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1.1 BEOiRy b EFRNMBIETORE

Box NEE, BEMNEPGZ oNZGE, SEIERILE2ZBZRBRVPOBEI 21T
5. MEFEEYIVGFEIELURWER EThE, FEFEICHEHRETH LA, ERRITIEZE <
DEEMVNGFIET 5720, EEYZFL - LT, BEEFZRU 808 % 50 U 7%
TR S0, 72, HEME X TORKIKRMTH S 001, HMEZRELZ
N, UL ITEHOHRTHIXZHER LR oBE 2175, REEOBFITKZE DA
HoT GG, MOBR 203ERT 20, TOFEFEKZEVDDOFIZA->TLUE S H
LFORBE EEEZD. DX, BEILIZEBROBEMOMAGE THRY L>TWVW5.

ORY FBBEIZITOGEICHR 1.1IRT &S RO HEM GREORM, =R
EE DR, HOMEOHE, B 7J =V, MEDERK) PBEIZR -
T 5. BEORy MIIHAE, Hikl, 7o—7 MR ERL2 RIBEBVGFEET S
D, BRI BELREMEIFECTH D, BLEBTAENELRS. RigxX T, #
WEBEO-ODHMEMEMET, REEFEELRIBEHRY beEZoNLEHAHR
Ry MU TEMZ YT M2,

1.1.1  RBICEKS L 7= 2h/EHITE

FUTIRARIZEY, VR b OBENTIER 111288172 & 5 RIEARBA A B E L 72
5. ToIT, BRY MRS EEZT I LA, uRy bl 5 FIETH D
FERIEFIER R E L 05, RAMOBRETIE, R4 7REPEE S, BRI
EART, vRy MZERINDEEFETIEO L AVIEEmL 2 5.

RKHOEBREETIE, ahRy hDBEMET S Z & TRAICEBEOEHRDHS 2T e > T
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Map

(11) Mapping
(i11) Estimation of self localization

oooooooooooooo
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(i) Sensing Target position

RN

(v) Tracking trajectory (iv) Planning trajectory

Fig. 1.1 A mobile robot can moves by using multiple techniques as shown in this

figure (i)-(v).

5. B8Ry MPIHIRAERE HEMEHREZFERIIToTWd 5L, MK
SLBEINDEZEB UL 2L, aRy MRBELND R~ %% 2 2T 5.
ORy NEBHBERATEEFTLTWDR LT BL, 2T 2RI EDE TEERIE
FHREUIOBZDFEPBE Lo TL b, F72, REBREIONEMEREE CORBH)
HIZIE, Ry NOBEIZEIF2 L5 FHRIZ, uhRy MBAEBETLIZLEHFZS
N5, HlziE, vy bORE, BEREEOMHA, RKRENEITONDEH, Ry
MIZNSDOHEBIZHWT 2728, KK D EELRBEHBEFENBEL R 5T
5. AFTlE, EEHOKD L2 ODOBREICHEILL ZEEHHEFELZEETS. K
TR SNTWBEERIZ, 3Tz [1]-[3] iz nTns

12HIZIE, ﬁﬁm%ﬁ&bfménf/bf%é%%nﬁ/b ZRE9 2 E/E A
FHETH L. fbreld, AU 20002 BRI L —ffbTE, Zho
DIEEIFRGI LN S . REEREORSIX, 4 v F 4 v TOMKAER L FHZIT
b, MEPEHFIND T L ICBEET I (BRCRE U 72 8ig) R )
ZiGIUTWRWEE) 2OELVWHNZ{TS Z & TE 5. MElIWIHOMMIXE
FEMEDME S, BHEIZ RS BIEZHVIRT 720, fR5RK2HEIZHIET 2 6%
s, —f, 5B TITHBIXEEMELE <, 2EROMKIERZ 728855
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EAENIZR->TL 5. &7z, Ry MIBEITZZ L CHOABEDOHE?S LI A
KRS 5. HEMEHEDRHERE L EBROMENKEED &, fw5l2{T-> THEIK
NN, ZOXDIZ, TDEEDRMIZIGL T, Ry MIEEHRIEOY DX %
TOBENDB. UL, @EYIREEREOYI D EX 2ThbRin, BEIC K-
TIRBINROE T 2HLBNDDH 5. BEREO K E I PBRICBERR L, 5l
PEDIZON, BRI NIZEEFHOEEGAH UM L 22T VT ALBEEN
5. ZO&SiRsEERIEFELEE 2 W TIRRS.

2 OHIZIE, HETRY bDODREMTHENRE) %\ ESE 55212 D\WT
WD, Hlfu ARy MM, FHTOBERIEI GO DY, FEMBEEETIIHEL < 0
B4y 2 HEANFEAET S, RS, AEORPECKE O MM, IR EE Ak
BLRABIZ PR 2 ATREME DS @, F 7z, B U 72 REE S EBUCBEIATRE L XRS5 T, ¥
AL 2 WERTH O MR & D, FHE L 72 RIKE2 A F S I 2 2800WRIEE 2
ond. BT, R BRI THWSNTED, BRY hORBTER~
RHERBIINLTS7-00EE LT, FIHARETHDI EEZXoNDS. 3ETIE, K
B WS B A Hlj Ry ML, BEOM™MC X 2BEIARIREE, RARIC
[E38Ed % 7D DPkEEIE R IRE T 5. £/, BSOS AMED R, Tk
DEEENZDRMNE Z e oEE LD, I T, BiET 52 & THEMBEZRSICH]
#5772 OHEEHIEIFIEZ DO VWTIRET 5.

AETIE, TIRRETOBEORY MBI R 2 RETE 2o, kiZfgio
Ry MBS 2%, REICHET 2R ORY SADEBHAMEICOVWTE LD 5.

1.2 #BEhOaARv MOBENICET %Il

BEHory b 1.1 G) 5 (v) Ok S i 25 B4 2 Fgeid i <
TonTWVWa., ARIZEWTHAT 2 HEMCREE L 725z O W THMT T 5.
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actual space estimated space inside robot
configuration space C estimated configuration space
estimatgd state_estimated

trajectory ||desire

! trajecto
trajectory ; J Yy

current robot’s

behavior based
control

robot’s )
coverage region

sensing region

workspace W estimated workspace (map) M

Fig. 1.2 The schematic of motion control and motion planning of mobile robots

1.2.1  ENEHIE & BB ETE

BB E OB Z KM 1.2 IR LT WA, BUFOFRIE, SCHR [4] % [5] 1IZFEL <
FLE I N T WA, aRy N DAEREZER X C-Spase L FEIXN, H BALEREIL C-
Space LD — TR I NS, (B & ZBAERTH S8, C-Space &2 )22
MeEZDIENTEDLN, ~ATHEELDNS ORREBITHERE AL LHT
&, TN Liefiicdhz5. 2F0, FH L2BET L5 —-DOMkE Ry b %EFZ
7meE (BEWHPWeR2DL E), C-Space i C = SO(2) x R? = SE(2) € R?
ERED. BIRAIZ, BRY bOEEAREEX, VU —Hse(2) eRPTERIND. Z
D C-Space DHBRE xS, W EIZaRY NP EET %L, aRy MIER
INTVE U YDEREZZBL TV I8 LB T E& r,, m, WFET S, WIZ
X, BEVFIROBPEENETHED, AUMETH > THRBIZL > TIE, BEEY
WZED OBy MIFFFET A Z ENTERW. aRy M, C-Space 26 fEEYNIC &
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DB ARy hPEET ERVIREEZ 5\ W 7222 Cppee DATHET E 5. [EEY) I E
2 LI 2R Cee & KL E N,

Ctree = {z €Clm.(z) N O = &} (1.1)

ERIND., TITOREEAZREKRLTWVWS. BARY M OHEFE X D Cfyee
ZBEINTIT DR NIER S0, aR Yy b DS Oy, 28 THIEEHE % 1T 5 720121,
BREW BB E WO EHERBETH D, BREW PRI TRWEEIZIE, W E#fE
TEOBENRD L. WBEOHSDREL & v PERD S5 S N HER ,(z) H S BUE
DHODRE L Z2HET DN, HOMEHETETHLDITHL, £ HiFHRD
SRS NI MM (2) & 2 ZAWT, RERKEHNT 2 FEPSHBMAERFIETH
5. ZOWEINEEZHM M SRS, WA THRWES, BRy bIHX
M ZEHWTHEG %475 DT, M TREMEEZSNSHEEO tuky hHiE
B9 B IREEZ PR 72 22 ]

Ciree = {x € Clm (8) N O = D} (1.2)

DHTHIE Py DEHE 21T 5.

FHEREATHER Y DB EME? S BEMEICBE T I L 2E XL &,
EEHE 21T IIXEBO FIENFAET 5. —D2HIE, YUY ERP OGS NZIER
ms(x) 26 HEEWIE Py 23KD 5 HETH 5. ik, Behavior based FETH D,
oY OMHHIFE £ COBERTE L 27D T EATE RV, — RN BEETE &
WO EDE, BUYNSDEHRERIZORY bEED LS IZHIEIT B0 &\ D FEk
THEMERIE & IF NS, —DHIE, aRy b OELOMMIERE HWTHEE P,
%R BFIET, TE AR TIX Local Reference based Fik & FEL. &4 DX
e HEMECOAMEHWEZFENRLSHWONS., FHEEEDLRVEOD, A
WOWERZ I TH Z7-0, ML T IV T XL TEEEARE TRWIEGEX B EYE
WEETERWEEDFET 5. =DHIX, HX2AKROERZHAWTHEHE P, %
k& % FiE (Global Reference based %) T, BEDNELED & HEME X TORE
HEETH 21T 5. RERREZ KD D Z LD ARETH H M, FHE I A MDIEFIZKE
Wiz, MERGEIRIEEE 2 RO D FEN L TH 6 NS,
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Fig. 1.3 Coordinate-Based Representation Map

1.2.2 RIEMRRITFEE

HEIFE Ry N OBEXCHEOFEICEERERO-DTH L. HMXIE, BRED
BHEMEINTERY NAIZKET 22 WS & 5 X ANTE, HIFO S EEEIERW
FEEHEE - [HEREANNI WD, FFEaZA N - B A ARV, BEIRELE
FHENZIEAFNC 22 5. Wallgrun[6] DM DS FEDE i 2 2HI2T 5 &, FBEERNT
EFEINSHME (Coordinate-based representation) & D7h30 7ZIF TEHRI NHH
(Relational representation) 3% 9, WA ZMAGOETHWONE Z &A%\,
Coordinate-based repr. O A TR HZIT S LETBEENLZ . £ZT, @Ry b

HAEE T & B HiPH %2 % 5 72012, Coordinate-based repr. & Relational repr. &
% [EIRHZAERG S 6 51k, ® L <1, Coordinate-based repr. WDFEEY) & HEE X 1

5 IS & RV C U 72 EIS A A 5 Relational repr. 2 £ 9 2 GIEAHWS NS,

X 1.3 (a) OEREIZEXB LU, 3HBOEERNTERS NLMBMZH1.3 (b) ~
(d) IZRLTWS. H5HxBEROH T, MEERIZD D EEEZAENITSHD
T, M1.3 (b) ~ (d) DEIZ, KT LIZZOMNENEEYTH DMHEREEXRTFIL,
RXARR K 0 EEY 2 RT T, TV RY—DOMNEFBROAZFEDOFIETH
5. BERERT-T, MEEREMOORPBD I TERI N M EZX 1.4 (b) ~
(c) IZRLTWA., AlE/—F2EKL, /— NEZEIEPIT Y V2EKRL TV
5. 1.4 (b) 1 View Graph[7][8] £IFiXH, / — NidRtadh s o YIFHRIZELD
EEENS. —4, B1.4 (¢) iZRoute Graph[9)-[11] & FEIEI, R 7 XE F7R L ER
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(a) (b) (c)
Fig. 1.4 Relational Representation Map

HORtH HAENS /) — Nl 5 FiEkeRLTW5S.

