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45~60km/h2 <3}

SF2 AR 18000, Hd sALFS 9,0008= FIEE dloy, A=

Nzl o] BFE 2

[a& 2-1] (ZHSKYCAR?2| xl2t1} (R)HAE E=Y

_12_



O POSCO+= PRT A+ % Alzdl 7S 93 #WE] 2 (Vectus Limited, Ltd)AHE A H
- 2005 F=oll BAF A9, 2007 d 5€FE 294 sAehel whE 400m A¥
A=A 2F 3tHE AE 8 &
29ldl A= (SRA, Swedish Rail Agency) 22 5E AojHd kHAFTS I5
- 2 B AlzElRoks HE 20N A&EHom st X230 g AA

Yojdo] 3oz A A & A=T= A i a7 1y T

[28 2-2] VECTUS?| Xl2k} HIAE E3Y

O F=HE7]=dTAKRRI)S 20061376 HAEnFF] A HAG=AEEA 2H
Z1EMEALE Tl Al2E AAYold #F A PRT Mds FFstgion, 14
wE7lEH7H (3 SERSHENEY) 71894520119 9€) H =7H#s)

ez WA 22012 1€)

=
k=3
- 452 72U A7l 70, Dynamic Moving Block 7]

ot
g
o
oft
e
i)
It

_13_



(S

W
5
O i
s 3
- EO
T 2
N :
T o5 :
o0 o) AN_._
SR 5 >
e U w_ E n_/__ Mﬁ
_ iy o : :
T T M| T < :
Y F gk ; n
g 2 o S| | 4 :
oz S8 Ak u
Gl e %BA_m@_A_.M :
* = ol g D I E ;
T =) il € | 5 S| o <l ) .
30 9\ &l | &S Il | o A|o kD :
< 5 gmnmxawﬂ)t - 2
N - El Sl glw|s s < A
_Z .A o /D|U .n_lu T _x 5 3 . S
=) =l AL sy [ - _o oc 3 ~ H__.._ <
o = x%_x___%%zps I
& 2 AR N Ko | g | BB i
< AR ~ - | E I E = | = kI 2 o0 | 3 *
N o .akuo xﬁ(&ozng
o | R 0|~ |4 i . 2 : 1o
do O I o4 5¢_;._u_/nhwoﬂ_w_L@,_AL
9 X = zu__thmEEa
[0} - |_ : : O; ﬂwo I_I
% 155 W ok | K | o
" 2y o % Il ._M.o ol | © o
G Mo Rl | 21 3 L eF | RO LK
#M@.ﬂ uhorﬁm_.__m.eﬁnﬁ 2
Eo@mrulﬂuoAi%owu_AmOA_.MﬁAﬁAﬁ
ﬂwa@.m, KN WT%.&MOWW.%%
ar ST e oE __xﬁm;oz__uooﬂ
cxipo 8 8
FEERLs <H
5 - 0
5% T B :
1 _ 7 E ‘3‘0
" ) : E
ok >
F._m =
¥ il
T

_14_



U T4 5
] =
O H|=2] PRTO thgh A7 40d o9 AALE 7
- HAx ATE 19539, Ao Jpen FHe ngow =A AA wE A" fAL
gk Mdx=F ¢S Donn Fichter7l A2t
- o)9ox= 1950\ tholl Al 19601 ATt % TTI, Alden staRRcar, Uniflo, JetRail %ol 4]
PRTA| 28 o] 7Hd

ﬁd
A
K
o
oo

O 196611 "]=2] HUD(House and Urban Development)oll A “WH Y] nFFH"o|g=
EIgAATHIAE 53l PRT Al~H9] HAd7bsAd AE AIF
O 19693 v]=r Scientific American®| R.IA A= PRT AlxHlo] w|g nEEA
jaretow AAH
O 1970'd el Morgantown®] West Virginiathstell PRT Al 2=®Hl& AX7= 274
- Ao stolEs B A AL wEsF@ o R PRT AlxHle] AAE o] Alden
staRRcar Al 2=8lo] 44
- 19721 39] tE® A gwEEHA BlEiiH a9l Aol F8 FHZo] HA
ZatalL, oy zpH e A WA AA 219159 GRTE WA, 2Fa A Fr7t
AA A Eo] 7] oo 4yt AQE o] ARl o
- AEe 8He HA 129 9o Yoz FHo low, HFEEE 23km/h
#1455+ 48km/h

