) D

+(=C4 + C1Cs + CCy — C5Cs + CsCe
—C1C2C) k1

+(—=Cy — C5 + C2C + C5Cs) k2

+(Cs +C5 — Cg + C1Cs) ks

—Cro(k1 x ko) }

jz{ (Cy — Cs = CiCrg + CsCh) k1 + Cig k2
+(1 = Co)(k1 x p) + (k2 X P) — (ks x P)
+(C2Cs — Cs) (k1 x kg) — Cg(k2 X ks3)
+(Cs — Cs) (k1 x k3) }
HU-Ci+C-0np

+(—=Cy + C1C5 — CoCy + C3C5 + C3C
~C1C2Cs) k1

+(Cq — C5 + C2C6 — C3Cs) ko

+(Cy — C5 — Cs + C1Cs) k3

—Cro(k1 x k2) }

FE1EmOHEE

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)

(A.68)
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VATAROR

1

Z{ (Cy + Cg — C1C1p — CsC7) k1 + Cro k2
+(1 +Co) (k1 x p) — (k2 x P) ~ (k3 x P)
+(CoCs — C5)(ky x ko) + Cs(k2o X k3)

—(Cs + Cg)(k1 x k3) }

C1C2C6 k1 + p,

Cr = kiTky
Cy = koTks
C; = kiTks
Cy = ki"p
Cs = ki7p
Cs = ks'p
Cr = k1T (ks x k3)
Cs = kiT(kyxp)
Co = ki"(ksxp)
Cio = ko7 (ks xp)
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EF B, ZZT, ERAEEIREL, 0 = 2rfit, 0 = 21 fot 03 = 2n fat(f1, fo, f3 BEHK
55, p OBRIE 7— ) ZEWT AL TELNSa)d,., a b EROEZELVE
LTk IZoWTHEL E, FNFRh

155,

sXxt
sTs

—7, BRBOBERFREAVT, 2 00HHEH

ky =

s = It|

sTt=0

THVT, N (A82) ¥ L, M DERIBLUTOL ) ICRES NS,

kiz = sgn( Sin(¢zy(f1 + fa + f3)) )\/1

kly = Sgn( Sin(¢xz(f1 + fo + f3)) )\/1

o
3
N

Il

%mmwmm+ﬁ+mn¢l

_2P:(fi+ fo + £3)

|P(f1 + f2 + f3)|*

2P (fit fo+ f)

|P(f1+ fo+ f3)|*

2P (fi + o+ )

|P(f1+ fo+ f3)|°

(A.82)

(A.85)



120 ‘ T A SE1HOEE

ZIC, sgalx) 1+ DHFFEETHETDHY, 6uy(f), du:lf), dyelf) BEV |P(F)) 12

O} = 0.(fF) — oy(f) (A.86)
¢zz(f) = ¢z(f) - ¢z (f) (A87)
¢yx(f) = ¢y(f) - ¢m(f) (A.88)
A = VIP(F)F + 1P, (I + P (F) 2 (A.89)

EEETB. :
—%, WES O, RakhBohs.
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ft B HIFEED

RKETIE, R ELDLIBHEDEFHZIZONVTHRRS, —RICEENTIZBITLEEDOES)
REHEEELTHLY)OEEERICHETES., 4084, ORy MPNRIIHLT, 5~
TTHREIZALBOMEOT Ry b2 o0 ESHPEEL 250T, T TEHHKL
REEHOAEZR) Z LT 5.

B.1 #F47-DEHFHAFEKX

BUADEETHE —HT2WBERER Sp b, NNE- XAV M FEDPLVEE,
COERRTEREINIA L 7 —OEFHRENI,

dw,

Ixﬂ - (Iy - Iz)wywz = 0

@%%—@—thx= 0 (B.1)
dw,

L% (I —Iy)wewy = 0

7 dt
Ehb. 12720, LI, L 3EERE- AN, whwy,w, TEEERT VO z,y,2 K
FTH5. :

B.2 BAFNNTA—2A

N OE D2 CREORE, MEER, ©F ) #MENLERDLILZTITE, T0E%
NG X—FDHEAEFMAI LI TELR Y, LaL, HEESH0EEIE, BEET—2X2 1
DEZRDBZEEFTELRVY, BEZRETHILIETESL. 2RILE, ETRD4D
DI8F X —F ERDIIT L0,

I, I I, L|?
A e
INoE [BHFESTA—F] LRI EIITAH. INHDONTA—FiT, BEO2ED
RLEF->THBY, —HOBEHTHS. X (B.1)»5, ThoD/8F7 XA —5IZUTOHE
FEWEL TWAb.

Jo (B.2)

Jow? + Jyt + L = 1 (B.3)
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Ihoid, ThER, EFTANVF- L AZHEORFRIHIEL TS,

B.3 F47-—DOEEHEXNDE
K (B.1) DERIIRD 4 DDBEIIFITTEL I LD TE S,
o FEHHR (I, £ Sy B2 J, £ LD J, £ J,)
o M (J, =)
o BHH (T, = J,)
o HBEE (J, =J, = J,, 72k J, =, 7213 J, = @)

ZIT, L REBEEREE- AV IO LHEOEDIDET . (Thbb, J,<J, < J,
Troidd, > Jy > ) '

FHHRDIEE

MNROEESMVIENHDOGE, 23D, TERE— AV FOEN3IDLELRL25A
12,

a< Sy ol > Jy > J,
a>J, 2 bidJ, <Jy < J,

ELT, BRUTO LI ITERHA SN,

a—J,
W, = ‘/———cnk,)\t—é
’ Jz(Jx"'Jz) ( )

a—J,

Wy = ——————sn(k, A\t — ¢ B.5
Y Jy(Jy - Jz) ( ) ( )
W, = T =) dn(k, At — 6)
_ (Jy - Jz)(Jz - a)
A = sgn(J, Jx)\/ 77,7, (B.6)

(o= J)(Je — Jy)
(Jy — L)z — )

(B.7)

ZZT, sgn(x) BEIBOFESEZRIBEBHTHS. £72, sn(k,*),cn(k,*),dn(k,*) Tk €
[0,1] 2B L T5YavOHEETHS.
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2z Zr
z’ 0 77 Y
bad z
N Z
<> "=
8 ™ g
x’ X' x
Xz X

Fig.B.1: Z-X-Z euler angles

CIT, WEDEZE 2RI OIIMEDRVHFEERRE LT, RO PVLDF
M Zp 8% & AERMICEAC E N SRERER S 28D, ZOSHRERRIIT WA
BEROLES*RKHATH72OIIF A 7B HVS (Fig.B.1 28). MHDZg, o', 2" %
bYOMEAEETZFNEN, ¢,0,0 L THE, BIER S ODBEER L X7 5AEEE,
F 4T —ABOBRMTOBESL LTUTOL ) ITKRHATES.