ZOHTH, Elfes[12][13] & Morvac[14] (2 & D #E X #1172 Occupancy Grid Map
(1.3 (b)) izt TH <. Occupancy Grid Map 1%, HAEKTHIX & HIT
I, FBESRNOK RO IVIZE A, BHEE, RAFEEO 3 DDREE K
BlgHZenTeEsd. FZ, MRWLRBNVTHETH Y, Bidd % Kalman Filter &
DOEMEDIER IR, Thrun (2 & 2 3CHA [15] ® [16] IZFELS 2 HHNT WS,

BEEOHE m ZZNETND LI m; e miZAEISh, HLILVHET Y -, EE
Yrgis, RAEKTDH 50 % HAEMER L IPSEMETRET 5. bm, %, okl
EDOMNTHELIRNEINTEY, m LMK pm) ik

pim) =[] plmi) (1.3)

mi;EM

TEING. KA otoaRYy hOZB p), 2D U HBIl 2, 2T 5L &,
%t TDXIVm; DEEMHEREZ p(m|zos, o) ERT. HEMERZ p(mi| 2o, o)
WERA ZDOEMEHNS &

p(zt|mia Z0:t—1; mO:t)p(mi|zO:t—1a mO:t) (1 4)

m;|Zo:t, Lo:t) =
p( 'L’ 0:ty 0~t) p(Zt|ZO;t—17w0:t)

rTox5. ERICHR p(z) DA v X

Odds(z) = p() (1.5)
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ZEAL, WHENPO, 1MEDGEITHEFTREDOANLES & Mt 5 72O A v X
logOdds(z) Z HHWT, Az2ZKT 5L
logOdds(m;|xo.t, zo0.4) = logOdds(m;|z;, ;)
— logOdds(m;) + logOdds(m;|xo.c—1, Zo0.t—1) (16)
MREoND. TIT, FRIVOHMIHAETERIZ0.5 GRED 2&ET 5 &, logOdds(m;)
F0&7%m%. DD, MWEDMEERNEA Y XTRET S LT, BUEDMH (D)
&, —DORiOM (AU 3HHE) &, BfEO v HEHr ok oNBME (G4 1H
H) 2R TDOATHD I ENAREL 2 5. logOdds(m;|z, ) 121%, KiZl ¢ TOHH
& BETEED AR p(mlz, ) ZRERT DBEDVDH L. — BN > T ERIO
AHEP SN ZEDEEZFET27-DICEEINS.

1.2.3 BoNEHEFE

bRy bOHAMEEHET B72OI121E, BRY FOETN CREHER) otk
BORHZ M ZBEHL, ROREZHIT D L0 OPEBEHRFGETHS. L
U, WREBARENTITEENEETNE /2D, HESI NN L BIEDEBRDIRE L
DA, FKHEPHEDIZONKELLoTWL. £IT, Ry FORVINSHE
SN BHNERE HEBZMAGDOESLZ LT, BWHEHEZBEONDLDTIERW
MEZEZD.

Znd, 47 Kalman Filter[17][18] & Particle Filter[19][20] TH 5. ZTD 22D
TANRE, TN TOFEEPSEHENE WD, I<HVwLend. Ebodky
PIFRCHEC BT 222 ET VL, BEMBEICREZHELL TWA T, MR
MR FRE E X 5. CR[16], [21], [22] 1 FFERICFEL L, TNHIZD2VWTHEeHTH
%. IEMEIZER RS &, Kalman Filter 3#RERREBHERADLGEDAZ S\, P
IWIRBAEADEZ G2, T 7 —EH%ZHWTHIEILL 72 Extended Kalman Filter
(EKF) [18] £ & 5. Z® Kalman Filter & Particle Filter DK & 7Z23& M &, Kalman
Filter 1343 & AT HE VWS NT A =X ZFHH L TV DIZX L T, Particle
Filter (3R T/ =7 1 Z)VDREZFEFH L TV HMTHS. Kalman Filter 13737



B
I
2
il
Ne)

(b)

Fig. 1.5 Sweeping

A= RPN HBIRALFHETE EH 72, aRy NOREBOAZHEET 5551
B2 &, FHEE L U TlE Particle Filter D A EEIIZKEWZ L 2 EKT 5. Z
DEIITNTA—=RZFEH L TV Kalman Filter D & 572 7 1 )L X |X Parametric
Filters, /8T A — & % Kj72 72\ Particle Filter @ & 5 72 7 « )L % |% Nonparametric
Filters & X1 5 [16].

MDA, P ERICNA, BEMECHEESHWeNS. ZD7=dH, H
L EHEE T & M A BRI D e 2 2 D TE AW, 21Dy, Simultaneous
Localization and Mapping (SLAM)[21][22] LS N BRETH 5. FiZ, HOME
HEE DHERIF L & I KD Occupancy Grid Map I&FEE IZFHMED .

1.3 mElERERR

Ry AU 72 2R DS E B VR K TEEIFREIEZE (sweeping) & X
nad (1.5 (a), (b)) . AR LT, @BRoRy b, &2 FEX D, HiEE B
R, BEYIOBELRIEN. YHIOZHDY =L 2P 3D 7Y Y RO~y RDOIKA
ZHEKRTHFEL INICH725. HICEREOMXZ AT 2 Z &%, BEEZEET
52 e xREME UEEIZER (exploration) EFEENS. T o DMEEEZ B VR
< F[REZ KR L T Complete Coverage Problem (CCP) &R,
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ITAETIE, KREMRERE AR Y b ORSIEEORHRMEINEH SN T WS, 2002 £
iRobot 12 Roomba[23] Z¥72 L, TN X TIZE K DiRGIEARY b [24)-[29] 3K AL
DOHFKEINTWVWE, WA, L—HF—-LrIT74VERT VY Ry—2%2HL,
H o EfEE X AER 245 @5 aRy MIFETE2H00, 7)) XLIZHE
UCTiEERIIEFAMINTOARY. JHETIEZRWD, EEOou Ry h2RIRK i
2172121, BREORER N LDERONADPBETH D LIITAZITONG.
folCBET AMEIE, vRy FOEFICET ML, EBRHI EORE T I 21K
WHN A D EDOBEREDREIZBE T ARIE L IZ T B Z &N TE 5. ARTIL, #fE
BT AMEICOAEHT .

B12%HW5 &, TRy bAREPFLREDIIIC L > TEODNIZHEIE 7, (2(t)) D
MEAVPEEEBW EFLWEE, REIVWKRTLEZEERXS72D

W =Jm (=) (17)

L7525 A IRIEE T A s TR & 722 5. fEICET 20128 TlE, WS T 2/
202 HEBLTED, —HRIITIHEIELPR VBRI T LT XL EIE, 0
THNEWT NIV AL%EED. —FH, M1.2TaRy MAEREEZE S S . (x(t))
ZHEDDDOTIFRL, BB 72888 7, (2(2)) 2RO DIEXEDL G, B
SIEINMANGE

W = m(x(t) (1.8)

LB E, FEEPRET LRI L Z2EKRT 5.

1.3.1 BEDFEBIICEET DR

g MEROFHE T, BEGIEI T RIS 205818, #MZ2MALRWTE, &
A O NI 2 AW TEIE TS 5 Tk, M2 ER L RB SEES S RO »N 5.
BREE DM 2 A U WTRIE, WElERICEWTRIIORE T 2HETE], 7
VT ZLF G158 T 2 REEL 2R, Lo L, BfEGRIENCBE S 2 3R IZIER 12D
7L, RERMICHHDBREDORIIMNEL 0D LdREEI Wb, MME &S
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CEIET IR ORIRE A Y M, KEEECREEREE, BRI EEARE LT
BfEd 5. Palacin & [30] 1XRBRE R Y S OEEMT 2175 WA TS AT L%ERL,
Palleja & [31] IZZ DY AT LE2HWS Z 2T, HIROMRE Ry b OBIEZ ML,
REIRDETIVALZITH 7=,

71 7 A L AT W B SIENE & AR VE & RN ISR 72T RO Z L 2 F\, ALAHHE
BUEZAHT2Z L TRIMEEIZORITBDMESHS. FRFS [32) kv Ry hojE
12 Arnold ARERZHLD AN S Z &C, Fallahi 5 [33] 13O Ry E T
U7z s EER 4T 5 72O DFIEERE U7z, AR S [34)[35] 1%, FEAEIEA T IdhE
RN KHEEZTDOTEE, HONUOIRD O NZAEZ 7B P EI/EZ
T, HSANOREIVARETH S Z L 2R U7z, HRERNOH 2 WimE KERR) %
oL, Ry b2EEs 28 EOMEZBS & UTREL, 20850 (Y
T 77 7R W) AR 2 mElose et & UTEHE L 2.

ARy MIEBOMNE 5 2, 52 6 N7z % I G RS & Gl g 2 I
U, Mz L, S8l N2 IR RO EZ1T S FENS RE
INTWVWDE. ARTI, fElEnzi#gz 2V EIER. 2P aRy hOKRES &
DENSBEARAMETHH L E, Ry MIITARTORILVEZKSMEL LS. 0D
RIEIZEA L T, Zelinsky 51, PUADEIVIZX U T Distance Transform %% {4 > 72
BTN TV XLERELTWS [36]. Oh 5%, NAFKOLL TR ZAFKOEIL
EHWSZ & T, MR WK Z A KT 5 Z & 2 RE LU [37]. Gabriely 513, b
Ry bOYA X% DLz ZI, 2D V1 XDV ThrslEEZ2E L, LD
D 7% A SRR 75 BE % 3% € 9”5 Spanning Tree Covering (STC) 7L 3V X A [38]
ERELTWS. oy MIZOREWREEZIN > TBEITSZ LT, L EIUL
LB ECRERT S ENTES.

RiZerhaRy PEDEREL, BREOIRIZEDETREIINDGEEE X
5. BANMNEETHLEE, ARy NIV NE ~EEHESTRIITHII LN TE
5. T35, LIVNORRGIREEE & 2V OBEREHE IO TS Z e TES,
Choset I&, Y7V 7 ClrEl A a[8E7 )V IZ 43 #E]$ 5, Boustrophedon Celleular
Decomposition % 2% U 7z [88].
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X & IRE DR Z MBI W TRHAINZZEDTH 5720, B LMK OMIZIE
MANELTULES. BRy MR REEE#RE2 A L2 RETHE 2752
<, BRIBEHIM & OFREEBA L 2B, FHELZ#GE» S EAE 2RV 5 h
%, ZORMEIZH LT, BRIZHRME I U TR 28 TG T % ik iR
FZLTW5[39]. HESIE, BAOHBIZHLTA T F4 v CRIEZFIE L, KA
PEEMICEER L G812 A VT4 THENET 2 FEE2RE LK [40). ZOFIET
i, A7 T4 VR, BV OBIIMREARECTREZBE VRS T LS, Blillkz
BLEL, TINS5 U THKE—IVAY VHEZEHT S I TRIEEZMAD. %
BB REEEYNER U 7256020, FREMWNICALE L TW 282 IR L,
K — VAT VEZEEZRETI LT, RIKEDEBIEZ1TD.