[ 2-4] Morgantown PRT x|z} E24

_15_



3 0 VA, By 1R Jak Bell

(a8 2-5] (zD) FRIU X

O 1990 Znbe] Taxi 2000 Corporation A¥, FH7|# 9 Ao 522A<Q] Taxi
2000 PRT Al=®) A2t AlE
- 1993 w=ro] thEA Q] 4G ARl Raytheoniil: 7} Taxi 2000 Al =8l 7]l thgh
HAYE A= A="E JHEsHlal, PRT 2000 A28 o2}k 8¢
- Chicago RTA(Regional Transportation Authority)$} Raytheoniit7} #|F(Raytheon/
RTA Z27#8)3to] PRT 2 sjake] 24
- 20009l Raytheon/RTA Z2I1HL2 7|w2, A 2 FXHQ o|F= HA, 7
A3 Raytheonjil: ol A B+A] Taxi 2000k = %=
E& A2E 75 8, W2 9, RTA 2io4 ®3F 2 Qg 7o QA=
g A ol 7103

- o] % Taxi 2000 A]2=%¥l-2 “Skyweb Express"S. &2 W* W7

- 9]

rr

[O8 2-6] PRT2000 Xl & Skyweb Express X2k

_16_



3
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- 4E2] TOYOTAjt A= m=i& 71<] o] &<l I-REAL Concept cars 71'&s}

Rom, 2009 A& ofo]AH =IUMAIY FEIAFTE HAYF AdLoR

44 E AN FAs=

_21_



[38 2-15] o[z JHe! o|S+E

O YEo] TOYOTAjANAE 7818 o)5

A =

L2 (Winglet)= 7ME3AoH, YAMAHAS}
B8 A7AAA ‘PAS WITH, 3% A7]vlo]l = "EC-Miu' S /NE3le] 2

[ TOYOTA Winglet ] [H71X1%7{ PAS WITH] [Z7]dl0]=2 EC-Miu]

[38! 2-16] TOYOTAS| JH2lE O|S4E A HI[XIHI

U Eo] HONDAjit ol A& 2009 120§ o] 55 TH(AFEH) ‘U3-X'E 23

=<1
ol
8
rr
=

A 10kgell AlF 100kge] 4%

_22_



3. AL&FIAEFA 7l

7). FRALE S

O AL&FYPAF A= Radar, LIDAR, GPS, vt 7ivgle} 22 AMES 83519
AFFHS BA e, o]F Ealo] AHEFo] FaF ARES FHEsa FLE,

- 2012 OiEe] HxsE Z& FIANY vH S 208 U E SFstejor 3,
34km EA/HEH T2A 97 wAFHEAA 2EF AR, B olFHNE
A /A=, BEqANE 3y F3, AP FY, AATY QAR /A, g7 A}

AA /AR, FVRE AT

H

ol
o
N

~

oxl

2
0
}ﬁ
0
mﬂ‘l

_\|L
kU
[

N

Og{:‘A‘
o

¥

08{:4“

oh
rlr

PO

o

O dd-7|okAEsat 1F2 Al (—?)i%ﬂoﬂfﬂ—‘i dolA AlA, GPS, xtZFAe] PC

- CCD 7Helgl, #@eold 2704, GPS/DGPS 59 AME Aastgon, FAAuE
FEAOE st Jlow, AA HAEE oF 40km/h 7HA] F3 s

- (PAEHAAE A FEARS] T A" JHAE s @A oF 29 shEo]

aEm, o 5~10d Folle= AA7HA 483t 2 F s AR 44

- T3 (F)EHAANE TS AAE GAEtY S3FFE A GE FRJIMAFAE

Marstel, Akehel $&3 9, 9 FAAFAE Tl F-7e) wHolE 2§

F

O (P AL E F3AA, GPS, IMU, 9] #old 270y §& st
A Zlle 5 FF T AA 2 FHsts stolBg =y FAAEAE AN
AKIST)M = GPS, #olA 2Au, WA 55 HAsHY

(
FRlog =25 54km/he £E2 ANHAE FIT F e AHZE AFE

_23_



- E U A =" Fs A s JhHet, #olA, GPS o AAE AR
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FHE M A 7| HE
HSE MRSk
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2009-2010 | 2011-2013 | 2014-2015 | 2016-2018
« XS MM Dl soc 2z | BSE MA U soC - OFE/HO|HEE STMM ||« 4BOIA Ayjrjc ZaE
= ASIL-B =2 AUTOSAR * ASIL-C 52 AUTOSAR = ASIL-D S AUTOSAR P VVARL I S HAEM
- V2L V2V APEEM 7|12 |- o2l V2L EElg Vav = MN/V2VVZL B SSIE « A2 Ho| 7=
L - Xt2 AOjE WA 7|4 - AEA T8 RL Jls + 420x] smart WEAlo]H || - SHMS FHAY HMI
-IT 88 -5§|x| gsq 7| | - Eco-Driving 7= - QHE/HeE s SEua =25 7=
- exgo} HFzt A5 - Automaotive p-CDM s ARHRH/AREEH XS » V2V/V21 7|8l REEFES
HMI S2F 7|5 FJUZIZI9E SEHEWE || Hol HMI ZHE || * p-CDM MaV ZtSS 7|=
[28 2-20] AI2FASK 2 02 XSk 7|swd MY
E29 WFREES @I FEINGFRES 20124, 7E EEF AAC 1T9
AEa 7S FHS AutE A FAAITS) E 20208 A= =29 30%=2 Eoist
At Ex3 o] AAVE diEHYE wEEF Al 2 ERHIEY o E Azt
112 800021 ol A% ol F x, 2 BA 5o o3 24712 HjZo] XA
WE FEoA EAS= wlETFel] vl 12% BE A4AY AR 7Y

