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Aok Folx Adud =) Alo] AAo| oan xpge] oj@lAl SHEAel tE v|E dE AREste] AlA A
Bj7F Fol s o olar akEFe] AlAl HA S AlEEelY it

AT F A BE 49 Jgrwﬂ s=w Ao Aol )
= 3] )

A el A ma—; BeIE A ATE e g

e Azl 4% A ok, A

H]ot(Jacobian), M= /Lgéfi}, W~ (back-stepping), &}
3yl FA 9 oo|59] %3 = Qoo Ao AlLH 4 9 AEHolE TzM2E 2 2}E,
S, 2 Baxel 4o g2 A9 2w Xy, fARS H“]OE o5 AAXS 45T 5 3

AA el 2= AR AEely A7 848 8 (

Ueh 59 aEd ggEel Arved 4R 58 A5 9

(& 2ol A €]
) oo A= % vE =49

2
T AsAh B ogE Akl st i, Al

A7 o]

Aol of
oﬂ /\1—5]

ee THA BEE = A stelen. AlEHOlE ZEAlxe £9(102)2 FAE AA AH98), = &
]

Zto] & AAl FejRe] HolE Zefd Alztel oef AedE AA dEiEe AlEsoe
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?(labeler) Z2ZA2(110). ¥ THEAEL =774 £o|(logical predicate)df+= &=

ARl dHAA G FES AA HEE AT o =g AdE AEstEE 337}51 T UE xdA
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A= F3F A7 23 AA #AA(finite-time-span world trajectory)® AW Eo] th-ealm 3 #HZ 9 o X
S AAds] 98 Add B = Ao Ao o8| Agojert. aExel A7t WYk e wtE A
el i HNE 7}

7o A%AQ Al Al A AuEe] AAAE EFela md Hmu o] %
A5 Aol tlea AHS wE A%A AA AEE Alole] HolE Yrhir)

A Azbel (oo akge] FE w), = AlEoldol A (A AHe] d=Ha sle d), = Ao A
A(96) RE AlAel s 5= SHE0 o A R o] AEE o] Al WAl o]Este]

#8 9me] FE(root) A B ZAA4)9]) FHoRA 271383000 A el (ss)elTh. ) wk
oNA(Z, Z17be] A%EQl Ak WA, FAS ZRAsE A AA g9 F4e Fastn §@ e
g Q@ o, $4 @A £ 2L HYAE F sht o3 AESn310), AF MYzelA )
& Azt wAA Y T WEzze) Holo] tgal olF WeHsEe] A7t smu Ao 4ALe e

o] FAs} ZZ A X(concretization process)w T-A S ZE2AMA7E AEE AE(AMA dE, =9 Ao
AA) Zpzke] digk AlEwEeld ZEAMA(330)8 EE%th. olF, AEY] e digh AlEweld ZEAA9
=2l d5" AAY Mozt gy ZEAMsd FFEHI(340), ol HolE gk T AlAAE AMEdT
THA 59 (FEEE) Holgel AAoR AE F e A9 AHE A 2AE(AdE B, 14" &
Aoe] TE)S HWtshA] ZETHH(342), olEL x7] M AdHlel dl-&ste WHE X(vertex) EZFH AlZtstod]
2L AAEEA F& Tzl F7FATH(350). HolgE T 499 A A=ZRIEEFC] o] {3 ez
RE HE~E] AA FE A HA ZFod, olF FHES ¥ Tz MR HEAEEA FrhET
TR o, 7t X = wiAE AlA GEfe] vE s AR
Tz e] g el itk HEAE 9 FEw A As destes 2 /A &

Ut o

aF | ol 7l

o], PRMx, RRT, RRTx). o] (1) FEH SR MHI(F, o2 & FEE, ¥ AU, Fa3
qE e 4 2, (2) ATAHRE HHoH(F, olEL, (Do 93] dAlE AAHH, HH o dof=2 & &+
ALEE s rREY AR Blelar, (3) AMbHeR FEHo|tH(F, o5 3 WEAE n HEY2E s e
Zof F713t W 0(log n) AHS HAE i), o)t 548 Ze tE duglFs AHEE F
AR oA, FAE ZRAAE UL T2 48 etk

]y Fard FHAY x7r AA FEE ek, wtb $A4 A8(2%, 2259, A §)& e, Te

SN b COTIO) L

O

—-—

e A7

olojo] 7Rk H)E dhgo] tial (7] A,

» (fS y(x(t(s)),u(t(s))) ds >0 o

S gele] Bl FA sA

o Fitel, FUH AA £AL WHAE, x9) vl B wE AW AF5F A4

(infimm) e} Fdatetd, HIAow HAolvh (e webs jelrt).  (Wiefa oz dspaw, A3k Uy
2, 71EH Fze vststy sl Zot o 3E o (percolate) AR e A o] VES FFI,; [S.
Karaman and E. Frazzoli. Sampling-based algorithms for optimal motion planning. Int. Journal of
Robotics Research, 30(7):846-894, June 2011]0] =7} HH7} AlFH}).