WHzTRY MZEAD WSO, HRTOBRBEOMEZZEL, JEHIZaA MR
5. £z, NDPEFRTLIREIZTRIIZIT 556, 1 AR EDREESINT
WRWREP NEOBEEEYVEIET 5720, 525607 K& BEOMEIXKR
ELERREZNE LN, DD, BRy MK Z LKL R SiRE 21T 5 R
MEZBZEZMEELE VWS DEITONTE . VIV IEHEDRE L, o —XR—2
WZ&B MR YAy TOERKERIRIIIT S Fik%E, Acar & [41] X Wong & [42]
PRELTWVWS. 200EWE, MRAYAINLTY TDOTFT Y RI—T7DEWNIIH Y,
Acar © DFETI, Morse B DRGSR A (critical points) %, Wong & DFIETIE
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REL 7z [43].

BRRIZB T 5 I b A4 7% FiEIE Yamauchi[44] 232Z U 7z Frontier-based F{ETH
5. ZOFRIE, HiX L CRERIZR M & KRR S DB % Frontier IFY, TRy
k25 BB Frontier Z Hf§ U TBE 2175 FIETH S, fIZH, RAFEHOK
I zfEmE (T hpd—) LUTERL, TV b —OKRERAMEZHELE
59 5 FEEEEIT 5N 5. Wattanavekin 5 [45] 1, S BRE L 72 FiL [40) 2K
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H1E &S 13
DA > TREIT A2 REL TWA., HROMWIEL LT, Ry b2 oKEbE
WEZAMS FiE (CL), by huo =% <L Bons Sz FiE 0G),

[GIZIMAA—N=F v TETEELZFiE IGWIN), CLEIG ZflAadbiE7
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1.3.2 FSMEEDRIER

2D Complete Coverage Problem 2B 2 H1521%, ©R v ~ D H OALEHEE D
SEETHDHI L, ahy hOHIEEIIN LU THREIORENFEL RN & BFET
H5. LU, 2r¥—iEZ0R\WRIZEEES, Lty ¥ 27 L TRE
BN LD HOMEHREREDPRELS RS, £, XAVYDOTRY, AXKARE DI
&y, oRy NOBRUZBENTERWVRHEZZ 5NE. EOwEE, Z
NHITHILT 5 Z LI TER.

ZOMEIZNLUT, EHS 471X, ALEHE & 2D W B EHIE T2 2
EKL7-. Zhid, Behavior based Fi% & Local Reference based Fikz flAaGbE7-
HEDTH 5. EHSIE Behavior based FiE% 2 DO HMWTHWT WS, —DHIIH
MERE RN E R IR ST B 720D KHWEIE. —DHITH AN EBEDZOHD F
YRv—2 %Rz HNE UZBEEREIECH L. LrL, KEWZEMEL, HX
DIEWEDIE & A LR WIHE D Local Reference based FiEIZHFE LW, X 512, 5]
DHEDIT DN, BREED KISHESE 3 7256 1213 Local Reference based £ TIE4)
LAEN.

%7z, Stachniss S5 IFEERFIZ TR Y S DOAEICETH AN I PR ERGEEE
U7V TY XLDREEIT>TWS [48]. Ry MIHAALED AfEN X 2
U, BRZMET 20, AN OREZITD D% ERNT 5. Stachniss © DFET
i, BARY R BRI S (—EEG L R HEE# T S) T&T, W
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ARTIE, BARY bOX U YFREPKE R VL T E WG E ToMmE 2 e
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1.3.3 1RE9 2E3IEEFRIEFE

ARy bDXVIFEPBERANBHETERWEGEEIL, AV I U TERS N
LU, RS FIHEAD SIRBIRBIZ T T, RAIEEEZ SOV SRR T 5.
D=8, fRGHRETHENR W R ZFIH U 2B E L, 751000 I mER
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D HONEHERZIIBEFIAEDLE TREL LS. HAMEHERENKEWGEES
I, BHEIL 7R 2 BT I IINETH D, REEEEET 5 Z &9 5 MRk
THd7-0, HAMEDOHE» S LI 2 @O I8 E2lAGHLEL I LRBELLRD.
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M T TWb. 3 DDEIETIfENE, Local Reference based T, Global Reference
based FiEk & HOMEDHEN S LU X 2 ED 5 FiE. 2 D00FM70kIE, Tary b JEIL
DARIFFIISORE ], TRy hOHCMNEDOHENS LX) IZBTHEHDT, 22005
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TUTHF TR %4 1T Local Reference based F-#%E%* 5 Global Reference based Tk~ &
BINT 2EEPY 0 BB ED, RIBET NIV XL RO FIEE TRE L B
5. MHOSERENGEE 51200, vRy bERISKRFFI RS U2 WHER )
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BEABETS-OIZRBEZHNTWS,

REZFOROLYEUTHBETIEHYE LT, ZEYIL, FI/ RV T7I7U0N
EiFon, REOLMNEZ ROMIZEESMNITSEZ LT, KOEFHILIZHNWTY
5. FARROFIAEE LT, XY 74 MY TRERIIREEZB ST, ERICI b
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7= [50][51].
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A, BEIORY SOSEICBITAMETIE, REF Ry MAKIIKITE K b
NI 25 ZBMELUTHEEINTWS., ZOXDBREDHAEEZOR Y MY
DTHEALEZDIE, HHS [56) THBEEXSNE, ThAMBTIICERREZERL -
ARy MITRY b OWFLE [59)[60] 1FMFET 503, TRy bDIRDFEVAANIZE R D5
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HTIRFICAREZHAWT, ZBOMHHEEZIT>TWH EHIRIEINT WS [69] 28, Z
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X, BRY MARKREFREZ ZLODEREKDY AT LIE2Y) VI OFED Ry bR
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VXD BRMENR W EHEGRA T 72,

INSDIFIZBENTSH, RELRICAEST SOEREIE, TRy MAKD1/10
FEELHEELTWS., —HT, Patel 5I3F—X—DRAREDHEEIZZTNIZERE VD
DTNV, REOEEIZLZEMIITIERL, REE»N D ELIEPINF —
R —DER AR E FIFLUTWA D TIEAR WAL REBLTW5 [80]. FEBIZ, Bk
HEFRBHFEL UTHOTWSE A YL —32 X3, AL H 5 FED i
CEEEZALTEY, Z&EFIZMALT 222 T, BHFTHROAMEREIEZ 7> T
W5,

1.4.3 ®BEBORY MCREZBEHLLIGEDOF R

i~ HiL Hiffiz DB TEADI LT, FREEARY MIBWTKE LA DH
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I CHIZEMTET, A4y FEMT I L, MEO >N 20 EDEHERLE
DHEETHY, T/ YV VI T7—bDE5RFVENEZSNS (K1.6 (iv)).

R, T 5 Ol % ORPUTTU T B8k E L THRETRWIZ LIFIHATH 5.
UL, fEx ORBICEE AR 22 Ta Ry MZBERT2Z 21, Y1 XHEY
HEEHIR, E-MEETAITEEE SR 5. RAZEREIZCORY NOBEIENZ2E



B
I
B¢
il

20
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Fig. 2.1 When we assume that a robot can sweep a room without any overlap and
the robot always run at the maximum speed, the swept rate expected to be the
black line (i) which means ideal shortest time motion. The dashed line (ii) shows an
actually shortest motion which includes realistic overlap and decreased velocity at
turnings. However practical motion of the sweeping robot corresponds to red curve
(iii), because overlapped sweep motion increases as time advances. The purpose of
this paper is to realize more efficient motion than the actual motion (iii) which is
shown by the blue line (iv) as a realistically quasi shortest time motion.
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— Palleja’s model — Our model
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Fig. 2.2 Complete Coverage Model
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(1) (ii) (iii) (iv)

Fig. 2.3 The snapshot of the gradually building map.
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LR : Local Reference-based
GR : Global Reference-based

ty of selected
motion control
ty of selected
motion control

Probabili
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0 t 1 Time 0 ty t3 1 Time

(a) (b)

Fig. 2.4 These figures show the examples in which the robot selects either Local
Reference-based motion control or Global Reference-based one.
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Checkl : not exist the uncoveraged area nearby
Check? : errors of self-position estimation is large

finished following found

landmark

motion control

Time
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Fig. 2.5 Complete Coverage Strategy of GBM-based Algorithm
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Fig. 2.6 The system of a sweeping robot for the simulation to confirm the validity
of proposed algorithm
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L
. X
Fig. 2.7 RFID antenna and tag

using in the robot.

Fig. 2.8 Geometric relationship between
robot and RFID tag.
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) Covariance
Estimated

/\x ,f\\ '¢ & \ e Robot

True/ :*\) {\}I - Q
Tag/ ////////Tag//////Waﬂ/

Fig. 2.9 The robot estimates its pose and position using extended Kalman filter

(EKF). The estimated pose and position are updated by odometry information at
each time step, and their error increase as time advances. When the robot reads
new information from a tag, the robot’s estimated pose and position are updated
more accurately. Then, the estimated trajectory of the robot are modified using
fixed-Interval smoothing.
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Fig. 2.10 The algorithm of the sweeping motion control is divided into three sub—
controls. The first one is the local information based control which is shown inside
the dotted line. When the robot collides a wall, it causes a transition to another
state (I). If the uncertainly of the robot’s position is large in the state (I), transition
to the wall following (state III) is caused. This wall following control (second sub—
control) is important to find RFID tags. If the unswept area is not detected in the
neighborhood of the current position when the robot collides the wall (state II), the
control is changed to the global information based control (third sub-control) which
is shown in the solid line box.
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Fig. 2.11 This figure illustrates the conceptual diagram of the sweeping control
strategy. There are three sub-control which are the wall following, the local infor-
mation based control and the global information based control. When the robot
collides the wall, the control may be changed depending on situations. The robot’s
control strategy  gradually changes from local strategy to global strategy as time
advances without any knowledge of the room and obstacles, by using the proposed

sweep motion control in Fig. 6.
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Fig. 2.12 This illustrates a control using local information. The blue boxes indicate
obstacles, and the light blue boxes indicate unswept area. The robot selects a specific
direction of the next motion which has biggest entropy. The robot rotates to the
selected path direction, then move to the direction.

U, HEIZEDIZEBREIER TH 2 MERNPE NI & 2KT. FEOBOK T
WIERfRBIMEETH A Z 2R L TWS.