- FEIHFRAA B e Jee ER-AFTAVE &F5FE V2(Vehicle to

Infra), V2V(Vehicle to Vehicle) §4 7l=2A, d¥d=2 AFart et AW
A7 FAAGE A, BE 0o AA AFAAE Aiugol 2 dF
FE ALE LASE JleolH, FAAFA EoklAe w3 FIH, dd 79

Aol gold Fgel Rel AEAE AofHt FEE AT F
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O 19200 dthel 1930t ml=olAE F AsEH AP AlZ2H (quasi-autonomous
demonstration system)®] radio control 2]

O 1980t Mercedes-Benz®} Bundeswehr University MunicholA+= EUREKA
Prometheus Project® &3t Z&Fo] Qe oA vision 7l&S &85}
63km/hZ F3 7Fset F2 AFAE HES e, 198735 19959714 795707
FE2E 7 AsAel U4

O 1980dth H]=rol A= DARPA A|¥3d}tol] ALV (Autonomous Land Vehicle) ZZHEE
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3lkm/h7HA F8¢] 7hedt 2o ER2FPNAS HEstA=

O DARPA F#02 AlotF8 S EEE 8= 2004, 2005 DARPA Grand Challengest
SAA A 2AE FYE& FEZ S 2007 DARPA Urban Challenge@h= T3] &
NH A=
- 20043 2005 DARPA Grand Challengeol A= AREtell Al a1d: F38)0] 75t
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[E 2-2] x}&

p-]
o
o
A

£Z(National Highway Traffic Safety Administration 7|=)

£=Z(Level) A8
Level 0 2MX =502 XS 2% St= Als
Lovel 1 e X2F MX|S0| XS 2 EHSsHE (Mg =0 TX} otds) &R,
AtsE8|0|FEX])
Lovel 2 x|t F e EX|7} | A=oz E=sh= AFEH0IE £0{ o{HEIE
eve
AEX HAEE(ACQO))
Lovel 3 SR EFYNEM XTI |SE HYoh= AXIE 2[5 oX|E £+ =
eve _ o _
ALSHXIZ2 2F XLl ZIMo| @7 E WE THsio] 2FX} ZHME 52)
Level 4 Hol|Zl Sssot Al0o| EE oM B 7|S2 KA ZE 8= AE
eve
(2TAIS| ZIM0| Hojxioz EHQX| gton, R2AXsA 2= 71s)

3|
AeE S99 9% AT ARAUNA o] FoAAL g oE Bof WTY WER

- 59GHz tgolA Vavet V2Is4als AL = A= DSRC(Dedicated Short Range
Communication) / WAVE(Wireless Access for Vehicle Environments) 7]<7)'d<
FX8 ki o] 7Ivte® e VII(Vehicle Infrastructure Integration)©|2t= ©]&
© 2 AFste] 20090+ IntelliDrivett= MEZR o] 522 CICAS(Cooperative
Intersection Collision Avoidance System)o]4 VSC(Vehicle Safety Communication) ¥}

2e NzE el ol RoiA: e

O frH9 %9 SAFESPOTZEAH E, CVIS(Cooperative Vehicle Infrastructure System)

3 2 ZRAHEV JPHI o, AR Smart Way, ASV-4(Advanced
Safety Vehicle) Z2ZAEE F3lo] DSRC F4l< ©]-&3F ETC(Electronic Toll Collection),

WEHE AF, 2AF 3 FEAL AHIEE AEo|A &
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O W= California PATHOIA & 114

w2 A A% 7 54 L AL £2 7ho
B4 Moz o ojg) he] o] FAL o] o] FYsHe 737 (platooning)
Be A7} ol RojFoH, oA BAlY AFH TxE

Al RAE A, 49 F BAE 52 ] FHo] HE 729

o)