Wy = q%sinBsinzb-!—écosL/z
wy = bsinfcos v — Osiny (B.8)
w, = ¢cosh+1
E 7]::, $§b®ﬁ§§b§L® XB, YB, ZB %l‘_’\o)%?ﬁ L:z:B) LyBa LZB Li’
L,p = 2FEJyw, = Lsinfsiny
Lyp = 2EJywy = Lsinfcosy (B.9)
L,p = 2FEJ,w, = Lcos8
ERY, ThEDAAT—FHADO L ¢ i,

Jyw,

0 = cos_l(\/a) (B.10)
b = tan—l (2 (B.11)
Jywy

b, Bho ik, R (BY) LY, BEMTOETEZ LN,

2 2
Jrws + Jywy
2,2 2,2
Jrws + Jgwy

$=va (B.12)
RO OB, #AFEMNIIE, FigB.2 IR &) ICHHREERTRENS [FT7 ¥V —
OFEME] LA ZERICEE SN TEENIC (AEFHE] KELAZFSEFH LTI L

EH SN, BAKOHLPSBEANDONRY PUVHZOBREOAREEE 2 5.
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L
invariable plane

374

]

}

!

1
Zs3

Poinsot’s ellipsoid

Fig.B.2: Geometrical explanation of the solution of Euler’s equations for asymmetrical
rigid body

FEHDZE

AEBENRRLEL EBHE (L =2EL, 2% V,a=J, DL E)ICE, UTDLS
LB LB L 5.

‘ o — Jz
= _— At —
Wy SATASSA sech ( 0)
Wy = %tanh(z\t —9) (B.13)
w, = _Jama sech(Af ~ 0) (B.14)
‘ Jz(Jx - Jz) '
(B.15)

ZIT, A3R(B6) THROMND. 7z, sech(x) 131/ cosh(x) ThHD. IDHE, t — oo
IZBWT, Bwid[0,£1/v/a,0)T ICIUET 5.
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HRHDBE
MEMEZpET . DE J,=J,ThHb. IOk, BEid
& — Jz
Wy = PG A cos(At - 4)
a—J, .
wy = FACASES sin(At — 9) (B.16)
v, = Jr —
- Jo(Je — J2)
A = Jz;xewz (B.17)
B, TRICINARELI—EDOREZID
w = 4wt wltw?
Je+J,—
¥bh, Zp@OIbE, TRIIHLT—EDA Yy
» w2+ w?
Y = tan F“;:*)
_ 1, [ la— )
= tan " ( —Jx(Jz_a)) (B.19)

DEEZRLRD D, —EDOAREENTRET LI EPVTP5.

I, 508 I, =J, THHDT,
IHRESIND.

0

p

¢

i (B.10), (B.11), (B.12) £ 1, 8,¢,9 73KRD &

Jow

~1¢Y2z%Wz

cos™ ( NG ) (B.20)
M+ 6+ g (B.21)
ve, +C (B.22)
Iz

BL, Ci&, MHECLIYVRESNEHLEMTHS.
INED, BRI Zg BDE LN IZ AR5 —EREETHEL, €0 Zp 8 Zp &
(FTHbbELOAE) DEbY) 2 —EDEE 6 = cos™H(Jw,/Va) ERLLHFO—EAEE

Ja/J, THEL T3 I E 505,

ZIT, AEEENY MLE ZgBEOAIIBEEw L ZgBEOAa D EHIT—
ETHHDT, ZO=ZFZOHEMNEBIIMNHELEAEOT IELEL I LiTh V.,
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space cone
space cone P

body cone

(a) Ix > Iz - (b) Ix < Iz

Fig.B.3: Geometrical explanation of the solution of Euler’s equations for symmetrical
rigid body

Thbh, TNLDOEE, FigB3NL )l Zp 20 CHEEOETER L 9, R k—
FHEBEOETEARY v, N— Rk — FEEOXTEAY |y — 0| £ §5ZHICEE S N-HgE
DRED 2 E & D ICE S HEMBERLTICES > TWHERIRTE S, ‘

H@EENEE

To=Jy=L R =aP ], =a 0B, L= Ly do

EENRS MO ETHS. Z0LH)RREZREXTALIHELLT, 22T,

Wy =
we = 0 (B.23)
Wy = o

THW5.
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ft 8% C FFT (8F7—UIZEH)ICIDOVT

C.1 DFT

WEILERE, B OBREA(C) PHCTHEERTERT 223 TES L, A
fFOBHETHHERBH(f) (o< f<o0) T AVTEERBHTRERTAIEDTES.
(—f&IC H(f) 3L EOBEERTH L. ) SNLOBEBEEITERTL2DIZEH O
A, 7Y IERTHY, RATRKEND.

.Mﬁ=/fh@¥W%t (1)

mo) = [ H(e (€2)

BOORTEZONBIENLL005 LX), TRTEREBEICH L TERINEID
Thb. Lol, 32— ¢—TRET L7V IERLLBEILF VT yrshn
550DTHHOT, BRI E LS. ) LERBERITLTERENS 7)) ZEH,
DFT (Discrete Fourier Transform) T %.

N D —EDEAE

hi = h{t), ty = kA, k=0,1,2,..,.N -1 (C.3)

PHbHETE. BRLERBIIA THS. 20L&, DFTRRXXNTHLDLENS.

N-1

H(fa) = % > et (4
T2 Wy i, |
Wy = 27N
= cos(2x/N) +isin(2w/N) (C.5)

THLDENZAETF LIHINE bDTHS. 72, f, 14,

n (n= N N
NA "=

fn (C.6)

2“”5)
TEHSNLIEEBN L BERTH 5.
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C.2 FFT

FFT(Fast Fourier Transform, &®& 7 — ) %) 13 DFT DEEEK O(N?) % O(NlogaN)
DEEERIBLLTVITY XLTHY, FIREN=100LT5E, 1v4 7 uBTEE
TAHEERL L, CPURBIREIEN TN 2 BB L 30IEBEDEIIRSL. ZTITIE, »
{2hdH5FFT OFEOHNA v 7L A ABFFT % Az,

C3 A4 KY

DFT CREHET— 725, EEOABRLE NBOF—5 0% 7)) v 7 %479 . 20
&, FFICAPESS-TH, BIERILBEYRETF— Y EFRHOEREL 2 5
ZEid, ITHNELV. LdoT, ¥ 7Y Y IFREDIZI LD EBb ) DS F R
THERERLLRY, ZI0BVAERESD /A XABHENE, 22T, Zhi#iTs
TDIERSET T POl A5 I REENTAIEILLY, TOBEBYRETA. ZIT
3, %5574 FIE%RDA, Hanning 7 1 » F7 % H\7:. Hanning 74 ¥ F7ig,
RATEZRINS.