2.5.3 Global Reference-based Ef{F 1
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(the latter half of sweeping)

Fig. 2.13 These figures represent the sequence of the planning for a sweeping path
using global information. Step 1) divides the map into three parts, obstacle area,
swept area and unswept area. Step 2) decomposes into multiple convex areas. Step
3) recognizes the unswept colonies by a clustering method. Step 4) decides the order
of visiting to the unswept colonies. Step 5) plans the path to move from an unswept
colony to an another unswept colony, and also plans the path of inside the colony.
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Fig. 2.14 The directional-parallel
(the path of the unswept colony U;)
and the contour-parallel (the path of
the unswept colony U;) are known as
typical optimal sweeping path for con-
vex area. The sweep exit point of
an unswept colony is uniquely deter-
mined according to the sweep entry
point by an optimal planning method
in the unswept colony. The efficiency
of the optimal sweeping path depends
on the selection of the entry point.
Therefore, the robot must find the
"efficient entry point” for the unswept
colonies.

ARFNBREL T O 5| B GIE 2 B3 2 A58 46

obstacle

------

Fig. 2.15 This figure illustrates how to select
the entry point. For the first unswept colony,
the entry point is selected as the cross point
P, 1 of the colony boundary and the line from
the robot to the center of the colony. After
finding the exit point of the colony using the
optimal motion planning inside of the colony,
the path to the next unswept colony is selected
as a line of the shortest distance to the next
unswept colony. Repeat this procedure until
The method does not
execute the exact optimization of the selection

final unswept colony.

for the entry point, because the optimization
takes so much time and resultant path by the
proposed method is almost same with the op-
timized one.
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Room (a)
Fig. 2.16 Four rooms with different shapes tested in the simulation. The red circles

represent the RFID tags.

Room (d)

Room (a) Room (b) Room (c)

Fig. 2.17 Red circle in the figures represents the sweeping robot. The dark blue
area shows the estimated wall, and the light blue area shows the unswept area.

These figures show sweeping situation in the middle of sweeping task.
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-------- Optimal method ---—--- Reactive method
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Fig. 2.18 Swept rate for various sweeping control method (simulationl). The solid
line, the dotted line, the dashed line and the two-dot line respectively represents
the swept rate results of the proposed method, the optimal method, the proposed
method without global information and the reactive method.
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Fig. 2.19 Swept rate and standard deviation by proposed and reactive method
(simulation2). The dotted line shows the mean swept rate of the robot using the
reactive method, and the solid line indicates the motion using the proposed method.
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Fig. 2.20 Sweeping robot for the experiment.

Table 2.1 Parameters of the sweeping robot
Diameter 34 [cm]

Translational velocity || 30 [cm/s]
Rotational velocity 90 [deg/s]
Odometry error a;~ay 0.03
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Fig. 2.21 Two different room shapes for the experiment. The red circles represent
the RFID tags.

Proposed method
-------- Reactive method
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Fig. 2.22 Swept rate and standard deviation by proposed and reactive method
(experiments). The dotted line indicates the mean swept rate of the robot using the
reactive method, and the solid line indicates the robot using the proposed method.
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BERLTEH. i£jOLE, HIZBNB =¢ THY, | JB, =0 2k 5.
n=1
DI, XA ZXDAKXITUTFORTEKI NS [96].

P(A) = P(A|B,)P(B,)

(2.23)
Iz FERFEERITTERA ZDRXE IR,
L3DDHRKA B, CE2EZDL. XA ZADERFINA[96] 2 5
P(ANnBNC)=P(ABNC)P(B|C)P(C)
= P(B|ANC)P(A|C)P(C) (2.24)
— P(C|AN B)P(A|B)P(B)

B COMWHiithsedse, LRXD1FHE 2%5HOLAN S

P(B|ANC)P(A|C) = P(A|BNC)P(B) (2.25)
SODMERERAE XY, Z, Y & ZIIMNTHBL L, veX,2cZ28T5. ycY

X, {O,RT} DEZINSD &3 5. R (2.25) 1%, MERZHIZEHHERKIZE D LDODT,

PY =yl X=22Z=2)P(X =2|Z ==2)

(2.26)
=P X=z|Y=y,Z=2)PY
Z DK, 5

FRFKRITN T BN XDRN,

P(X:a:|Z:z):/OOOP(X:x]Y:y,Z:z)P(Y

=)

= y)dy (2.27)
5.
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Fig. 2.23 Probability density function

He s B B
Resk s e BB £ 1, IR 72 X2 B8 5 730 [96].
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fly)dy =1

—0o0

INT A =R\ >0 DR ADOMHEREE L,

e ™ (x> 0)
flz) =

0 (otherwise)

A>0DE ZTOMREEDIEEZX 223 (a) IZRLTWVWS,
a,BEIEDFERE L, TV MEREE 96| ZIRD LD ITEET 5.

BO&

= le P (g
o) (x> 0)

fz) =

0 (otherwise)

272U, (o) dH <@ T
F(a):/ u* e "du
0

NIA=Ra>1DL &, HREEDFIXX223 (b) ODXHI1TH5.

o4

(2.28)

(2.29)

(2.30)

(2.31)
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BEBERIENBEIRSNDEEET I

ETHIDOIT, 3DODHLREH S, R,EZEHRT D, REBERITHREKS X, 1
Ry FANEIRLTW5B 3 DOEERIM {LR,GR, LS} DIED Envrk & 5. HOAL
BT RTHEREZIE L, [0,00] ROMHE LD, f#E5IRERTHEREZHR I,
[0, 1] D DOfE%E & 5.

RIZHE c IZBT 2 INER 72T, Ry MM, BEIET2Z << @ELKITS
LDL L, BfEICk-oTuRYy hOHOMERTIRAEIX, BNT2Zehs, K
HIZE o THRIRIZHINT 26D L35, DED,

e(t) = ka(t —t.) (2.32)

ZZTD, kAFEEOEME, t 3RBIZT Y NY—2%2RHEL, HOMNEBIEZ2
TolzlZle 5. t 38E1E r L OBEBKMEIRR W0, 87 e a1 r (35T
Thb.

AN E =¢, REENPR=r THD L EIZ, TNTNOREIENI N B HER
ZET H. GBM-based 7V TV XALIE, TRy bOHOAEHEEAEDIKZINE
I, BEMIZLS 2 INT 5. LSAERINDMERIE, REVRES KRB
N, KEL KRB, 22T, RATET VLT 5.

PSE=LSIE=c,R=7r)=1— e (2.33)

NIA=RNNE, 0< N\ <1 %727, BENRNVRE, D2ED N =02FA
B, P(S=LSIE=¢e,R=r)=0%70, LSIZTBRINDNZ & %27EKT 3.

Ry b OHEANEREREINNS WS, GBM-based 7V IV XL DIRD S
g, Ta Ry b A EAO KGR & Kfas[flkz R TE 50 OHEIZKD LR
DGR PDVEIREI NS,

RO ROBMEN K S RIFIZI, LI RRBEI KA T 2 gk IE Rk & < A
52 , RN KRELRZIIONT, FAEORFFFIEITHR ISR Z
L, LW 285, LRWERINIHELRZRAD IS ICET VT 5.

P(S=LRIE=¢,R="7)= A e o(r7) (2.34)
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Fig. 2.24 This graph shows the conditional probability distribution ¢(r,7) of
S=LRgivenas & =¢,R =r.

ZZT, o(rr) iZX 224 18T K52 EROBET, #le LT

o(r,r) = max{l, @(r,7)} (2.35)
p(r,7) = (w_mmw+0<y--4@—m)

Ta
DEH>BRADNBETONSE. b>12T 5.
—1, GRPERINBMERIT,

P(SE=GRIE=,R=7)= e (1—p(r,)) (2.36)

LRING.
EXFITARTDE=¢, R=riZBWVT,
P§=LSIE=e,R=r)+P(SE=LRIE=¢,R=T)
+P(S=GRE=c,R=7)=1 230

g7z LTWA.

RE c DIEEBRE

SRRKERIZNT AR ZOAR (R (2.27) ZHWT, aXRy hOfiEHEAEE
WEORWHEREZRD S, 3DDMEREHS, R, EXZS=5,R=r LT, X (2.27)
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CUTIEDB L,
Pw:LﬂR:m:/]Pw:ﬂgzanzmpw:@@ (2.38)
0

PS=5E=c,R=r)ICBETEHETINVIE, LIZKELZ. P(S=LSR=r)%K
DBEDITIE, HEEN DL EDWEPE =¢c), DEVHEREEVBEL RS,
bRy NOHOAEDO RN, HAEDKES R Y EHROIS (R )
LD RELS RS, 61T, BARY PALS Z#EIRUZE LTH, WEE TITIER
MZZEL, ZORMIE—ETIERW. REENPER LRI LEFRVRE, BEE
LS 2@ RS B5720D5M (125 (a) Check2) OERMEIZ LD, HAHEAMAETK
SRMERIIRDEHEEZERBTDHE, HAEEE, a>1,3>08 Ul Y v HERER L
LTETIULTBZ N TES.

E ~ (o, B) (2.39)

2.8.2 ZEiIFSIEBEHIEDOBRETIV

oKy b OB EITESMWHER P(S = LRIR =), P(S = GR|R =r),
PS§=LSIR=r)2RkDBZLTH5. HHRLIBIFS LR, GR, LSHERX
N5HERH S, GBM-based 7V TV XL DIRFIHIEE (2.5 (b)) 2155.
RO, FBIRBPR =r THELEDREBS VLS THAMERERD S,

Pw:LﬂR:ﬂ:/‘Pw:LﬂgzaR:mP@:@da (2.40)
0
BN, NV THERERTHB LR L. Lo,
P(S=LS|R=r) = / PS§=LS|IE=e,R=7r)P(€£=¢)de
0
S - ﬁa L
= 1= e ef) o le e
| ) @)

= s / R R W G 5 (2.41)
I'(a) Jo
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ZZT, p>1, g>00D& &

o r
/ eP~le™de = Lip) (2.42)
0 qv

DT,

ﬁo‘ F(Oé) )\eF(Oé)
Ps=LsR=1) = {5 (50 - )

A
(Ae + B)~

(2.43)

EROLSND.
FRRIZ, FREIEDPR =r THLLEDRESHA LR THLMHEREZ KD S.

P(S=LRR=r) = / P(S=LR|E=2,R=1)P( =¢) de
0

= /000 A€ o(r,7) Fﬁ(;aa_le_ﬁeda
— I/\je(fz) o(r, 7'“)/0 g lemAetBe g
ABY T(a) ,
= 1@ Ot )

Aef® :
oo

(2.44)
MBIV R =r Thd L EDREs DGR TH DML,
P(S§=GRR=r) = / PS§=GR|E=¢,R=7r)P(£=¢) de
0

- /0 T e (1= o(r,#) %

/\EBa . e a—1_—(Xe+P)e
= F(a)(l — o(r, r))/o g Lo Aeth)e g
= —)\EBQ —op(r,r
- (/\e—{'ﬁ)a (1 SO( ) )) (245)

e le=Pe e

LiRs.
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Fig. 2.25 The boundary and the parameters of the figure which represents the
proposed algorithm’s strategy.

2.8.3 BEIHIENICEAT 2ER

R=r, E=cDEXIZ, IRWBRINDMHER PSS =LRIE=c,R=r)I, X
(2.36) Zfl& U Tl s O & EEHE OB FIZ OWTERT 5. M2.25D A~
D, rfizERD5.