—H
oX
i)
2
%0
o
2
ofy
ok
%

[2! 2-24] O] California PATH ZZEI3Es 21 ALRI

- A 7V S AEQd EE AT (physical layer)> bl WAdEol e AlA]
9 AZFofo]El7} Ao AlF(regulation layer)¥ HRE Futr] g ZE <IH
Holz AZESE ZIstH 1 9] Ao ATolAE T3 FYEE(maneuver)E
A3 Fy A A (trajectory) S AL I FPAX S wet FYSEE AFS Ao
st7] A% FALF Aor7F 234

O AAAc=z AFas AFststal AAA A7t 7Hsdt =S st Aol olgolH,
ol A= R, 8 HIgr 8 EFAe TEs A 59 A
AA A o 2] (drive by wire)E ©] 838t B3-S A Estal o, o= 7]
&2} 3l steering, acceleration, breakings H7]# ¢l AEZ2A ZA sl FRAstE
A A7)0l MEHL =
FAAEA A FS fsted Bgd 71ed A S0l AsA Az=GAEE 7fEol
AP glem, o2 7l FF Flasar dHRFoz &&d NAde
ZRA AL =

- Throttle-by-Wiret= AlAE T3l HEH+= #A2 83 A= HEE vg o= Ao
ZA7F BE =2 Throttle M EE ZA3= A2H S 2 Siemens, Bosch solA 71
gkof ofm] At HEFTY

- Steer-by-Wire & 74| 319] 2Elojgd Alz2glo=® 01d WAkolA o] AxHlE
71RES 2 3} Lane Keeping Support(LKS)E 7483}, #l=(Unimog), GM(Hy-wire,
Sequel, Mazda Ryuga) ¢ HAHETIo] A& AP Foln @d3}o]9 Quadrasteere
Z83tE o] dF Efo| 2gHo] dAujg
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- Brake-by-Wire & QI HE Helo]a Azl IFOF 3hte] BE A 2H oA

ABS, Traction Control, |

iy
s
(0%
e,
5
gQ
oj
o
B
o
o
ol
rr
pa
o
e
o
ol
i)
IN'
=
o
V]
7
b}

SL models), =8 E}(Estima) & Y5 AgAtel] &L= A&
- Delphi, Bosch, Continentall A= 7]& ACCE A
oA delHE sl Az Fste 278 B A &7 doly Al
et dA &3 ¥ T
- % dold AMA+= AW FEol ¥ 7 (Forward Collision Warning) ¥ &
WAE Ao 55 Aot 7hestAl stol At Tl td A S AR
- "= NHTSA®| A= NCAP(New Car Assessment Program)7§4<tS F313}% L
(20089 7€), "l= NTSB(HP|mFbd9dd])d e AT AW S5 ZA1FA

ABNFATA L, FAMYHAES 5 72 158 453 2do] Aergos

d

AE=HL A= 7Iesol HalH o F-3efof dha F4stal A=

DR P ERD
7). N5

(1) AFF A 28

O $AAT FAY YTAA AFL LT FASL AFL 11 deld, oF
A5 F2pA 28 S A Aol MRSA FAE o A WA
O FAgel TN &3 S EAQ ASE AAN FAENE ol g5 B9

Aol N AT FAAN 2L 74714, FUFEA, HEEIT,
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[O8 2-26]

AH.QKZ?ZL'

Egﬁgﬁd
AAVAVAVAVAVAW/

4T el Y (e AET AEE / 1200)

- TE AU R} (e T2 BEF / 52H)
- HEE BFEE (AA AHET HAE / 24)
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Jo} 77} AsA A
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b FagEe 27hA
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- Pallet® 2~6T o2 ujjx

1= 7= o

A

1

-

()
(A=A ZdT s / 1079)

2~6 74 7}

El

.t

28 3
LG E

- AR A

v 5/ 41H)

a4

Z

4 (A7 F

H

o)

,.a

)
R

oy

o)

mhoh

=

2k 3

=
T

StH,

°

7F £EA

t2H(Cart)7F AR F o] 27} ©]/de] FHE(Cart)ot =

1

],
E7} sAloll F3y=

A

Z1AA QA F2AE R

Z]

o
o

eyl
o

NI
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ojn
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+

L

o
=)
hln

o

oo
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- 5PEre] Palleti= Wl FXFOE Yol B3 T Pallets % 5AF 024 S
48 WA g ATl AE YEIAY F Y FAA 2
- 72 FU8 Ude) AskEziel 2439 AY WS FAENS FuT © A4S
9 wWaol, B3k L&Al Hold Wik ohel IAEE Ba HANEE AW
- FURAge] A e B, $9 EE AY Xl ) AR S8 A
- X A
Aol LG EUES (& FTET 9% / 700tH)
A R2PESY (4N AYT 9aE / 3120)