Whann(k) = =(1 — cos(27k/N)) (C.7)

Xo7T, BBFT—% by DDFT TH 5 H(f,) I3,

=

N-1 :
1 .
H(fa) =+ > Whonn (k)hy e (C.8)
k=0

ERENB.
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1 2D A~N7T MNIVSHR

BUNREDH 5 1 KO 3RTMEDERT, z,y,2 DERMTICFFT 217, HERE
DEEETRT AR PVSHERFRSL. 20 HROEE 3 SAOEE ORARKZWALT fi
Y- OBEHETS.

p(fx) —p(fr—1)

fe — fr—1 > M
no
plfes) —P(fe) . _ (k=0,1,..,N—1) (D1)
Jee1—fr

CTEMBEHAERETS.
RIZZD fr DEBE I m%2BS2RMBEEERD. Thbb, (k—1,p(k-1)), (k,p(k)),
(k+1,p(k+1)) %85 2 KE#HE

y = Cok?+ Cik+ Co (D.2)
G = Slk=1)+p(k+1)) - p(k (03)
C1 = plk+1)—plk) — C2(2k +1) (D.4)
Co = p(k) = (Cok+ C1)k (D.5)

*EZ, TOMBOTBEEE AR MVOERFORERET 5.
)

P L D.
2C, (D.6)

2 " N-1 N
= —— " i D.7
Tk N w1 —10) (D.7)

F/, ZOEGNNT—%
ko

P= | (Cak?®+ Cik+ Co)%dk (D.8)

k1

ERBRT. ZIT, ki, ki3 Cok2 +Cik+Co=0DETH 5.
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T #E FRPWOIFRCERUIL

E.1 Bonhoéffer - van der Pol 5V

RHRLTHR) FRERES T2 BERT 5 H720., TT-BOULFH I AFLE LT,
Fig.E.1 IZ7RT £ N4 - F U RERIZOWTE L B, ZONFEREFVOEE NI,
DFoOBEMSHRERNE LTEBT B ENTE S, ¢ id MBEERK. & (> 0) 354
EREET, 28, BEEmIHED-O m=1 £ LTwa,

T+cz+kz=0 (E.1)

ZIZT, e>0DGEE, FEHRIBIZERR & & D ITIREBEEIICEA L. c< 0 DBE. R
RIS HBEHMMIIERT S, /. c=0nL X3, [kzl OBICIAETH2FE-7
BEHE L L, 20k X, RIHEDPEDI L WIEES. —EDEIECIREE £ 5IT 525, HLEL
PECEE. RREOEBEZIT URBLZESHSE L7120, FII—E0EEz R LI
T\, L7222 T, TONFRIBNT, BELRV RLAYERTAHILIITELR Y, L
L. SONR - FURBIRORERY 22 12080 ERERBIEET LI ETRD LD
R L1 EHIREN 2 #2 2§ van der Pol FRERZBHT L TE&%, ZZTldk=1¢L
LTw3,

it+c(@®-1)c+z=0 | (E.2)
% spring
%_/d\u{n\p{r\/_ mass
é — O O .
7 T

Fig.E.1: Mass-dumper-spring system



132 f & E FEREEAHFERLAH) X4

IIT. ZONFERODBENIODOOCTHET S, 3. ROKE 2 # |z] > 1 28705
&, BEEc(@?-1) RELRZ0OT, ZOREIIEEL. KEZIEA~NL@H»H 2L
Whbe —FH. RORE 2z 2 |z] <1 L L BBE, BFEEc (2?2 -1)dBEA), RE 2
BRI S NEHEAN AP, 29 LTHEROFTIE, ROKREIIELUT, ThbH03%
PHEWIIEZE LGV, BEONT VAPRENS L9 RFESRBICERE L. —EDIREIK
BACRENNT S, 29 LIFEEL2REEOFEICLY, z=1 DEERE, HFER
ATRIANVF -G EFRPBRYREN, BREZRBVERSINS, Zhid, #FR
B (BIRED) CRBEELLVWHETH Y., B OREREE ) I v TS 2 VERR,

ZZT, Z® vander Pol FEXZ ) 2+ —VEREFAVWT2EROEL 1 BREWMSH
BRICERT S, 94bb,

fl@)=c(@®-1) , (E.3)

LT,
Flz) = [f(x)dx

= c(%m?’—:c) (E.4)
Ev5E, K (E2)E.
. dF(z) . _
T+ = z+2=0 ) (E.5)
Exn, Eid
i+ F@E)+z=0 . (E.6)
THBHDT,
%{x +F(z)}+z=0 (E.7)
LESIENTES, IZ T cy=2+F(z) LB E. K (E6) 2D
z=cy— F(z)
(z=a -
Thabb, :
t=cly—3z®+1z)
{ i= -l (E.9)

%185, Z® van der Pol HFREFITEHIRS IR TH, EAOBEESIIAELE CHILIKE
PHBFETHIENTELR Y, 72, REEZFZERITHEIFLELZY, L2L, 20K
BREZAILBETAZLT, TERBAEELREL b o722 -0 DBEERIIL-RE
WERTETVERLILNTES, FEH y=0 DEXZEICL T, BERPEERE
2=0DOB/MEL D DRELEEFOL ) ITBIEL MR 7-2K3iZ. Bonhoffer - van der Pol
(BVP) AR L FIENEIREN 22 -0V EFAVD—DTH b,

s 1.3
:? = c(g1; 52°+ 1+ 2) (E.10)
=—s(z—a+by)
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peak
Y

action potential

0 / time

resting
membrane
potential ‘\\\\‘after potential
L |
P \
absolute relative
v refractory refractory
peried period

0 - time
l Impulsive Stimulus

Fig.E.2: Action potential of BVP equation model

ZIT, BEHOMBRERFHERMSTICOVTHNS &, £ ZBEREEN, y 3EEL
BEERL. z INEHEERELBRENS, COBVP FER L =2 -0V OFEESEMD
Btk % Fig.E.2 I 7,

KETFTNIZ YA HOEKRSBEDFEEN B & UF Hodgkin-Huxley FERX & & (/2
TREVERTIEPFMONT VS, £72. 4 RILDEK % F2 Hodgkin-Huxley HEX %
2RIV Fr v a vy LzETLVE LBREN., #DIRE b Hodgkin-Huxley HRER &
EUHICELWEEZ LT ENTESL, 22T, TDOBVP HERXDESE VIOV TIEHRE
T2, Y. RORELATBEEEL SV AFE 2 (< 0) 2T, HEIELT 2 HED
HEANEEICBE L2 T2, 20 E, RIF(Q) SER =0 ~NEATT z PPEDF
FMANREEFHEDD E DT, SER g =0 ICLZFVRESY ¢y 2 EOFANBH X2
Bo (2) REESIZ, SEHE 2 =0 1TFERD, FER g=01CLo T, 2=0I1JHVELH
Ly XEDOHANEBB LET A5, 3) IREAY 2 =0 OBKELBRZ BAT, RE
B3, z PEOHEANEBE R 15D D, (4) T LT, SER ¢ =0 ICBER. SER
=0l L7V =0Iliio Ty ZBOHFMNERE L, BRIV T4 DK
ATHhHERENLEDLE, IORBEVWA 2DV OBRERLWLSETELS L,
En& 73 ENEFN, (1) HCBENLREBMNO LR, (2) FHEMOEY -2, (3)
MAIDE, Q) HETNEHEBRT LD TES, 72, BESAIHLEEMICHEYS L
TwWw3, BVP FRAONBFE LICBIT WL 2hORENEEE Fig.E.3 II77T,