P(S=LSR=r)l% KiicksdT—ERDT, X2.250 A,

AP
A=1 oo B (2.46)

ThHhdIehbhrd. —FH, B=1-ATHDY,

A3
B—_ e 2.47
(Ae + B)° (2:47)
TRBHIND.
X 2.25 OmEFRIE, 2 (2.44)
B LA .
P(S§=LRR=r)= —()\e n ﬁ)aw(T, 7)

R OBBTRIL 720 DI 5720 DT, pt) ZRKDB. ¢t) 1, X (2.36)
X (2.1) 2RAT B L,
p(t) = max{1, $(t)} (2.48)
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— Pattern 1 — Pattern2  dushed line t > ¢,
o(r,7) (i) solid line t < t,
‘h&‘ 1
S _\up
1 v /) v =2 1 1
AR A
O'g
ZE
=
e}
o
&

: r (i) (i) Time
Fig. 2.26 The relation between the function ¢(r,7) and the figure which represents
the proposed algorithm’s strategy.

Q) WG HEF T VBET, t <t, DI

ﬂw:b(L— %t@—f%)) (2.49)

a ta

t > t, DI
@@%={gﬁifﬁﬁw—1mqm+1}.
(1= = e+ 7= Dl — el =72

72720, ey = et REIRT 5.
COREX%RRDBANIK2.25 D p IZDWVWTHE RSB, X226, B o(r,7) &
RIS OMRERLTWS. X2.26 DB p(r,7) EIZH#PN TV S 2 KOFR
(fkft e HFi) 1%, faloRy PAREIEC T ONTEET 22X L TW5.
p1 1% GR OFIR S N B HERPBINIED 5 55T, IROMEE AIGFAET R Z LIl 5.

(2.50)

A :=A{(r,r,0)|p(r,7) =1,r €[0,1),7 € (0,r,/ts) } (2.51)

TRy ARG ZFBLTH S, IR ACEET 2 E TORMERCDOREIZR
T.F, M2200 (1) & (i) XEMEBROBEH 2EKL, FEEiRTIRoE
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T (B22, X (21)) Ot=t, 252K LTS, X (21) DD, SR
X ¢ D3¢ < t, DHFIFET, FRELEE 7 1 r,/t, \THT-5. EROBEFTIX, AIH]
ETBHYUENT, t=1t, 2720, t >t, CHBAICEET 5. —F, RO TIE,
t<t, DRI, AWICBEET B, ZOLIIZCITIE2DODNX—UDFEET 5. Bl
N () ERBEME, t=t, DEEFITHp>1EBRBILRDT, b&r, DEFERN

1
b> (2.52)
1—/1e(2—=1,)

THRYE, T (1) & 75540811,

b < Yoy (2.53)

LTE5.
t>t, DEZ H(t)=1&725DIF,

h:%{li %(2—%)} (2.54)

THYH, INPCORI LS.

Ta

c:fi{ht %(2-%)} (if Eq.(2.53)) (2.55)

t<t, D EHLFERIZKDONS.
AL LR RIS N AR D IX, o(t) ODRREOMREZ &5 Z L THRONS.

D= lget)
= 1 {1V =2}
= 1—Vrn2-—ry) (2.56)

ZDEIZ, FEIEIEHMOREERE ZTDNT A =R A~DIIRE S, K& 75
LDET IV, GBM-based 7V TV XL DEENEGIEIDER T 2HER%ZFH\WT, 5l
Mg 2B S HE 52 2R LT
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2.9 /NE

AETE, ol 2EEREFERORELZITo 7. RRNEEORELITIE, 5l
DRV EEEZER D LAV T4 VTOMBMERDPIFE LY. AV T 1V TEK
SN LML, FEIPHH SRREIEEBIZIT T, RLIEFEZSORA S EHKT
5. FD®, FFEIETHERIB VIR Z R U ZZ8ERHEIE, #5190
WEKIZ 2 Z 2%\, £7z, udhy MIBEIT S Z L THAMBEDHEN? S L X 2K
T95. HAfMBEHEDHREEREDOMENPREED &, @5 %2175 THEKRD
BV, ZOEZORMITIEC T, BRy MIEERIEOU DB Z 2175 BELVDH B.
2T, Fil-iEsl B ERIEFE, Gradually Building Map-based (GBM-based)
TNTY XLZREL. GBM-based &\ 5 ZFRIE, BERIZ AR S 5 X % &
2, oRy PDEERIEZ KREYDFEZD I LICTHKT 5.

GBM-based 7V 3 XL 1& 3 DDEEHIHITFIEE 2 DDRMEDILTHKEI NS, 3
DOEMERIENEE N, HHEED A% FIH T % Local Reference-based, Hi 2 A
% FJH 9 % Global Reference-based, HCAIEDHED S LU S % [A £ X+H % Landmark
Search TH 0, B8Ry NEDIZKRIFSIFHEDFES 5700 & THMEDOHE»S L
PINEND ] WD 2 DDRMIT & o> THREMETIEHZ FINT 5. 2 DDSRMEDIKIZIE,
ol O TIRZICHMEREO X E I IZET A FRAA->TWARWIZEEDL 5T, f#5]
BHEE D S FR B 1#E TITH N TR % 1T Local Reference-based 7* & Global Reference-based
NEERT DEEVY O BD L /D, KEET VIV XLDRKERKRA Y P THSD.
MK DTERENE E 21200, vRY EIZRFE ISP LR WHERA K E <
BB, BEORE IIKFET S Z 274 <, #514HHIZIE Local Reference-based
MEIZ, #5885 Tl Global Reference-based W FEITERINE EEZX 65N 5. £
72, HOMEDWHED?S U S IXRFITKIE L 72 \\We 9 % &, Landmark Search (&—%
DEGTERIND EFZAOSND. KREFEDO L DI, WilVED IO, B
HEHDOBRE NS RIENZ(T 5 I L 2REH U THFFS N7V T Y ZLIIFEL
72\,

RETIE, ZOX5WRIITNITY X L%E, fRBRuRy MCEAT 5 Z L 288
U727 030 AL %EELTWA. Local Reference-based, Global Reference-based,
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Landmark Search @ 3 D DEIEHIH, 2 DDFEMZ2FRETHZ LT, o FRy D
TOUTYXLEZHGFLTWS, 2 DDFMESBITIE, TEEFEZERHC TRy b EIDICER
fRelfEIg O b Y =2 EEL D H RS W E S D], TEEEZERHIZ Kalman Filter
DHE OB Z2RTHALSBTFOBRAEAEIHEEI D HERZI VLY S )
EHVWTWS., RKEEET LIV X LDEMMEDHEGRE LT, Behavior-based 7V 3
VALE, RIETVIV AL 2ZNETNZHVTRIITEYIalb—Ya v es
BE{T-o7. 30ROy Ialb—avoiRgREEEULMERN, 4 D0HEBIR
4T T Behavior-based 7V 3V XL LD EIEBPRBNZ L 2R U7z, 72, KEEE
TOTY LTI, REIPESICON, BERENNSKRoTVWDE Z EDHERS
Nz, RSB, BEBEERNAZ LW 2I2ii, AX— b NSRS VX LTH
2o ROFENKEVEASN, BEERNPBONDZIZON, SRR
REINTETWVDRLEZONDS. ILITERTEY I ab—Ya VERKIZ, AR
TNI) XLDFEIEPE N & 2R LT,

7z, RETIEURY bR UHIRE, BERENBATE RWEEORINIZE
TAHEBEBEIZOWTHERL TWA., U dE, BEMEAIZL VB 0%ET
1, RFEFIHEBITIER O RFI SO E UTHEET DI 5. /RO
B9 505t T, ZOMBEICEL THRRoNTWARW. ZORBEICRL T, Kl
IO 2 ZR U 72 R5I 5t FEZREL, SHEEDS WREME L FITRED DR
WHERHERE I ERN W b B Y I alb—Ya itk bR
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HIE AEMRIECTOMERENZRL
SHELIREICHATSIHR

3.1 #&5

H B E T Ry ML, BEOERERWE DD, HFIPMMDENREH#TO

BENIRE 2 Z DM SNT WS, ¥y Tn (BEILUAN O R7-7\) Hifi
MOBE TRy MMIRHE /NS 2 EEYNC & 2 O[EBRIMEPR 3.1 D & > LB E
RREZRBUZ Ba 2 FTREMEAYIER I E . MBS COHEZ HINE LzaRy MZ
BV, BEIARREBIZHS Z L IZB@NTd 5. i &M EIZFAE L R0
DR KE R ESEI N, TRy MIIN S ORI % MR AT RE 28R, BhEH
WrALEEND. UL, BEINZHRMICTELRKENEZ, oRy M TERT
52Z8F Ry bOEERPY A X, AAMNEARSGEZTCARARETHS. AETIX
% < DRV T 57280, EYR T4 LHERTHHAI NS HE., EWM®%
FoRy MIEHTA2IL2E2 5.

ARETIE, RKELFITIDIEDVWTIRET S, 1 8HIE, BREERGFTRERE
MAREZHWTREREEIZ0 Ry PARKIEET 2. 2KHIE, HliROR
BoRy MIREEBERL, BREEEEEZITO M. 3RHEIC, BERICHENEZS
ZEEST B0 DHEGHBE O RY D ANKEFTFETHS.

A, BEm ARy MCREBEEBEL, REZIRS ZTuRy MARIKIIKT - K
V2 %52 DIEPBEAIITONT WS [56]-[80]. 2o DAIETIE, FEL L
THfAD ) > 7 & ZDSEumIZI D (I 722 fHL TWws. L, nmﬂ Vv

FHEVPRSNTE D, VHKTOBEDPHEETH S Z EARKE LTEITS
Nnb.
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H
i

Not TailRobot TailRobot

Fig. 3.1 An advantage of mobile robots with a tail.

I 7T, 2R E UT, WANIMRELZ A LR RREZRETS. AR
FETlX, REDERNPERT 5720, WG TOBEINAGETH S LI, FHED
R ZRIET DI EDARETHS. MEOHRERET S LIE, FEOHE Z2<
I EBH I LT, EOHRZIZIHTEZ L 2EEKT 5. RELHIISNT
HUDNEEREIELZ DB HREE D, FIZIXAAS v F2HTHREDR A
®, N7/ 7R EENT, 725K LWV o/ R A7 IZE MG FREL 72 5.
X5z, HKLY Y2 DREIZHR, aRy PARKIZKERENEE2EZDZ BT
ELLVHRIMERD. ZUIOWTI, FELLIE32HTRRS.