%
O Fe) AEFAI e Fole) AFEFA &) v A ALHYAT, A2 52

Mg 55 BYFANE ol9lo] AAFA/ &S MBFOEA 9o A7) gk

AdE Aol mar FRlos XAt 7hedk Aol 83k Ao= Zdid

O F=AASAATHETR)ANAE HT AsLHFAA2=H S AL



ot Ao AAURsEolet T 5 dom, AAHA AFAES B4

o

-
e e

-,_‘

o HEMEX} 2|

(F4:ETRI =4 2013.11.26)
[T 2-30] ETRIZ} JHL0)] &Set FRIUFER} ALH JIRE

e AR 4 Ve FEE AR AT 8 $Y

2R DRHEI)ER G A HEHD Awe] GEA AnjzR AE
S
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[T8) 2-31] BHEOIM JHELE XESFASSAIAH SPAS

- AFFAAN 2L 20103 NLE ol F 2 FUAHEAK(AU, 7oA Aol =Y
gor, Ao ARG A MIF A4FA] 0] HgH o=

(Advanced) SPAS”} 2850 #uj7} =31 &

() AAT AEFA A2
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@) AEFIPAFAE o)A AL TS TE

O AE&FPAFA7E BHstEr] Mol AFE FAR7AA AToE o5 F Ue
7%l e HEZF g

O IUdA= Ad-7]okxt FFATaolA 9 2013 R&D ofoltjo] | 2~Ej’ of A
AYRES BEto] AFE 5018 AFAAR olFste FAE F de HUFA
2RE EA

- HUFAERS BEE
5o

o

e So), A% oJEFZE Fotd FAEWAA

O ZHolojel T2 Fe=A AHUE Hu &
Ad oy AE=4AA(AUTOCON) 7]1<o] 7)d5
- YR A = AXAIZIA FaL olFZYdA ZIAA deERk dEoly tiAE

A YA 5 AHIHUE AT st9EtE AA H2E ARHE Ve
-uEER AW FA o &89 e AA FEE Ve
- 19 AHolY A AlxHlFe] AAE B AEFEoY EEFE T UE
FErare] 48 AA=E JhE
- AA AEARG TR G5, 112km), AAAY FIHE S~ 4L 387km)

B

Bloly AssEAAS AT FAA2Eom A LA HH AgFFar
&0l 7hed Aoz o= AHAE oY AHAAIZEl xS dAE F Ae
e 1Ed o AEd IZd A7t 7hed ALRE oA
O 4tdznte] AA #Awo]o] (Conveyor)E &8 o] 5FXE0] Bo| AH Hlom,
Arolol= e Feo] EAES ¢HsHA ol FA7I=H fF&3tA F&E U+
- T2 Aol AxRoklAM AFA, FF, HFH TolA ZE&HIL glon,
7ROl Agg B ZAPA FoA EE&HL A=

- Aolol= FFstnA she A0 wE tdstA dAE ¢ US

—|~
52
rlo
i
=2

)
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O ABAMAT| ] e o4& Ao]o]

- A ABARE AFL 7 FPE BN E AF 0% E

3t &
- AF olEg Awloloolx
< oA &8s

l
_>|.1~:

o
©
o
off

z

Aol E vl

B PR RIS
Efolof o] o

AEshe] AP o] FAINE FASH} HAY

- AF 015§ Arlolole] A% MAE Tl LAAT} 3

olFN7I= FHE 1S = F A+

U Ty
(1) A2 25
O %719 AEFAA|2H

oJHE Esto] A2g

1905z

oA geZAdE T2l A

O 1920 ti3]|HdAF=A W2 (Ferris wheel-like automated parking system)ol] <]t

AEsF22 1,000t o]l AFEFS

O 1940@t) JFWHEH

O AsFaHEn 2] 2A,

“FHkolo AB]E Robotic Parking Garages

[32! 2-33] Car Silos at the Autostadt at
Wolfsburg, Germany

_40_

= Autostadtel] A=

B Halo] Zy}elga, 1990dT) 7=
< Jjarsla, 201298 713 25709 A%

[712! 2-34] Robotic Parking Garage at Dubai,
UAE



- Volkswagen®| F2HeRS]: 2aHE A A QI%3l7] oldd AFE RAs= Fat
B2, aAoA d=d Axe] FIHUEAVE 0 7HII=ES dAtet EAE
4 A-EEe FAA2E

- Dubai®| Robotic Parking Garage: = A7} Fa& 2&Fe A7 SE-A A FiL
Weld, 4/5% olEzid oty Ao AFor FAYAR o|FH= AzH

o2 o3 A|2HL HAA| HHAZIEHO S

Yol F kA PO AT

©
o) FAEHYE [19 235]°) LB& sBwEC| AU

<
Q.
7~
95}
g
Y]
a9
[}
5
Lo

]
Aol A o, b)e A= Akt AAE] AW o, 1Y (E 16m A
o2 At wWjAR oS Vb

(b) AAAAD (c) #atvjds

[O8 2-36] AISFXIAH|2| Cj2kst MX| 0] - Skyline parking
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O AFFapdH] 71<€9 o (2)