BVP 78RR 2EHOBSFREATEENICI T AREERI T I LIIZV, T
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v l.5p zbsepivke refrachery
N period

acticn

sotential

! ‘ T £ixeq pa-im:
¢ \
\,
dxfdi = O IE N
- dysde = 0

Fig.E.3: Phase plane of BVP equation model: a = 0.7, b=0.8, ¢ = 3.0,z =-0.2

D OFERCHE D O FHRESMR 5 N353, WRETARIBZ2RED ELRY,
MABO R, 51 EAARROED, ERHBELEERR (A4 R) 25 3RIFILLE
%0, FERTREEOUMESNEECRA T 5, 209 b, ARLTIIEIC. 5l ERAAH
RIEAZTBVTEET S,

E.2 5|Z2AAEKE

BERY IV MHA 2 VERKT 2 BRERERICESBINANENZ S L. £FICLE-T
BANDOEREBII B L EPRND, 72, BIRERFA Lz /S S ELGEIIVHE
—AEROILEEYRTIEDND L, INLORPEBRINFROEVIZLIIKREL2D
KHEENS,

o HEEEERTAH LN S Y X L5 EHsaHS IR § 5 5k R
o EHEOHREAPHEES LR TAHALNSHERE

AIEIEANBNEEERORPHROUE., BEEZBERD) I v MA I VOHEEELT
Wb, 72, BIBEDOFEBERDERAABRIIBNTL 20058 H 5, BHHRERIC
BHEDBETISIFELTOY I M A TZUNFEETHOT, TNENDOEERE
DEICTHPRED LI RD, TOLE, TABEESEVHERERILEL 255, 4L
HE—HE L BB D— DI E R B LI ENTE DL, FNFNEUTOL ) ISR,

o EARFRWEFEA
o DEGRK
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2L, SITEEMMELZORBREY K TH2LV)ZETHIMNBETTL —ETS
DIITEEVWIETHLE, TNICETLHIEE LT, KFLTIEHER 71— F)Xy 212
EBMMOY 7 P TR >T05, T/, HNORBOBRICHE, RIEASRD IR
WF—DPREL LD EFEFAPRETOMPRENERT LI EPHLN TV S,

B, FRLTHH BFCuRy M) XAEFEHFICE, ThooBtFH L HERH
WA DERDPE STV 5,
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T 8F BITb424X 718 T3EHEFIV

AETIE, ESIHTMNAONL P /BT LY A7 IIBITAE) ORELETVIZONT
HEMERRD, TIZTIX, =NV 1DODOFKR—-LOBEITEL Y X7 DEHFEXTH, NI
—EDEEX Do T, BENETR-LVEFIBTHILNTESL LTS, DTICEILE
TN EEFDEHHEFRERT,

(A) BEREFV  (BESZL)
(B) EERETFTNV (BEEHD)
(C) MIESHET L (BEHD, By % L)

HTEETIV | [BEE | 1D fEs A
ENESE

A X NG X () : EFRAE o =0 DAL,
B X | O X O
C O X O X

F.1 ZEBURKBICSIIERIS2I7 (EMETFIVA)

AE T, EFHREBIIBIAR-VOBITEY A7 %S, 2ITIE, K-V D:EH
BEEEHEALRZL, R VIIKFELEEE, KELOBEBEILRVWLDLT B, T2, /8
FUVEZHBNE T EORE TR VEAEET I EHNTEL LBEL TS, Fig.F.1
KR ASETNVEEEROEERY TR T

EERECEITIR-IEE
R VEEDOERICHZD, T, K-V ENSFLOREORDS
—ep (Vg — Up) = Vg, — Vp (F.1)
FEIZ, F—VEBORENR DS

—eyuvp, = v ! (F.2)
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|«

time
[ vpg : BED 528 FIVAAAND R~ VEE [mm/sec] ]
Vpy 2 7S F D HBERFAIAND KR — V& [mm/sec]
("/E}E"{* BFATEEEERT (04 Y //))

S RVOBEE (—F)
e,, RV &% NV DREER

R— NV EBDRFERE

i l : ﬂﬁﬁiﬁ?ﬁ’%%i TOERE mm]

Fig.F.1: Notation for the discretization

/b, TIT. K (FL), (F2) %o, IZD0TH L,

1 n+1

n _ _
U = ~€p¥hy + (1 +€p)p
/l)n -—-——.
bu T Ybd

b, Ed b o}, EWEETHI LT, LiT@i‘@Mtﬁ%?%é
Via = ewepthy | — ew(l +€p)Tp
T ewp = €wep, Cp = —ey(l +ep)0p, vy =03, EBE, FLXEMC L

Vp = ewpUn-1+Cp
= eyplCuwptn-2+Cp) + Cp
= efupvn_g + (1 +ewp)Cp
= €2 (ewptn—3+Cp) + (1 +ewp)Cp
= €2, +(1 +ewp tely +..+ep NG
1-—
pC

. .n
= Eyplo T+

(F4)
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X
s 1|1 vr x 7
Vid Vou €
n n+1
Vp
Fig.F.2: Sketch of the wall-bouncing model
n—o0 & LT,
vhg =7g&%
— 1i n 1- ez}pc
= Jim (ewpvo + 7 » »)
1 ..
= 1-eprp (" ewp <1)
ew(l+ep)_
1~ cve, Dp (F.5)
155, £oT, R (F.5) 2K (F.2) icRAL T
14e, _
vgzl_%;% (F.6)
ERD, UErLFR-VOFEER
Vpg = 'vlc;:i) = _e{v_(i:zp) Q_)P ’ (F7)
Upu = Uy = 1——%1—’@

IR L. FIEEE S COEBI KT L2 Eibhd, o ), BENET SR
CHE- VRIS 2 LR TE LA, R LEE s ) Ee LRI E
Co T, File=eg =€, DEE,

Vpd = Vpg = —ll_f-—e’ap (F.8)
Ubu = Vg = =50
/N
Upd + Ubu = Up (Fg)

iR ARSI
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bu

S time

Y pa

v b’f,/ : 1 Cycle

Ty : B—= V8 Fov i b EEN D) BEf [sec]

Ty: R— UHBEDR G 78 NN D ) B [sec]

T: R—NVITEH, BoTLAFTD1HA 7 VDERE [sec]
ATy : T & TyDZ [sec]

| 1 B ED 5B TOMHEE [mm]

Fig.F.3: Nortaion for the ball cycle

1 Y1 7 IVADOERIDOAER

ZIZIT, R—NEFTBL O LBEHEBTALEFTCOIHA 2 NMIZDNWTER 5, Fig.F.3
BT AZNVIIBIAR-VEEOELETF A 7 VAOBRBORRICBITAERERY
AT,

FEBEBEEFHWA E. 151 7 VROBBORROBEIL.