ARREFEZDFEZ A e A, aRy PARIKEREIZ2Y Y Z70aRy b
EEPTBIENTES. 772unNT oy 2 REFEEZHINE TS, 2) 70Ky
M7 zuaRy b [97] L BIEEN, FEHEHIEHO ST THS HEINTED, B
Ry s OZBDOHIHTFIEZ RBERIEFIEICEHA T 6 2 A TE 5. KT, iR
P2 HE Lz 7 7 u Ry b OflHIFEREFIEERIZE T 5T 7Ry h Ol
HFERARFTLCTEEEIZZL > TL B, Berkemeier & Fearing[98] 1£2 Y > 27 D v
vyzuaRy bORIHFEEZRERELTWS, 51X, kU2 B2 L 72
PRR& (Stance Phase) &%l L 72fR#& (Flight Phase) 1240} Ca Yy hu—J %25t
LTW5. Stance Phase Ti%, 2V v ZHOME%, & MmO MEIZEGRZ R
¥, fllssZeT, bRy hRKkE—DDRH FELTEZXS. Ry b
i, RO FD2ODNRI X=X TREING. ZHIZ, HEHEE DA EZELE
TB572D, 74 —RFRN\vZHZEMLUZa2Y ha—F%2HWTWA. Flight Phase
T, EHUNDH D@D N8, TRy b OEE)TAESEEAFINIZL - T
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*hilEhb.

AFETIE, HEH TR Y b Ol EE L T\ 5 k8% Normal Phase, A7z 1)
MEL L T\ 2 RFE% Stumbling Phase, Wil i 27\ T\ 5 {REE% Flight Phase
LEFET B, BEEEI/EZ Stumbling Phase & Flight Phase @ 2 DDIRE&IZ2E| L, %
NENZIRD FOETINE2Y) VI DFEAARY PDETIVEUTREL, #ET
%. Stumbling Phase Tl&, B SDK - K MV 2 2V, HEmOoRy %
R4 5 & 5 RENZENTIE D) 4. Stumbling Phase TH U 72 AR D A £ & £ 5
&% FHWT, 2T < Flight Phase (2B 3 5. D0, fiEZFAMHEALTCERY b
EANGZED (A 5) REIEWE, HEZMAL TLER (HEEL AW R
BIZEBIEZITD.

31 DESBRGHIZEWT R Y MABEZ1T 556, HEEIC IEAZ RO
ZELERINEIZ TR Y PAKRZHEIZ &, WA LR WEECHIET 5 2 e EE L
5. £IT, BRIIFWEHEMBEZSEZHREL, TOEEAMEZHIEET S
OO ETFEZRET S, 3O0ETFTINVEZHAVWCEHBG R OHRY hD AN L, Phase
DY D FZ B RDOBKEEATS.

ARBEOMBIILTOMED TH D, 2H/iTlk, BREIZIAR 2 A7 T HE 7 R R
IZOWTHER S, 3HiTiE, BARY b OBBEEEIZOWTHML, HxHRET S 2
DOREDETINZDOWTIRR S, 4HiTIE, KRGO ERIBEIS ThH 5 BEHFE%
727D AN DHEGHEIZOWTHEARS., 5HTREZ2OHfE> Iab—Yarz
19, —DHEIEETHRRMICEEI L2 A1Z20Ry MI5 A, uRy b2k 6E
THdHIezmRT. ZOHIBRELVAZANKEHEZHAWT, aRy FPHIZFWE
HEEMEZESBIZRET 5 X5 ANZHKEI 2175, TOAZORY MI5X, B
Ry D EEAELEBICRETE S I L 2R
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(MVelocity D

Tail

(®Reaction Force
& Reaction Troque

(2Shape Memorization At

Fig. 3.2 An advantage of mobile robots with a tail.

3.2 AXHEIMEHKEZR LI-RXRRERE
3.2.1 BREMICHREETELZREOHS

Wik1Y v 270RREIE, W7 27Faz—XOMANEEIZEY, FREDOEMNMIIX
BHEDPREEL, aRy PARKIZKT) - KMV 2 UTEEI NS, 22T, B
MR 2 R R R RMA R Z 0 Ry MIERLZ5BE%2%E 2 5. Ry PR
BN ZEET DERNRT AT TIZRE LY VI OREEZED 5730\, BFE
WCRMABDORIREZGEET S L CMA, RERTT7 Z7F a2 —X0MAEEL2 Y0
W29 52T, 3ot ECHEENT S REDELEE RN TV — X &2, K
RBEMGEE AR HimEORES /BN ZREIES. e ARTlE, RED
FEARERTE (Shape Memorization) & WFES.

%, K32 BRADESIZ, REDOELYHZHEE v THEEILTWSE LTS, 7
RBoeE&E%EZm L, REOELISFHEDRITETONY i r, &RT. Z
DEE, HEDEREZREGET 2L, HEELOHZIZEYO LAY, REOEMIIE
HREOE S FHANEETI»@H L. ZoEETE2K 3.2 FRRHTRLTWS. FED
BREFIZ At BT 2L L, ZOMEIZNHEE —CLT 5L, BEN £

fr=muw/At. (3.1)

LRIND. FRHZEMENZ, K- KhvzelLTadry bARRIZEES N, 1
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—— Base of Flexible Tail — Tip of Flexible Tail
yim]

N\

)
>

angle [rad]

S
w
~
w

2 . 6
time [s]
v /

— Shape Memorization

w
= E N\
2 &80 ;
= 4 = '
[ | .9
2 = 40
g 5 A
04 g o
— < .
= -8 3 40 ~ i
& 2 3 4 5 6 B 3. 4 516
S time [s] %0 time [s]

(c) (d)
Fig. 3.3 Position, angle, angular velocity and angular acceleration of flexible tail

simulation

Ry PARKRICEEZE7-06F. K% fr, KMV 2% ng&d5LIRADKLIITH
HInsd.

fr=—f1

ng =1 x fr.

Mk 1Y v OFROELOEHNE, RIGE—XDOMAEEIZHTHD D, kA
FLEDEE, HRth S Bz E OO AEE IR TE— R OMEE L B s,
REDES, BEREDNIA—REZHYIIHET L L, BILE—XOAEE LD K
SRMHEEEBONIEENEMEL, WLE—20AEENFRUGEATE, ZWAHR
%@mk%uﬁﬁi,mw®ﬁ%®mk$m£§ibﬁﬁ%<mé.%%ﬁﬁm%
T BHHE At BN T NE, BRKELNEERICE T 2R THRAET 2 1EME I
MIADFHEZHWTHRITTY 7 F 2T —ROMEEEZ L TIZ LZGAE EITKREL R
5. FMBFREERD L \WD 2 (RMYOIRE) 1%, BxDT o7 FaT—XDHR
BBIZKRELSHET L. DBROERTIE, REDIREITE— RPN 1IRE—RNLRLHB

(3.2)
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LT 7 F 2T —RDANTK > Titam 247D

ZITHARY PARKZEELT, REOHTTY 7FaL—RiZ0<¢<n/2LT
BIERBED AN E 52722 EDOTF 2K 331257, K3.3(b)(c)(d) DEBDELRIE
WTDME, MEE, SMEEE2RLTWS. —F, ROAOEFITZNTN, HE
SeS DAL E L ARTT DM ED S 1V v 7 D e A U MRE, A, &
HEZEXLTWS, ZOR»SRREREOME, AEEEHIZ, RELIETO
TO2FaZ—RIMKEFELTWRWI Ehbhs. 1Y VI OlKREDAE, MA#H
EIBTHRITCOT 7/ F 2T —ROEBEDRMIMFT 5720, FAFEIZHIKRRE
WHARNEHEPKREWEWR S.

¥ 3.3 Tldt =5.3[s] (FDAKRDOIZ]) THREDIIRIRGF 21T 572 & E D7D
WRTE 5. HEEFOFREDOIREEFITMA, WIXOBEHizE RS2 & KERN
HWENFEET S, (K3.3(d) KELAMBEZGD Z LV TENIXHERIIZTRY
NAKRDEE E LI L DA TH L. TDOD, MR IVIHRET
528T, D7 7Fax—ROHEENRFLTH->TH, HULFEIZHARFZR
RBDIESDURY NRIKRANKRELRNT. KINVIE2EZ2ZEDNARETH 5.

3.2.2 WRZREFHERLIRRRREDEEL

B IR A R T 2 RWMAREOHIE LT, Fhx D3RR L T\ 5 Al 2 MR
AT HRMPUEZK 3.4 12RT. ARPLRIEFZI MM (Ni-Ti) A iiEL,
EFAMITE L IFEN 2 MADSFE/EICED (1 5N TWS . IR D S
ZEEAEL D I S TH Y, REDERIFZFITEmRCIETLTWSE. —DDHIKE
i, ENORME & TERMERE RSN TE D, ATZ2RIERREOmIME A E < 72
52 LT, TOWRD 2 DOMUKE D AEIMERFS N, 2 D OMIAE MO TR fib
DOHRIIREINS.

AWM, R 2ok (1)) THEINTWS. ARl ZmIPEERE L,
Y IVIEHR99 L LTHIONTWAHALZFALTWS., Vv IV IRRITHE
NDEN%Z, KRQEPSEEANEYDBEZ B THRET S, "’RNBPKRKLEDIREE
TR IERANTHBIL, SIS DI ZBNCELT 5. BANALEIIRD
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Flexible rod

Fig. 3.4 Our flexible tail equipped with shape memorization mechanism.

Shape Memorization

(b)
Fig. 3.5 Snapshots of Shape Memorization of our tail.

L, RFEMRS N, KPS U IRF 2 RECTEBENEET 5720, BiENIE
FITH s, HULAEEE LT, Kim sk DFEnE, ¥ — MHOEEE
RIS 5 Layer Jamming 2261 508 [100]. MO ZRNERSHE A5 3 R,
F T MR & R BT 5 2 2T, JERC B R o s T A
550, MHEES Z OBETBEL 8B 720, REOHHENKEN?D 20 L4
5. ZD7d, TRTOALEMMENEE — > OHIEEEEL VT E 2T 5,
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DED, TRTOAZEMIERAEH FRHZAOIREED SRS VREEA, 7213105
DVVIREED S BEVVIRBEANZ AL T 5. 3R T D AT 2 WP B R 3 [A] IR L A VIR BB s & R
SMVIRIEAZANT 52 LT, REDRIEREI NS, M 3.5(a) TRIAREZZF
ORAECHEB) S BHE S 72 & SORRTF 2R LT WS, al ZMIIMEBEHE O WM DM\ 15
Hi2l, REEZRTHY, BMERHTS. —F, K3.5(0b) ZARREOBIRE HE
DEF I RFE LR ORET 2R L TW5. BT RTOAZEBIMRREZ S 20
RENSHVIRBIZYI DR D &, THURIIREORRVREEZINT NS Z &P
FENSRTHNS.

3.3 RELFEEmMONY N DOBKEEIF
3.3.1 BtEENEETERE

X 31D &S BGHICEWTRARY b ABkEEZ1T 556, WHEIZIEREROEX
GRBABEBIZERY NARKRZEIZ EWEEL L. £72, BRENEIILZE LT
B, Ry POEBIZK o TIXEMFHZIRET 2L H L. D), Fxld
B13.6 129 &D7%, fLEZEHL-HEGHBEH Ry b OEERHEFIHEZZ R 5.

FRLU 72058, 2V 27 ou Ry hO7zd DBk d 56Tk L LT, Berke-
meier 5 [98] IZ X > TEREINALFENEITONS. Zhid, 2B PN TE
D, BEHIRONT VA, FEROZESEHEIZ 2PN TWS. UL, 4mE
Ay MMIERER R B I nE R, DUAHBABEZSIZEET S Z &2 HIK
&9 5.