- Fujidl A ATH AFFALE ee

(b) 5% At 73 dulv}

. Fuji

(a) CHE XIat =X &

Super PuzzJe GS

(Large-scale underground parking)

T

1

(29 237]°] (@) ¥ As Fx dule}

(b) =& KXot =X &4l

Super Puzzle LB

(Medium-scale underground parking)

[38 2-37] AISFAIAH|2] =20 WE J|& - Fuji

O AFFAAH] 71€9] 9 (3) : UNITRONICS®

- 2}

B
(e

[E 2-4] FxET Hlw(0f)

298] 7]€S H{3 UNITRONICS® Aol o3l zpEF21dn o 2] s) A
Tkl HsiA 2~38 ] &FE AT F US

Zlo] * = 24 m X 30 m
_ _ 7| ==X|AH _
FAHA| 2 nsFanl | TEINE | zauig
11 m 165 63 2.6
=0| = = 15 m 236 98 24
21 m 342 138 2.5

- ABFAANE B ANZFAARA A 83% A B 0|52 A

0.102

: :
£ -83% g
7 006 ¥
H t

0.019

Conventional Automated

Samuel I. Schwatz, P.E.

Carbon Dioxide (C02)

Fuel Use

39.5

-83%

6.7

Conventional

_42_

Automated

[28 2-38] ASFEAIAMH|E S&t
% A& : National Parking Association PARKING magazine, vol.48,

4,041

690

Conventional Automated

#35 0/

The Garage of the Future Must be Green,



- UNITRONICS®®] A&F2FdH] Ao <Ql West Hollywood®] Hx|27t=9 -84

AgFadne (19 2-39]9 28

UNITRONICSS| MX|=Z=(West Hollywood) RISFRA|
[T8! 2-39] UNITRONICSR2| MX|=ZIT ¥ AISFxiAH|

N
2l
rg
oft
B
il
R
ofo

< Freestanding above grade ‘32
= Asta AsFAAR 7L 71E FAER ol vlske] g 20% AR 7F A3
77}

A 135t S Al, Freestanding above grade

WAL FART DA Go] AFEAMN} S EFAEL A R oF 5% HlgHT
a7k e
[E 2-5] 7I=EFXIEIS{el AISFXIAH| H|2 H|
. FAHH _
i | ms=w ey N e a3 | Aaue | I7UE
= 7tsthi== Z1MH|E
(sq-ft)
Freiitanding JIZEZREN | 200 320 | $3.200,000 | $16,000
ove
Grade ASZRAH| | 200 225 | $5225000 | $26.125
et | poany | JVEFAEI | 200 | 450 | 86750000 | $33.750
e Al gtr’ggg REZ=xIMH| | 200 225 | $6,125.000 | $30.625
Below JIZE=XENS | 200 450 | $9.450,000 | $47.250
Buildin
AAMH |+ F tandi ==
x|y | Fresstanding | 7|ZFxElR] | 203 445 | $6,000,000 | $29.600
(7l§|t||5c9>- Above -
s Grade RNEZKAH | 217 268 | $6.200,000 | $28,200

ZF31F3: Monahan, Don (2012), "Man vs Maching: Is Robotic Parking Right for Your Project?",
International Parking Institute (2012)
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O AFFadulE A Aol 1= A ron, AHA o] &A Held
ARA AEFAENE AAZH R Aol Hojrts FAY
- AAA o] gAe SR AAA FAEYE AAHCE BYs Horle FAY
- g 59, @& (Velo)7} 3lgtdl= =29 (Hardec Kralove) HE= YA Ao
AR AAA AEFa Alz="e 73H He SAHLE 1170 A"ATE F87s

o

I

o

g, AAAZE FAEEH 302 A% Aol £9% (19 240] =)
- 20081 o] F dE Eo= 144t AHA &Fe THAE 2wH AHA AFs FAb

[38 2-40] (zh) XX/ XS FRIEN] =ZE (P) M2 sl2tol= EiE“—‘l (Hardec Kralove) A}&
A&7 Haae

O =99 AegFA7ES 1934300 A5 AFH AL, 199030l o|22A FPFAE

- 27 A FAb ReRA s 198343 24 Ak ol A jack)e E&3te], AAE
=0 &9 Fa 7R eter AFS w20l Ve