T=T,+T, (F.10)
ATy = [Ty — Ty (F.11)
Il = 0y Ty = —0paTy (F.12)
DEHITERENE, Lo T,
7, = L-lzews ! (F.13)
Upyy l+e 7,
Ty = —rl— = ——-———1 — fu’ :l- (F.14)
Tpa  ew(l+ep)Tp
T = T,+T1,
1—eyep ! 1—epep 1

1+e, p eu(l+ep) i,

(1+ ey)(1 —eyep) 1
%ﬂ+%)pi (F.15)
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ATy = ITu"‘le:Td—Tu
1—eyep 1 1—ewep 1

_ (—ew)(l—euep) T (F.16)
ew(l +ep) Tp

85, EFVN= AT OEHITEL T4 S B, UED LD 2 EMEHE LS
FERE R0 2k b BT ICETABHBERL &, R (F.15) & ). 488 (%)
BH e, e, | PRARTHEZENHHS. $1o, AHER T, bLBETHE. AL
BRAT@ETIIE) IFa—o Vv FENBEETICBVW TR, BEREILZAZE
BARETH B
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Tpu(, ) 2 78 F IV LEEFBEIASD F — VBEE [mm/sec] ]
Dpa(a, p) : BED LXKV FRIAND A — V38 [mm/sec]

Tu(a,p) : B—NDIS RV LB 9 B [sec]

Tyla, p) : = VHEEDP /X FL\[a]% ) B [sec]

T(oyp) : K MATER, RoTL HETH 154 2 b OB [sed
ATy, p) : Ty & TyDZ= [sec]

| BB ED ST TOEEE mm]

Fig.F.4: Wall-bouncing task model with slope

F.2 EMEREEC ST 38T 4 XY (EUEF L B)

EHIIBWTH, EHHREBICBIIEF—VOBITL Y 22 21\, Bifi LA, K-
VOEE R BEREE L AT, 7221, RETIZ/ S U SBEFMICMER (BRHA o) 2°D
D, R—VZZFO@EBHIR-> GEETEIDET B, T/, F—VEKRA L DEERSEE
$5, Fig.F.4lIKY A7 EF N EZEROEEERT, ‘

DL E, HEHEEZRVF - VEEDOEHKIZ

(F.17)

Vpu(t + At) = vpy (t) — (g sina + p' cos a) At
vpd(t + At) = vpg(t) — (gsina — p' cos @) At

E% b, TIT, g ZENMEE [mm/sec?]. o= tan™! Z) ZEMNA [rad]. p FBIEE
FERERTDIDOET 5,
BEBREIRECLOTFICEL 2SS T WA [12], [73]e F72. /S FVDLEERN
WA= VPEEGBAOBEECETAEGERNEIUTDO LS Lk 5,

= Tpy p(o, p' Ty — —12-(g sina + 4’ cos )T, 2 (a, ') (F.18)
2% Ty(o, ) IKDWTHEL &,

Tpuplonp') £ 17,?%,(0(, ') —2(gsina + 4 cos @)l

T N = 1
ulan i) gsina + p' cos a (F.19)
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Td ((X., p’)

Vi (@ 1)

time Vidp (0, 1)

E/BED. FTT LY Gpypla,p’) — (gsina+ p' cosa)T,, >0 THBNDT,

'l_)b’ll' (aa /.L')

Tula, ' - F.20

wlon ) < gsino + p' cosa ( )
XoT,

, Dpu,p(o, pt) — ﬁfu,p(a, u') —2(gsina + p’ cos a)l
T’U(aﬂu ) = . 7 (F.21)
gsimo + ' cos o

Elx b,

FRRIC, B2 O/ S FVABICR -V ESHEOEEICETABENIEBUTOL S I
2%

l = —Bpg (e, )Ty + %(g sina — p' cos )Ty (e, 1) (F.22)
EXE Ty(a, p/) 22 TH#EL &

Tpdwla, p') = \/ﬁfd,w(a, ') +2(gsina — pcosa)l
Tyle, /'l") = : (F.23)
gsino — y' cosa

ER/LP, TI7T7X) Ty(e,pu') >0 THBDT,

Tpawlo, ') + ﬁfdﬂu (o, p') + 2(gsina — y' cos @)l

T, N = F.24
ales ) gsina — p' cosa (F.24)

Y% Be E51T, T(oyy), ATule, i) 1. FHER

T(a,p') = Tuloyu') + Tola,p') (F.25)
AT (o) = |Tula,p') — Tyla, 1)) (F.26)
LDRDOND, 72720, THIZEEERED R — IV EE tpy (o, 1)) B L Bpg(e, ') 259

Brhb, FIT, 20V TINLDEERDLDIZ1H A4 7 VARDOFE—LVOEEER K
DEDODT = —R T TELD, '
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(1) K= A3 FVITERT 2 B
(2) 73 F L HBEREAD R — VL HHED
(3) R— VP RIERT 2 M

(4) BEH S8 FAVFANO R — VD

E, BF7 =R TENFEEZEBTLHER=NVDO/IN NV, BENOELRER]

Zok
BOBERIUTOL) ITRSh 5B,

Vpy p(a ) = "epvl?d,p(av v+ Q1+ ep)Vp

Vhuw( 1) = vpp(en ') — (gsine + p cos o) Ty (o, )
Viw(@ i) = —ewvhy (i)

vp (o h) = vpfales ) — (gsina — ' cos @) Ty(a, p')

22T BTFORE Ry BN, (4)y BEEZRTOOLT 5,

% (F.28) 123k (F.21) 2RAT B &

Vg (0o p') = 'U{;u’p2(a, w') —2(gsina + p’ cosa)l

F72. 3 (F.30) 19 (F.24) 2EAT 5 &

U:j;(a, p) = —\/v;,";'ul, (o, p') +2(gsina — p’ cos @)l

KIZK (F.27). (F31) &Y op,  EHETBE.