ZDE5RMEEEZ 5720, TRy ~OjlgHHEh U T\ 2 4k8% Normal Phase,
Mjm & & M 2 o BN T W B RE& % Flight Phase £ €% 9 5. Normal Phase 7* 5
Flight Phase IZ## 3§22 %2F 2 5L, Bhy MAKIZ EAMROK S 2 HIEE N
WMEEIRS. 5, aRy hORDANEHERTDE — X, RRIEHKRE, #Hino
3DOTHAHIL%2&EET DL, LARORELRMEEZGES-OITIE, REIZLS
REBRRIT) - KMV ZFATHIENRBEANTHS. RELHDOHELEL T2,
FRRFREEZESEETHILT, REBIZKDIRERKD - KMV 2ZEFEOND
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N (a) ==--=- Stumbling PhasD
ms J \\
(@)
Gb
_J
Initial Point

i

Normal Phase

Target Point

t =ty =ty +T;

t=tsm

Fig. 3.6 The schematic of the motion planning problem and two phases which are
divided a jump motion, Stumbling Phase and Flight Phase.

2, REVNBEHORY NOBEZIHITE 02 X5 REEPEIFFE LRV, Z
T, ZAVYDOATEREDEH Z A\, K3.6(a)llmT Ry MARKPELS K5
WIEEEFET S, ZO KSR, AilmO AN U REE Stumbling Phase & 7€
#IT5. ORY FAKRDPD HBRERESHESAZGELRIC, HEZHVWTERY b
ARRDAEZGIELIZESES.

PR OB EEIZ I 3 DOREVELEST 5D T, HREOAL L, 2 001K
BB Z AR THIIEPBETHL. WIRIRFDO XA I VT % L, BIRH
ME»SHEND XA IV TR, EERT D, BIRMRED XA IV T ¢, TIE, D
BRI & BEHRTT RV F —RFAA KT 5. Stumbling Phase 28175 BHRY hD
B &S EB T, BaRy M REREL-KCEHEEOME L fEEE, iinhgz
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Hb e U2 iR D FO#EENZHES. Flight Phase TIXBE ARy MZEIUADATIA
e nd, FREZEDA Ry MRROELOINME G OEE) I, Bl HS 1
MOBEND XA IV Tty DB, BB, TRy b ORENI A EE) BRI
WS, ZOXS MR EFEL, ty,, tj, Flight Phase TO Y bu—F %Gt
U, HEMEX CHIES DML 25,

AFOfiTIE, % Phase DEARY FDETIVIZDOWTHIAT 5.

3.3.2 Normal Phase

Normal Phase im0 U 72 REETH D, —MAREmRE Ry FORED Z
EERIER. By MAEPHEIDHDHANIKRELR N - KMV o 2235 L, &
A Y Hilm & M & O EZ e UTEHE, B XS REEZFI ST, K
FTIX, REDEREAFRHZ, Stumbling Phase 1217356 &5, REZGIHT 5.

Normal Phase R IZBIEZ TS Z & T, HifmOEM A% b & U 7= #1384 EE 9
WWRELRBLEDRDL. noldk, BIRGAFRPCHI & fipf ORI X 2 BEN 2 ITH
X, BREAEHIEZEO T XA VF —HRERIZ XD, RA»okdDoND.

. 1
Jt(92 =

1 1
—mpd® + —my|vg® + 5@@+n@@%, (3.3)

2 2 2
¥, ARy FOKEHEEEERLTWD. m,, 1, J, 1, ®3.6 (a) IZRITED,
RO FORMNAT A& (HE, kTR, BEE-—X2F) TH5.

FFEtEEZ < & E12E, DS UOHEINFRRITE — X DHE 0, (1)
ERAWTEHEZ1TS. WIRBIZED X1 2 V7 hib 54l t,, LIk FE>7-2 &, Normal
Phase f (¢ < tg,) ZBITEREMITCE—KZ AT 7, EXA Y AT 7, 1F

Ton = K (0,(t) — 01) + K (0 (t) — 61)

Ty = K;ljl(xgp o iw)?

(3.4)

TIT, 6,00 RAUTE — X OMEE - EEE, b T O KA R & Rk U T
W5, Tz, @y FHEDEE, K K K RERT A Y 2RLTH0S.
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3.3.3 Stumbling Phase

Stumbling Phase (&, BfgD A EH L TWAHREEZRL, 2V v 7Ry r oo
Ay MZEIT S Stance Phase[98] & U7RFETH S, Stance Phase (FH ARy bDNT
VAR Z 4TS DIZX U, Stumbling Phase TlE N7 v Afil{#l 2174072\, Stumbling
Phase TlX, 1 DEWIEET, @Ry bARKEZMEIT 5.

FRGRIED B A IV T by, AR, ZWRRIIRIMR SN2 T5 L, Hl
KDLV Y IDRBEARTIENTES. I5I1T, BRY MARKE DA ER
FBEMIZRINE, BRy S2ERITETROBEAZHLE ULZIRD FOETVE L
TRETES (K36 (). ZOWRKDOHEWRTTY 7 F a2 —XDMEE (O, &L
THRYT. TXVF—HEZAEY, RO TOAEy & ARE »HOBEBRRNIZLTORX
TRIND.

1 1
gl = Apsinn & orio” — Ay sinp, (8:5)
A, 1
msgls
b= 30

Stumbling Phase HOHR D FOF /T A —& &, RO FEfEFLEZFEET 2 2
&T, uRYy MREROETOFRAES LS. T Stumbling Phase Tl, i
BARSTCE— X OMEEE 01292 K5 ITHIHT 5. £/, RO FOREEF.LZBEH)
TRV, HilROALEDKE S GEE i 2 01292 K5 HIHET S, HEFED
RA IV by, BIRET S &, Stumbling Phase I (¢, <t <t;,) OHRERTE—
RDAH Ty & RA Y A 7, 1%, AFORTREINS.

Ton = K2y (O — 01) — K401
Tw = —K 51",
Kby K l3EBT1 v Th 5.

(3.7)

Kt

p,2)

3.3.4 Flight Phase

Flight Phase THbEBIIRESINIBREZMIF L2 d5L, ARy ME
Wik 2 ) v r7ouRy NeART ZeNTES, FilEky, TRy MIIZEHZRL
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A7 DT, Wik2 Y 7 0ouRy M RROELMIE IXBYEE T 5. Z
D7, TRy FAHIED S NS ERIOBELOME, EESRET S L, HED
EHOMIEIZEET 2 F TORMEZRDLZ N TES. aRy hHAE D S HEN 5
RAI VTRt =1;,(M3.6(II1) & 5. T; X 3.6(111) 25 (IV) % TOBhEERERK
LREHEL, 15,y; 2R 3.6(IT) TOBERY NERELOKF S AHE, SHE ST A
L35, ZOrE, M36(I) 2o (IV) £ TOLEKELDAEIZET 2 HHIE,

Fr — lycosn; = ;T
5 ' . 1, (3.8)
Yr — lssinn; = §;T; — SgT5.

5.

X510z, EBHUADHN IO > TV, BaNZiFlE L TV YA D M E S &
PREINS., ZOFFHZFALT, 2V 70uRy MIZBAZRBETSZ &
MTEL. FlELTCWAYIAERSENIELY O TH L 2 ) v 7 OAERERERIZ
AT IV IMETHEZEBHENTED [97], £ < OLRBADOHIEFIE, RE
INTWVWAS., ZOMEIE, HEHEOSN-RRIORBIZ, 2V Y7 DFET Ry bH
HEOZRAZ CHETELZN L WHOMBICESMI 22N TE, 20X S 2HE
ZIRT ZHMETFIEL UTC, Xin 512X DRESINZFTE[101] LIRS I2 X D IRE
SINFFHE[102][103] BZEIF 5N 5. MFHk L B Back Stepping & H\WT, I~ b
H—J%2FELTWEY, WHEERY POETIVIZKEREVLEDH S, Xin 5l
ANELT2Y Y 7HOANEEL L, RESIE VI EZ AL LUTETIVEZT
TWa., X IFEKTCOBEAZE XA, IS DFE% Flight Phase RO Hilf#1F%
UTIRHT . AEFEAFENORIZ, WA EEsE2 B 235,

Py = (M + Ay cos(0 — )b + (My + Ay cos( — a))d (3.9)

0y AR TR O % ¢, FUEL BRY bARKE OMEAEE 02T 5.
alEM 3.6 (b) TRI LDIZ, BARY PAKDELETDOA 7y MEZRLTWS.
My, My, Ay, Ag W38T 8 T A — R my, my, Jy, I, Iy, [, TREINDHHMTHSD. LT
TIE, PmESENEYOOFE2Y 7Ry b, BES RN B
BN L EFEIE 2 72O DOHHHTFIE (RIS 12 & > TIREI N 72)[102][103] 1i2 DWW TR
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N5, ZORHEEZNHETSZ LT, ahy MIAE & L8 % R B EZ

CEESEDLIENHREE RS, B 2RI 5.

9 My + Ay cos A

Y=90-0r 7 9, Mi—+ AjcosA

Yr = M, + Ay cosw<Z€
EHE, LTFTOLDITREBEH 2B DFRETERT 5.
€y = ¢ —%
Xo 1= ¢_¢r
T3 = ¢

_T)>

76

BB

(3.10)

(3.11)

(3.12)

ZDEE, REBITTY 7Faz—XDANZ MV UEEAEANLS, VAT

LDOWREFERIZIRD LS 12k 5.

T Ji(2) 0
Ty | = T3 + 0 U.
T3 f3(xa, x3) g3(72)

Tﬁﬁb\bﬂéﬁﬁiﬁfl,fg,gg X, UFORXD@EH THS.

fi(za) = —% +D
fs(za, x3) = ;Z[f; sin(za 4+ 1y)
gs(2) = %
P
D= M, — A;)cos (or

My(M; — My) — A3 cos?(wy + 1)
Ki(x2) = My + Ay cos(za + 9y)
Ks(x9) = My + Agcos(zz + 1)
Ks(zy,23) = (2My — M1 — Ky)Kya; — Py

Ko(z9)

(3.13)

(3.14)
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AR & DFREFIE [102][103] T, WILT 7 F 2T —RD AN 7, IFIRD K 512k

HIns.
P — fs(ﬂfz,ifzs)

T = 7a(23) (3.15)
P,
P* = —(kaks + ko) (w2 — Q) — (ko + ka) (23 — Q) + Q (3.16)
) =y —cosTIQ (—m < 4pp <0)
Q= { —pp+cosTtQ (0 <ehyp <) (3.17)
Q= Fo M (3.18)

Ay(&(1, k1) + D) A
Flight Phase I (t;, <t <t;, +T;), RERTE—XDAN 7, ITZOXEHNS.
BRI, BTROD AT 7, BREKRZ LRI 20, Yo eiRET 5.

Tw =0 (3.19)

IR EE RV O TH SRR Ry NI EERY AT ATH D, HIEREIE
VIR B EIZ K D FIREND Z LI HIER L RN S 0. HIEERRIX, )
Rz & o THIE E 13 [97].