- AT AREAA LY (prototype) 1990 TR Z &2 Ligier®] INRIA (Frech
Institute for Research in Computer Science and Automation)o|A] 3317}
7Fed 4 =S JNEHo, 20009 24 HZ4FA7HA] Sl

- 19920l Volkswagenoll Al =217} &Fabst o] & HPFa A A& A5 o2 3=
Zlee At AF

- 2004'd0ll 2=991¢] Linkoping Tthstoll A Volvost 7 ZHFE S AAE sl

274 9 b3t nEe]d o] FSIES S ZRAEE S

Ao
=y
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B2 AsaA =AM B oz Aol WA FeY

5
FARZAANE GAG FFL MY

o

SHstaA A

- Toyota= 2003 Prius hybrid 2t AsHPFA7F 7Hsd Intelligent
Parking Assist = ® A3t
- Lexusi= 200630l HYFatel T2 2217} 7153 A 7FEREA| 2~8]S Lexus LS

Aol B8l =

[:l.E' 2-41] Lexus Automatic Parking

- Ford+ 2009'd] HAF2E & 5 U+ Active Park AssistE Lincoln x}Fel &4
A=

- BMW+= 2010 ol B3 F271 7153 Parking AssistantE 5-A 2] 20l &3 &

- FordA= 2010 Lincoln MKT/MKS x}&9ll downhillo| & #8753 “Active Park
Assist’ Al 2=HlS "A 8 &

- BMW= 750iA 2] 2ol Zhueh(xatol] REAME ] 8)E ©]-&3F 'Remote Park Assist’
A 2gl3} At 3-A| 2] 20l parking assistantZ EE]= Al2HS @A S

- A E 25TAAE o] 83t reverse parking@ parallel parking= A3l
‘Smart Parking Assist System’= 7}'Z3}l 3+

Uil Bk an |n.i:m||

[18! 2-42] Honda 'Smart Parking Assist System’
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- Benze 254X E ©]-&3F ‘Active Parking Assist and Parktronic” Al 2~®l& 7§
St (A8 Radarg ©] &3 Al2H % 7

- Toyota®} Lexus+ advanced parking assistantE Toyota Prius V¢ Lexus L5460,
LS460L bl gl sl =

- Volkswagen< Passat, Tiguan, Golf 9] *Fol| A E o] &dto] 33
7155 AF3sh ParkAssist Al2®lS @A oH, &3 FAE AFo=

3l ‘Park Assist Vision” Al 2®lS 7 =

G) AAE AFFA AH
O Audi®] AFFA7]E2 Piloted driving 71&€< ©| &3ty AFS FAE U7HA
o] T UoH, Piloted parking 71&ES &85t A&Fs Fakgitel Faksle 7<&

- o}-tj7} A H<Ql Piloted driving AlgkE AlZE &t 22 Y /A =
+AE F A= 7IEEA, 0~60km/he] SETIAAA JME, Hgola 5 HAd

z2to] A FEoAAM AFom 224dE 5 RS 3 7led
3

259 AA 9 2 ko] 8om7tA 1405 ZAEE 1AL A HolHE A e

Ingolstadt F2Fol o] A2=EHlES =43t

S obSTTE ARR o] Ve FF BE A9 FANE AFT 5 AEE A F9
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[38 2-43] of<*C|2| Piloted Parking

O #H Stanfordthdre] VAIL(Volkswagen Automotive Innovation Laboratory)ol A+

Autonomous Valet Parking System= 41X %

- Volkswagen PassatE 7|Wte®E A& Elow, Zwte] HXH radar(ACCAA =
&87}1%5), rear view mirror $Foll A2E bW 2H(night driving assistance®] =
Z87Fs)%, ¥Fol AHA" LIDARE &8&3te] F3 I3 =3, AoE
#13ll computer rach©] trunkel AXH. A A=z} AA7|F
7150l glon, FAgel et A4 F mapes B2 T

! e AE

i

O BERAANE AT 7ES AE5S AsFA7]|ES 2015 XC0 A2 2AHT
&

- AF AAH R FAFNE Fobx IS FAEIL, AFLEe] Y& A 2HAE
A3 =Y (pick-up) 3= 71E
- A FAAAZEY Bl siA HEdIel, N1E BES A FAF

A A V2V ¢ V2I 7]&0] SR E oo 3}

_47_



5. AF2t FF °|&(Car-sharing)
7h FUAd s %
0 fElvdE BRHes £9ET s
2 7Hsocar) 7} A&

- 297ke FEE Mg, A7

4

7t 1™ AFgL 1¥7} (greencar)9}

UM AH3 74k o7, i dFA G AFA,

S HRAAA o] &8 5 o, Aexdd M B AHl2E ATsial A
E 2-6] x| O2I7} MH|A X|H
N ME | 47| ol e | A | di7t | NS | SdE0)
SESES 382 104 73 9 12 1 1 1
- &7k a7kl AR FEAAY(AE, A7), )l 7 B AHE Bfasta
N 2 o) BARA, - AE, AT dFA A AMul2E AFsta A=
- o9l = FollA FFYHIL A= FHACIE #E JAl= AETE Aol Bk (savecar)