a5Y A 2848 2ESY] Y8, EFAAY nlle HElzo EA stoll A FASE Z2A20] Zb2be] wE
2 42 0(log )Xt} 3™ oF v},

3 gg

Ag Fa Al dF BA A8L AASE F FEt B A} 2AL WAL 54 nge HArsehs
AGE Afske el AN Lol ALHAAE, ot Wit AHst TAE THRE g, vgel 1
B oA =G A)Este], 27] FHAA Adetel FEF A £ T ARFORA oHAY, ot 4
AHow 3 A Aok zde] F&A T AQe] FHALE FMoIA BAL Amehs Aol =7 )
Bol, elzl A2RES A2Y EE A% 20 4TS wEBAY] A% B GAS vedss 7 A =
e W) A% A e
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AzEE 7|Eo wat o= Aol 7V £2XE Al&FeA 2& & vk, ¥E&2 (10.1, 2, 0) FA o=
xdd F dedl, oA7IA A4 HAxXHEE 54 7l d& dAHE v&E ATdtt. odE 59, Al A
EHEE A2 dol7t & F 3, A2 HEXUEE s A AA 9 ¢ i, A3 AEUEE o3H+=
FE9 Ad F drh. HEES AH 833 £4E FFE] vuEed, A7) dE o] Us dEFTT =
7l AEGEY B 52 $H4EAE et dE 59, Hl&o] (25, 4, 001 #AS ¥]&e] (10, 2, DS AA
Htp AsHE Ao® oAAA=H, I olfe A7 9 #7V]e AR FE5 oIE Feolr] wikelnk. H&
o] (12, 0, 0)%1 AL & EFol H dzd Ho] of Mde (YF HAo ANks 3&3stHA) Aol
WS F Qe BE Y A S Eee A4S Mg AAARE AT ¢ A dte], & B, ¢F
TS SRkeor & w) Fukale tialel, oS Thestal wE Sofst 8 59 AaE ATt

APAo R 2 AHaEe] AR S e 22 SHdA 1Hd ¢ vk, o] EAE NP BEFE S 29
AFed e B/ F shdeltr. oAER, €Y FH & s, ¥Y 2gtE(oracle), T HIEAAHEH
(N) Z2A27F FoAXd, TR7F AAZR SAAE 2lsl= Aol #& TAle]th(easy =(P)olynomial time).
TA S Z2A~E 9o AWE Ve "HAAEA" REolth Thed BE Y e a&4oE AWiY
A, 23 B FE Ee )Y FR HE AEse LetEelt. U ZEAAE ol FHE AIESHA
kel gkt

o]F A Zzax(olst AEE)E JHY £2 FEE JYSIA o|RAE 1 AdAS FUHHIIHA A7) ==

O~

F. = 12¢] Hgh =AlE upef o], P@7h Z2A 204 Satg 784le vjgol wel, F-AE Z2 A2~ o) A
AE Tzt A" dAE R HEAEY HA HE AE(152)E dYste Al Z2AA(150).  FHA H]
& AR oy Holol|l tgate Tl Alo] Ao APE 3l Aloj7] ZEA~(170)(ols AR E) A AlFH
ok Ae ZRAEE I HA HE PR &Sk JEW Aol HAle] ke HAS flal Alol7] ZEA]
25 HEUEEET. A7) TeAzrE g Ao Ao A ghndtal AR S Wolsd W dAl
A, A8 ZEA2E §3F 2z AR FERA HA HE FR Al X9 HAA HEYsE dA3to
2§ 2z E AAst B3 AR FEA AFEE AEE mE =EE Qe EE MY | 4]
& 3 2gZE5H AAz

G. Ad zgAlzo o) ATEH= e =W Aol HAE FEstE Alo]7] ZEAL(170).  SkolA o3l
Zol, FEW Ao} AH Az, AA Bd ZZA X840 o ATHE AA E AERI7F FoARAE, A
o] H3le AsEs Adstr] AsA Aol JEHE(AE Eol, 24, 7MEE, 2 Al AW=Ew ofvet A
AAN7Z] ZAdskel 22 B ANE)S Al Aol ZRAAe A B ZEAXA(84)2FEHe
A ZRAA(150)ZFEH WAAE 71gth. MAl 2l T2 wAES 23] dH 2 B (R
2 5)e el #s Hal ARE XSt A Z2AA WA ES Aor]Ed o Ay Fey
Aol AAZo] gk AHE ettt A A=, B Fold = Ao FAd 54E AN= 7] FE,
Ao7] TEA2E 2HE AFdolHEd Bujd 949 Ao Aes(ddd, 23z, 225 44, As 273
T)E A%t AFY & Aoyl fs =W Aol AAE AAEr] 9 A" Y o ues
Xgstt}l: R. Wallace, A. Stentz, C. E. Thorpe, H. Maravec, W. Whittaker, and T. Kanade, "First results

in robot road-following.," in IJCAI, pp. 1089- 1095, 1985. 0. Amidi and C. E. Thorpe, "Integrated
mobile robot control," in Fibers' 91, Boston, MA, pp. 504-523, International Society for Optics and