Vpu,w (0 1) \/( €pVhy (0 1) + (1 + €5)0y)* — 2(gsinar + ' cos )l

A (F.29), (F.33) XV v, ZHET B &,

vp o) = —ew\ﬂ—epvg‘d’p(a,u’) + (1 4+ €p)p)% — 2(gsina + p' cos @)l

7. B

(F.27)
(F.28)
(F.29)
(F.30)

(F.31)

(F.32)

(F.33)

(F.34)
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2185, BEICK (F.32), (F.39) X0 ofy, RWETDE. KOWLREE2,

v{,‘df;(a, )= \/( ewepUpy (e, ') + ew(l + €5)0p)? +2(1 — € )gsinal ~ 2(1 + €2,)u' cos al

(F.35)
IIT, a=0,4=0LFBE,
vl’zszl (0,0) = —\/(—ewepvgd’p(o, 0) + ew(l + €p)Tp)?
= —(—ewepvg‘d’p((), 0) + ew(1l +ep)0p)
= eweppap(0,0) — ew(l + €5)0p (F.36)

i, K(F3) LEMI—ET B, A

ZIT, V(¥)? DEFIEORTE, ~epepvfy (0 u) +ew(l +ep)Tp < 0 LIET 2 L\
(1+ep)p < epvpy, £%BH, EB >0 LAL <O &ho TFEIEL 5,

£oT\ —ewepvpy (a,p) +ew(l+ep)Tp 20 22D, EXEF5,

gk
J1(vpap) = (— 6w6pvbdp(a #) + ew(l+ €))° (F.37)
faa) =2(1 — €2)gsinad (F.38)
falo, ) = =201 + ew)u cos al (F.39)

DEIIEEICETEE f1(). ENCETAE (). BRICETLE L) 5382
BTE,

ey = —\ AR + fae) + fala i)
= F(vbdp,a u) (F.40)

LET S,
— I,

”Zd,p = F(vbdp,a,,u,) = FQ(Ubdp sa,p')
= e — Fn(Ubd’p7a7IJ' ) (F.41)

F/0. n—= 00 ELT,

Tbdp = Vbap

= lim F*(Y, ,au
N 00 (bd,p7 a#)

= Cleyp) (F.42)

DL ZRRIEFLLZVIRBLBEL I EDNTEL, 2L, ZOBNBERDL L
BREROREFEICL ) T oM L CRADEEZIGRRL §5, T2, A%
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time

BICiE, CDDEREZBCTREBEZRDITZ I LN TE S,
SHITBEX WV HEONER—VEE, K (F42) 2R (F.34) ITRATHZ LT,

Dy (e, ') = —ew\/(—epﬁbd,p(a, 1)+ (1+ep)0p)% — 2(gsina + p/ cosa)l (F.43)
35,

F72, R (F42). (F.43) DEERK (F.21). (F.24) IKRA L. Tulo, i) Tyla, ') E5
12133 (F.25). (F.26) £ 9 T(a,p') ATyylop') 2185,
REBLUVLEETOERLIY, LTI LB5h s,

1. BEF—EOHE. K- LEER T, ko Tk 3,

2. FA 7 VOREAPL 5, ITL o THRE S,

3. " ERELXL-oTCHULNETH bHITAZ LA TENIE, HELEBN LEELT %,
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F.3 EEHKRBICHITBIEITEE2IXT7 (EHUETIVC)
BERIAREE LEZWOT, ZAVF—REBPE D LD,
%mv? + %Icﬁ + mgh = const. (F.44)

ZIT. mE R VDEEE, v 3R VOEEEESY, [IZF-VOBEMEE, vid
MELMEFHAEZHE T LR -VOEERARE KT, 72, g FEAMEE, hiZKR—L
DBEEET, TIT, HROBGL EE ORETHE . KA OBMERES 1L,,1,,L

i,
I, = / / / p(y? + 2%)dV (F.45)
I, = /// p(22 + 2%)dV (F.46)
I, = / / / p(z? 4+ y2)dV (F.47)

ELBH, WERE,S .
I=IL=I=1I, : (F.48)

L -7,

I = (I VI, 4 1) | (F.49)

[ e

= 5/0 prdrridr

= pra
ROEEm T,
m= p// av = %wpa3 (F.50)
BEOT. 8 2,4 4 2
I = —xpa® = -a® %) = Zma? 51
[57Pe” = o (37rpa ) zma (F.51)

Fh, REFALTIZBY ZE L2 WOT

vp+aw=0 (F.52)
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PO LD, ZNHOXEIANF-REOK (F44) KRATE &L

1 1.2
§mv§ + i(gmaQ)wz + mgh

1 1
= §mv§ + gm(aw)2 + mgh

1 1
= Em'ug + gmvg + mgh

7
= —lﬁmvg + mgh = const.

ZIT 1Y A 7 VRO E-VOBIEERD 4007 == XZHFTER 5o
(1) B 7S KV ICEZET 5 B
(2) 7S KL SEBERRAD K- VL
(3) F— VHBEIEZR T LB
(4) BED 58 FVERIANDOR - VD

(1) K= HINFIICERT 35HE
ZITid, FREBO c BAM~ORERICL AEBIIEHRTELINDET D,
ZDEE, E—-NENRFLOREOTENS,

UZLU,P = —epvgd,p + 1+ ep)ﬁp (F.53)

(2) MR SBHANK-LVFED
IALF-REDOK (F53) £ 9,
1 n 7 n
§m(vbu,l))2 = Tdm(vbu,w)2 + mgh (F54)
EX%E o, , KOV TEC L,

5 10
,Ul?u,w = ‘/—7' (v?u,p)g - '7_gh (F55)

(3) K— NP BIEHET B
RV ENFLOREOHE L FRE, REBODEC L 2 ¥BIBETE2b0ET 2
L. oK=L EBEORRORD D,

Vpdw = ~Cw V. (F.56)

ERING,



F.3. #EMIRBIIBITLEBIILY X7 (EEET L C)
(4) B SN RIARNK—ILED
IANF—REDK (F53) &0,

1 +1y2 7 +1y2
-Q-m(vgd’w) + mgh = _l_Om(v:d’p)

ERE o ITOn TR E

5 10
Vpiw = \/ = (Vhl)? + = gh
155,

UEETED5 L,

N _ _, a0 =

Vpup = —€pVhyp + (L4 €p)Tp
n _- S (. 2 _ 10

Vhuw = \/7 (vbu,p) 7 gh
n+l __ N

Ubd,w - ew?’bu,w

nt+l _  /5¢,.n+1y2 4 10
Vbd o = \/ 7 (Vpa)® + T 9h

3 (F.53). (F.55) &b,

5 _ 10
s = 2 ety + (L4 )5~ g

= (F.59). (F.56) & 0.

) _ 10
UZ;:J) = —€y \/?(——epv{}d,p + (1 + ep)Bp)? — —7—gh

K (F.60). (F.58) X1,

5 _ 10
g =~ el eynfyy + (14 el + 2201~ g

(v
(v

5
a = —-?ewep
5 _
b = ?ew(l+ep)vp
¢ = 20—k

EBE . nooco DIREREZ L,

o
Vdp = B Vi

149

(F.57)

(F.58)

(F.59)

(F.60)

(F.61)

(F.62)
(F.63)

(F.64)

(F.65)
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&L,

Upd,p = —\/ (aTpap + b)2 +c (F.66)
F%x Vb p IZDoWTEL E,

—ab+ Vb2 + ¢ — ac

Updp = P (F.67)
2T, —ab> Vi dc—a2c (>0) LIRETAE.
a?b® > b + ¢ — d’c (F.68)
TnLE,
(£38) — (F3B) = a0 —b* —c+a’c (F.69)

= (a®*-1)(B*+¢)

ERBH, ey <l <l & a2——1=(§ewep)2—1<00 T2, O 4> 00
$oT, 20FIFBELD. RODRELFET S, 2% 0.