M, — A M+ A

N IPO lw(O)STJS_ IPO 1
My, A 13K (3.9) ERIUATA—=XTH5S. FileeH T; 2%, X (3.20) %j7-E
X, W7+ =Ky 2Z7arvba—=J2H0VTHEERY NOREAE HIEZES F CHlE
THILMWTES.

¥(0), (3.20)

3.4 BRMEZZBICFET S1ODANREGTFE

ZOHiTI, FIHEANIED S EHITIEN . A E R EET 520D AN %G
B35 FECDOVTHERS. 7, REOMIRGAEE24T D Rl t,, 2RET S, D
K, oD UOHARURBRTE—XRDO#IED,, (1) (t <t,,) LT¥Ial—
vavaiTd LT, WIRRAFEZROIRD TORMNT A= A, FIHAMEn, #]
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77‘\ |
:2\< Eq. (3.22
/\\i\\\j/
\ .
n
\'/,/ ¥Eq. (3.5)

Fig. 3.7 The graph illustrates Eq. 3.5 (red trajectory) and Eq. 3.23 (green curve).
An intersection between a red line and a green line is a solution of which the robot’s
COM can reaches the target position.

AR 7 2195, KIZ, A, no, 1m0 22X (3.5) ITRATEIET, &RH DA
JE e AEEDERERDD. ZOBRIZED, K37 TO—2DDREBDIEINPIET
5ZLEEKRT 5.

3.6 (a) TOHD FDAREn & AEE n BEZ SN, TRy hDOELDIKF
FE e WMESEOEE 7,05, 13, THENAUTOESIC5Ex 605,

z; = —lgn;sinn; (3.21)

:&j = ls’l?j COS 7]j.

TR 2L, FUEZEo7zuRy M 2RO LHEE L Stumbling Phase & Flight
Phase DY) 0 £ 2 I (X 3.6(111)) D 2RO ENHE 7,9, L FLL< &5, X 3.6(1I)
o (IV) oz T; L5, RIROELOHENE T, g, & BREERH
T; DBEFRIFIRORNTERINS.

T, — lscos(n; +7) = :Z‘]T]

1 (3.22)

gr = lasin(n; +9) = 4;T; — 59T}

PlEZEHa Ry M EEROELDHIENME 2, g, 18Ry b ARKOEDH A
B BB, Y., o ERBRITTAK 0, EREBORIRICK VEIR I NS, REDHRR
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LA, REDOIRITZ AT THIRE AR L TWE720, 7,5, EBBIIRDBEZ &
MTE 5.

X (321) 2R (3.22) TRAL, T)2HEETHILTURORIRONS.

X =1, +l;cosn;
Y =g, — lssinn; (3.23)
127 Ysm n; + 29 Xcosn] sinn; + %gX2 =0,

X,V 3Bk d 5 EATO LD o HIEEZBOEL X TOHEEZ KT, ZOAIXF
WERFDALE IR 22K L TH Y, Stumbling Phase IZE51J 510Ky ~DAE-
fi R R OZEMTHRIES 5 &, 3.7 DFFRD K DT 5. Rk LD 1 JPRET S
&, X (322) &KX (321) »PSHEAMEZ TORME T, FUTOL STk 51D,
Ty + s cosn;
lsnjsinng;
X (35) &R (3.23) BRETHMHEE U, £ $ &, Stumbling Phase & Flight
Phase DY B 2 5L U, BIZIFAET 5. 2 OFERE FRRDIZ D B 50, aRy b4
ROE LDV EENLE I BEATRE R & 72 203, BEIZEA L CTHIEIMTRE & 5 Ak, Bk
PRIELFT D SN, g EC HIRESIIKGF T 5. EB8ICB LU THIETE 2003, %
BRI T; PR (3.20) ZW72 TSI M THENRETH D, ZORZZT LS
AN PR ASY = Qi T ADEAF AN 3 RN AN

Fewse, X (35 & (3.23) DRI L TA (3.20) &G 2L
TWL. T A (3.20) &7z UBEUNZT A ¥ ky, ko, k3[102) D E I N2 & &, K
(3.15) DEBMELEDZOD AN udKE S,

T, = (3.24)

3.5 FEHREEFAWERES>Ia2L—YaY

AHITIE, FRPEZAVCCHEHEBEH DR Y MHPRETRTHE I L, RET
HZANBEATHEOEME 2R T 5720, YIalb—rarzizy. £9, R
B nDY v 22 TEBIL, ﬁ%kUﬁvbﬁwéﬁbfL@ﬁﬁﬁéﬁﬁéﬁ
5. D, MATHRRIIZEREI L AN, ANBEIFRICKOVELZANZZNEN
HE GRS R, TOMEE2RT.
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Fig. 3.8 The model of a mobile robot equipped with a flexible tail approximated
by multiple links for jumping simulation.

3.5.1 XMEEZSUCEMABRHFHOLRY NOEHAER

ZFRE n @DV v 2 CGERIL, EBARAEZERT L. fEX Ry bR
RDNRFTA—=REZKIZITRLTWAS. BRI ELZ z, y TEL, ¢ldukRy bAR
WORBERLTVWS, VI i 3RARBDIiZBHDY) 2 ThHY, VrrikuaRy
MAKRE O AER 0, L ULTERBELTWA., Uy IR MR E RMERE
cEITARTHELME LTWD., —BibElEZ q = (v,y, 0,01, ,0,)T DEIITL D
r, EEAERIE TSIV aikky,

Md+c(q,q) + h(q) + k(q) = F — d(q), (3.25)

M OS], ¢l HRONOE, hIZENE, k, dERREOME, BMEERLT
WA, A F i, RGBS ML 2 7 & RO u, & i - SR Ib B H) -
B fo1, Fo 0 DREREN, BH - 450070 S FLBARTE A~ & Z5HAS B BRI 71 %

J,Jy 2B &

F' = Fioay 7 (3.26)

Fbody = Jl(fgl + Twrw) + J2.fg2
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- Shape Memorization T Shape Memorization' - .g.:j Shape Memorization.
e ' — =S |
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o) S, I £0O w I
o 2. 20
g . S I g 2 [
| [T 8 S oo
g “ >, I — O o0s
< I el S Y
© - S O O o
g | I 5 =
# , L 4 : . g s % ; o
time[s] time[s] time[s]
(a) (b) (c)

Fig. 3.9 (a) The input that we managed to design without the planning method.
(b) The result of the robot body pose. (¢) The result of the vertical component of
the body COM position.

MLVZ ik, RED VY 1, ZHWT, 7= (7,,0,---,00T € R". 1, IZXA YD
PREERLTWD, B EHEMITIZETSETIVIE, Xiong HIZK W RREI N
ETN(104] Z FHNT WS, JRREAFR, REDOETVIZnlOHIKY 296, I
RBOBELEREE L ULRENZL L EOMHEY o N ZEHL TW5.

3.5.2 WURANESZ-&EZOBESNME

ZMAEEZAWTORY MARKRPREEFEZTD N TEE0MRT 5720,
VIial—varvEirS. REBRILTZFa2z—XD AN, REDY DX miEid
FRERRAIZIRE L 726 D& A (3.25) 12525 (K39 (a) . BARY b ORI IZ
M & OFMMIETOREEZ 0L TEEIANESATE Y, M e FEfikL Tz
WEEIZIE XA Y DANIIEI NI TS, AYIal—varyTi, 21y
DMUE 2 5 Z 1 B PIE NN R - KV RETF IV E V.

3.9 (b) & (c) iITuXRY NAKRDOHE LB LOEENEE VT 7%, X3.10 1%
YIalb—Yavizksury bARKREFEOEEEZRL TWS. HLEDIRRE
Pirbiszt = 1.90[s) &0, BRY bARKIEHETHR & & oSz fLe LT,
MO I L8 B2 L TWBE Z AR THNS. Ry MBRERFLZE
£, REMTT 7Faz—&kz2Hrd L, gimrtimE v, arRy hARIKIF
WELTWBZ eWbhrd., EEIZBNTIESEH, ZRFAEZHNTORY Mk
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HTEHZ%ERUT.

Stumbling Phase
time 1.86[s] time 1.88[s] time 1.92[s] time 1.95[s]
time 2[s] time 2.02[s] time 2.03[s] time 2.07[s]
Stumbling Phase Flight Phase

Fig. 3.10 Snapshot of the robot’s jumping simulation.

3.5.3 ERY 2 ANKFEDOBMIEDHEET
AN DB

Ty Ialb—rvavilHWERTA =R ERILILRT. ¥, 75
VEVIIZHOWTYIANLE 1o, yo & BENLEZRS 2., y,, ¢, K 321517, K 3.11
DFAERITE—RXROAMEEZHNT, 1.38 <t < 1.56[s] ¥ TOMTHRETZE21TS
RAIV Tty BB LI L. T =V 7 OFER, WIRGIZEORM t,,,, B
PEDIF ¢;,, BREE TORERR T 1 t,, = 1.511]s], t;, = 1.558[s], Tj = 0.023[s].

YXal—YaviER

VIialb—varvkRDS I 72X 34ITRT. FREN, KEFAAE ¢, T
EAMMEy, B o 2RLTWS., ALY, EOHMIBRIE T E 210300
tom,» BEBEST D RA IV t;, ZRUTED, RROMIRIE, B EZBIZHET S
RA IV Tt + Ty 2R LUTVD., ERIZTNTND T A—RZDOEME, RIE
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Table 3.1 Robot Parameters for the Planning and the Simulation

number of rigid link n 10
robot body mass my, 1.0 [ke]
length from tail base to body’s COM 1, 0.091 [m]
robot’s body inertia Jj, 0.027 [kg - m?|
offset angle alpha 6.43 [deg]
weight of a rigid link m; (i # n) 0.023[m]
tail tip weight m; (i = n) 0.1]kg]
length of a rigid link [ 0.02[m]
viscosity between two links ¢ 0.001
elasticity between two links k 1.15

—_
W

1.38[s]  1.56[s]

—
(=]

(=)

2.5

of tail’s base motor [rad/s]
n o)
(=)

Angular velocity
=

Time [s]

Fig. 3.11 The input used in the planning of Sec. 3.5.3
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Angular velocity 7] [rad/s]

0 5 10 15 20 25
Angle 1 — 1o [deg]
Fig. 3.12 The result of planning is illustrated. The red curve means Eq. 3.5, and
the green curve means Eq. 3.23. An intersection between a red line and a green line
is a solution of which the robot’s COM can reaches the target position.

Table 3.2 Initial Position and Target Point for the Planning
initial position z || 0.30 [m)]

initial position yo || 0.10 [m]
initial attitude ¢y || 0.0 [deg]
initial tail angle 6; || 30 [deg]

target position z, || 0.29 [m)]

target position y, || 0.11 [m]
target attitude ¢, || 0.0 [deg]
target tail angle 6, || 120 [deg]

3.6 /I
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Fig. 3.13 The initial position and attitude of the robot and the target position and
attitude of Simulation 2 are illustrated.
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The timing of Shape Memorization t sm
—— The timing when the robot leaves the ground # ju

The period when the front and rear tires do not
contact with the ground
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Attitude of robot’s body

Fig. 3.14 the result of the horizontal position x, the vertical position y and the
attitude of the robot’s body ¢ in simulation is shown.
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