Photonics, 1991. B. d'Andréa Novel, G. Campion, and G. Bastin, "Control of nonholo- nomic wheeled
mobile robots by state feedback linearization," The International journal of robotics research, vol.
14, no. 6, pp. 543-559, 1995. Y. Kanayama, Y. Kimura, F. Miyazaki, and T. Noguchi, "A stable track-
ing control method for an autonomous mobile robot," in International Conference on Robotics and
Automation, pp. 384-389, IEEE, 1990. Z.-P. Jiang and H. Nijmeijer, "Tracking control of mobile robots:
a case study in backstepping," Automatica, vol. 33, no. 7, pp. 1393- 1399, 1997. A. Ollero and O.
Amidi, "Predictive path tracking of mobile robots. application to the CMU Navlab," 1in 5th
International Conference on Advanced Robotics, vol. 91, pp. 1081-1086, 1991. P. Falcone, M. Tufo, F.
Borrelli, J. Asgari, and H. E. Tseng, "A linear time varying model predictive control approach to the
integrated vehicle dynamics control problem in autonomous systems," in 46th Conference on Decision and
Control, pp. 2980-2985, IEEE, 2007. J. P. Hespanha et al., "Trajectory-tracking and path-following of
under- actuated autonomous vehicles with parametric modeling uncertainty," Transactions on Automatic
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Control, vol. 52, no. 8, pp. 1362-1379, 2007. A. P. Aguiar, J. P. Hespanha, and P. V. Kokotovic
n, "Path-following for nonminimum phase systems removes performance limitations," Automatic Control,
IEEE Transactions on, vol. 50, no. 2, pp. 234-239, 2005.H. K. Khalil and J. Grizzle, Nonlinear
systems, vol. 3. Prentice hall New Jersey, 1996. A. L. Rankin, C. D. Crane III, D. G. Armstrong II, A.
D. Nease, and H. E. Brown, "Autonomous path-planning navigation system for site characterization," in
Aerospace/Defense Sensing and Controls, pp. 176- 186, International Society for Optics and Photonics,
1996. J. Wit, C. D. Crane, and D. Armstrong, "Autonomous ground vehicle path tracking," Journal of
Robotic Systems, vol. 21, no. 8, pp. 439-449, 2004.C. E. Garcia, D. M. Prett, and M. Morari, "Model
predictive control: theory and practice-a survey," Automatica, vol. 25, no. 3, pp. 335-348, 1989. E.
F. Camacho and C. B. Alba, Model predictive control. Springer Science & Business Media, 2013.D.Q.
Mayne, J. B. Rawlings, C. V. Rao, and P. 0. Scokaert, "Con- strained model predictive control:
Stability and optimality," Automatica, vol. 36, no. 6, pp. 789-814, 2000.
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[0109]
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[0111]

[0112]

[0113]

Watel €zt BAG A, AEY, EE 2BA(EE o5 W) TFs], dF Fol ¢4 B Aol A
2 Aolshs Aol B RE FUE TFAES P A AgHh

AR FHAA, LA £ 5GBS A3, AFAO 1AL FA B LA BAG e F
A Aol @ FE Qa, T R 94 Aol B FE U)ol AN AFH A2WB)0] A5 A
4 A (220) D AP AA AH(222) BEE BNFOEM A5 EE220S ANV, B BPAEE
A ALreleks go1F, dF o, oldHolAU nAAHAL F8F & Qi APy A AL O
@ A4 2E F it oS nelstel HA TE(route)d F i Aol Qoo F wE ms EE T
Eg TPFE PAASH e

2
2
X
ey
2

SR ¥ e WMEHES A% kds B faE ASFYH Ao BAoR A% E& FAS)
R3S FEE e 2% & As A F8E0Q28) e B EFE @A =Y AHEE ¢ ok T3
Forgs, A &4 #3859, At B JbeA, BE W% Pt AR eSS Hokske ddl, mE
gEo] AMgE U
HEZE 4o 7z, F2 2 U¥ 4 3 T8 F ot s Ex R A" SdAe] AR
E(230)0] AF ul tixEHolde] ®=AE 4 vk, 1A Aol tidh Bal(232)F FA| REA EE <l
7hE 5l 15 ARE A 9dt S AN, FAA(AE Eof, AlFW= Az A FASR Ed dEE 5 9
k. ol AREAkEr FAEOR, AA, JHE FALAY @A Ve 58 BEUHHSE FE), &4 Y
EA(AE 59, A2 AL ¢k dal] e "3 A" e e "AASE de 4AE), o
o A g2, e 2y 7 T d9e daA e ols T E ol YAk 2§¢E e 4 9t

=2 AgE o, o

adlar &= 160 m=AlE nkep o], AlA Bl ZEAA(84)7F A
EE ol8 7hed A Al B odoly Ax(242) 2FH A E I A EEo] ofst F=(83)9 U

AR 8 Ty 5HS fd, Ao 8 Fel U= T, 29 A7 @A kellA ZHre] Eo] AlLtE
GEo] AAE w AEHQA A £ES FESIE HFS FHAEAK o R 0.2x WA 2z WY 4 At

1. AA 2dy dAE AAdoA A Axe F=(244)
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