—ab < Vb +¢c—a%c (F.70)
ERY. Dpap <0 LD,
_ —ab+ Vb + ¢~ a’c

Vbdp =
P a?-1

(F.71)
%?%Z)o VAT AR DR

e = ——gyue
7 P

5
b = ?ew(l-f-ep)z')p
10

c = 7(1—83;)9’1

THb, LT, F—NVOPRIKS T, BEERPEMBIDIEBERLETHL I LIIEFEE
PLRETHD, Thbhb, NEICLI2BEEELEEFH->TH, ZOEXRINT HBELHD
CENIDB, Tl B hA=00LEIZc=0&025DT

—~ab+b  —bla-1) b
a?2-1  (e+1(a—-1) a+1

5
Seu(1
_rew(ltep) 7 (F.72)

Ubd,p

5
1—3eyep

EEEN, BAREME K e, 2 3 R RLRIEE %50
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RIZT =X (2)(4) DFE -V DEEIZDVTHRERD,
(2) /YR SERARANK—LHES
K= VDN E Ty p 252 6N, EOHITHEZED Y LV 555 OEETHRENI,

d?
m:it—:; = -—mgsina+ F (F.73)
I% = oF (F.74)

ERIND, DL E, X (F.73). (F.74) 9 H,

d’x

—am s + I—(% = amgsino (F.75)
b, T2, BOBRVERENSL,
‘fl—”t’ +aw=0 (F.76)
/b, 22T, EBRomlExREES T L,
d’z dw
-C—it—2 -+ ad—t =0 (F.77)
Y, R(F.7) 2R (F.75) CRALTEHET S L.
2 .
%5— = —;g sin @ (F.78)
PROND, WHER HE O, TEELT, EXEBEDPTHLE
d.
H% = ——57-g sin ot + Vpyp (F.79)
2B5H, £, BIEEEF I
poo ldw_ 2
T adt 5 a
_ 2 s
- 5"
= gmg sin o (F.80)

BIEBEEREEZ u L T5 L. BN FROESPD
F < uymgcosa (F.81)
THh, N(F81) K (F.80) *RALTEET S &,

tana < —;—,u (F.82)



152 ft & F B LY RA7IIBITHEUETV

2185,
BLEX Y, tane < Ip 2T i L, K-
9@ Dgsinat+s
- = ~Zgsinat +

DEMEEEER T T BT D 5, 72721, EEOEFHRIIOIEVZELLDT, Z
DFYHVERTE, LXOEUPRY LOERA 3D o ENSLEL LS Z LITFEEN
PETH D, I ZLOEYUET VD THIL TS,
T/, Z0LE, BETLEZETADQILETHRERT, 3.
Tu ﬁlm,éu _"Ebu,p
—zgsino

77761/.17 — Upyw
-_ F 3
5 gsinoa (F-83)

(4) B 5 RAFANK—LHES
R Vpgpy G2 ONALR - VBB O THETESN ) ED 255088 HE L,

2
m————fit:; = -—mgsina+ F (F.84)

d
1£1= oF (F.85)

EREND, 2 DHBELABRLOTEHEMERE T, F—idtana < %u 2o all
FS RPN
dz

:i? = —7gsinat +’Z—)bd’w

DEMELEH LTI L TESIUWNTES, F/o0 KU FLETHETLDIC
BT HEHE Ty 13,

Ubd,p — Ubd,w
—2gsina
T Vpdw — Vbd,p

= - F.
5 gsina (F.86)

TERENDS, ZZT,1HA 7 NVICETLEEET. L), THOBEELX AT LT

T = T,+Ty
7 Opup — Vbuw N T Updw — Ubd,p
5 gsina 5 gsina

7

T 5 Sina(_(l +ep)Bbap — (1 + €w)Vouw + (1 + €5)p) (F.87)
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AT = [T, - 1|
lzﬁbu,p - ﬁbu,w _ Z'Ebd,w - 'Bbd,p

-

5 gsina 5 g¢gsina
7 1 an -
- |59 Sina((l N ep)vbdﬂ’ - (1 - ew)”bu,w + (1 + ep)vp)i (F.83)
AT sgsima (= €p)Brap = (1 = €w)Bouw + (1 + €)5)]
T sgema (— (L + €p)Todp — (L + €w) T + (L + €5)Tp)
= [(1 — ep)Bbap — (1 — €w)Vhuw + (1 + €p)Tp| (F.89)

—(1 + ep)'l—)bd’p g (1 + €w)'l_)bu,w + (1 + ep)'l_)P

::—F\ 'l_)bd,py ﬁbu,w Li\ (ew\ ep\ 'Bp‘ h) @Fﬁ&‘(\‘%éa)‘(\“ ATI Zé) (ew\ ep‘ 77p‘ h) L:
LoTHhEENS, 2FD, AR F—VOBEBIKELZWVI L2505,
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ft %G TEIEDILAA

ARETIE, FE33AHDIHATEALEEBYITHT 5,

@ﬂ: ' h

1L LiERL (ERDO12% U £75) BEREMELS {zn}, v FPERL, &
FRIZ LR sup{a,|n € N} IZ&E L\

"k e NYCU € R)(zp € 2401 < U = lim z, = sup{zaln € N})  (G.1)

2. TUERLG (THRO12% L &55) BREBPDER (2.}, v BIEL, &
BRI TR inf{z,|n € N} IZ&E L.

ke N)CLe R)(z; > 2441 > L= Jim z, = inf{zz|n € N})  (G.2)
N /

(1. OFEER)

Pr.)

X ={zxn € N} # ¢ R ECERTHEDT, EHOREIZLY s=supX € RHHE
K h, $70, s€UTHBDT,

("n € N)(zn < 5) (G.3)
BEY LD —FH. Ye>0ICKL, s—e<s THINDT, s—e¢ UDHFHEL,
(Cno € N)(s — € < ) (G.4)
LB, TOEE, HREMELR (G3), (G4) &b,
(Pro,n € N,"n > ng)(s — € < Zny < 7 < 5) (G-5)

J’j\_tl V) ~
s= lim z, (G.6)

n—0
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DR ENTZ,
(QE.D.)
(2. D)
Pr.)
X={z,ne N} # o ETIWERTHAHNT, BHROAKBILLD s=inf X € RPEE
T5, ¥72. t€ LTHBDT,

("n € N)(t < zn) (G.7)
WY D0 —H. Ye> 0L, t<t4+e THAEDT, t+e¢ LIPFEL.
(Cng € N)(zn, < t+e¢) (G.8)

Libo IOLE, HERAMER (GT), (G8) L 1.

Crg,n € N,"n > ng)(t < 25 < &, < t+¢) (G.9)
PELY,
t= lim z, (G.10)
n—oc
AR ENT,

(QE.D)
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ft 9H BACHT 3 PSD Bl H—0
A

SHARP GP2D12 / GP2Y0A02YK D4Ft%

PSD k¥ —RBHDAFVEILL > THAPENLT 274 P& 44— FO—FET, T
INERCEEY PO RY MIBWTICHAIRTW S, $IZ SHARP GP2D12
BEMTAFLRTWE, ERAMMRBIE T RKEIIHBEL TWLHDOT, SHERICHFR 2 AR Z
PEELZVEPLDFEIFVBFIES, HEO Ry Pzl ETATRY baY
7 A bR PALM 2K v F (CMU). AIBO(SONY) T3 HHENT»5E, GP2D12 ik
HRIC X ) B8 100[mm] 2> 5 800[mm] F TIiH 5 Wkt =AU EOFEBECRE L.
ZOHEEEXTHI U /EEBE LTHENT 5, —7F. GP2Y0A02YK 2 GP2D12 DR HiEE
BAMI L REHNER L VY T, 200[mm] 2> 5 1500[mm) O E KRBT 5 2 L A5H]
BTHbH, NHLDL YT —IRENROEBREDRERIEEE SN2 WAEZFHOKE,
YU ARICEEICBRRTH A RAEFD, I, Kb UH—2EREAT B, &l
RERREBICDEFEPLETH S, X512, THUTHA LSOO OB L
BRBIZENT 2D TIE% . SHARP RO 5 1 I X 7 F v — MIIhid, @EICE
3254 L2574 R3AET Y5 VEIROURIEIZ L) HEFEFH 38.3(ms] £ 9.6[ms] EiZ
HHEN, BIEETHOEROBT T TIZIX, E5ICHKT5.0[ms] DERAFEL TS
(Fig.H.1). 2% 1), &K T529[msec] DEEEENFELLDT, SEYWHEEHRE L
BIBEICEAREMEZ LY —EF 2%, Lol KHIEDHE, VAT AHEICEL 55H
BIRZORADEDII A IV IHEEZ T ZoTWAELZD, INHITEL T, HICHE
by,

FERDE I, Ry — 3R ELEOBE, TobbRENEILDHDOREAIC
5t UIEE ISR LT %o SHARP GP2D12 / GP2Y0AO2YK D7 —% ¥ — F T, *
YH I LEEEEETAUEREHRICLT, oY —OIREHBEITREN TS, L
L. AEMEPREDOEE, FOREIIF—7 v — FNORTAFLRET. B4 -7
PHHENSE, 2IT, FEzRE LT, HEE 100(mm] ~ 500[mm] DEHIZBVTE
BICHHEEZBEL. BREEAOREMBELER L7z, T2 TR, &t —EICHEEE
100[mm]~ 500{mm] i # 50[mm] B T5 @F2@llE L. TOHRABEEZ TITHRN2 Tk
FRAVWCEEO 749574 v 7 2f7hoTwnb, ¥, BV —DOHRIEIPNS VDT,
National Semiconductor #E D E —FEE Quad CMOS # X7 » 7 LMC660 = H\VTH
HEFE* 2BICHIBEL CHE2T% -7, FigH.2 ICZORBRERT,
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383ms £ 96ms

Distance - 7 th f
measuring First measurement | Second measu rementT 2 e :
operation \

= th
vo Unstable output First output X Second output )@i ozt:gut

5.0 ms MAX.

Fig.H.1: Timing chart of GP2D12 / GP2Y0A02YK

GP2D12 / GP2YDAD2YK
vee oG SV
. f o
e
o
Fig.H.2: Sensor circuit
49— 1: GP2D12
BEDOFE R, BEE 21[mm] 2> 5L ITEE v [V] DEHEKIL,
vy = 0.537 + 390.834/z1 + 18462.647 /x> (H.1)
T, I, H‘ijj"_é'é?,ff: w{V] 2 5B ¥ 21 [mm] OEHENIE,
1 = 97.833 + 47.672/v; + 727.370/v,° (H.2)

TERENE, ZOIEHKE% Fig.H.3 II7-7,

7077 A LTI psd Dist2Vol( 1, dist, *vol ) d L < i psd_Vol2Dist( 1, vol, *dist ) &
A-NVFTBHIET, TNSOERENThbNRS, (ZOB. psdenvth 24 ¥ 7 Vv~ F§
BDEENLEVEHITEETHIL,)

UFiesle LT, LY -Xa3-FERT,
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(/* \

* Example of psd_Dist2Vol(), psd_Vol2Dist()
*/

#include "psd_cnvt.h"

int dev_no;

int *rtl_SnrPthread( *void pth_tsk )
{

SNR_TYPE snr_dat;

int Sensor_no;

int ch=0;

double distance;

double voltage;

pci_AdOpen();
pci_AdReset () ;

while(1) {
pthread_wait_np();

pci_AdRead( dev_no, ch, snr_dat );

snsor_no = 1; /* set sensor 1 */

voltage = snr_dat.psd; '

psd_Vol2Dist( sensor_no, voltage, &distance );
snr_dat.psd = distance;

//distance = snr_dat.psd;

//psd_Dist2Vol( sensor_nmo, distance, &volatge );
//snr_dat.psd = voltage;

return 0O;
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FIREIZ LT, o B FRFNUTORICE o TEBRE NS,

Y- 2: GP2D12
BEBE zolmm) 2> L TIEE vo[V) DEHERI.

vy = 0.379 + 425.282 /25 + 19793.538 /5> (H.3)
Ty = 64.704 + 263.561 /vy + 411.019/v92 - (H.4)

TEINS, ZOIEHKET Fig.H.4 IIRT,
7u 7T L ETId psd Dist2Vol( 2, dist, *vol ) H L < I psd_Vol2Dist( 2, vol, *dist ) %
I—=NVTHIET, TNHLDOERPITRbIE,

24— 3: GP2Y0A02YK
BEEE 23fmm] B 5 D BIE vs[V] DEHER I,

v = 0.459 + 919.581/xz3 (H.5)
T, #HiZ, HABEE ’U3[V] 5B x3 [mm] DRI,
73 = —53.073 + 1253.248 /v3 (H.6)

TEENE, ZORSHES FigH.5 IR,
7177 4k Tid psd Dist2Vol( 3, dist, *vol ) & L < 1 psd_Vol2Dist( 3, vol, *dist ) %
I-NTHEIET, INLDOEWPT2bid,

T2 Y- 4: GP2Y0AO02YK
FEBE z4[mm] 2 5 M EE v [V] DE#HER,

vy = 0.236 + 1152.802/z4 (H.7)
T, #IZ, WAERE v[V) O BEEE 24 [mm] OEHERNII,
24 = —13.214 + 1286.884 /v, (H.8)

TSNS, ZOIREHEL FigH.6 IZ7RT,
7077 A LTk psd Dist2Vol( 4, dist, *vol ) & L < i3 psd_Vol2Dist( 4, vol, *dist ) &
A—-VFBHEZET, TNODERPITEbRD,

o, ThD 2fEEOY Y IIBIT A A T Fig.H.7, H.8 IR T,
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