- e A
Az Fagel Qb ARE Ak ohe

, AJEZ} FH4lol® Sol

Ml B AR BAZFAE o] G4 B mrh)

ol7hA o] gk W4 ol n)

%

O =UdA 71 e AFE B e ASA ds7H0E Fsted Asa 3%
o8 dIS AYF
- ASAT AU s EFY FAds S3lstn wE Bof THE3E F4ARS 9
NGRS -ty 380 e $83 FFolE AHlx
- bR A7) AR, 3A F 7HAER EREHE RS 20131 29 FHE
H A<} skl MBI~ Folal, AT|AEF AHl 2w 47ASE @] 2013 54

10) M&Al HEAE(2013.09.12) 2
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[E 2-7] L7t AFEAE

rot
o

= AtRIAL EEEE
F2IEZOIE ZHAAAA 217
UBIXIZY Lhsot AblA | = *
EAT} A7}
EAX|MOHA A ZHAAAA ME|F}
EEtIt A St
MI7|XE LisFE MH(A @7 O|E|HIEL HAAIN
FHUYUEHLAR o5
FHAAA L

e L B N - I R 109,646133(2013%_ 84 71+
A A3 2013 29 o]F AF7HA F 100415 (L H T 6807)0] o] &

- gukakare] A9, 20139 28 AHl= AA o) F 671Y 1)

1

o8 BAHOR Au2E

~—

—~
\O
o
—_
w
a1
)
—~
e
o,
£l
x
(o)
o,
N
)

5
olggom, A AF vk AnlzE 20139 5ARE 44D 7F 52808(LBF
94Dﬂ)o] o] &

o3

[ 2-8] Lkl 2812 ¥ 8

=7t 22 5 agn
T & SAXH gy | EE ~E) o[ EAt 0| &A=

Ol2) () (H) ()
g A 343 618 109,646 100,415 680
SN 292 486 97,485 95,135 586
7| Rpe 59 132 12,161 5,280 94

o
wbEsh €9TE SRAY BAE AL FRAE FAE 1o NE5Y

- ARAE AR 24 A, Yuvh %S © s3ew FH0E AN 1E £
sted 2013 B7HA UmTh 13 HRE SRR AR AFgsE SR
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2},

Reference layer model

Different systems are expressed through the
reference layer model, highlighting differences

and thereby increasing the efficiency

’ of standardization processes.
System A

System B

HMI Tool
Interface layer with display device

HMI Application
Generation layer for displayed data

------- LR T T N T P T T fomeboams
.'» i Constructor Application 73
L Information generation application layer =
"-‘} """ ;"Ii.:- """""""""""""""""""""""" 3;‘;‘:__’;’“"&;"'
}ﬂ / Data Contents Tool .
: j Categorization layer of information content
e Data Access Tool

AR B AlZE Ao

[AE 2-55] 22 A|2H 07 |HA &=2

D H(DPAS 16914)

O ISO/TC 204 WG 149X = “2AX Bz A= Ao]”o] A3 &332 Ggdsi=d,
AR dS AR Al dE Ade A, D AFEFY Ved=
ETeal dojd F A= AFLE oAshr] A% ACZA ITSY 4l FAI<
- AR FEVEEA oln] FE3E ACC(Adaptive Cruise Control System) %

FVCMS(Forward Vehicle Collision Mitigation System)©]
- o] EHNA F= FA= “AE/ < Z e autonomous/infrastructure) Al =~HS
Ao BloAe]d
AREAE QIE H o] 2=9f e

- [2¥ 2-56]2 ISO/TC 204

[e))]

o
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T AAd AAFA N, ofF AH A,
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rSubject to standardization at WG 14

All external factors
influencing vehicles
and drivers

- Traffic

- Weather

- Road surface

etc.

Functions

Driver + Monitoring of driving
-4— - Attention awaking/ alarm
or actuator - Assistance of driving aperation/ support
- Partially or fully automatic driving
efc.
Objectives
- Aocident avoidancelieduction in damage
- Improvement in road transport efficiency
+ Improvement in convenience for drivers
- Reduction in load an drvers
efc.

TSP

Infrastructure On-board/infrastructure On-board
system cooperative systems systems

[38! 2-56] WG 142| EESt FH|

(
{orrelation chan of each theme

[O8] 2-57] WG 142] =i ojo[=tt Zie| 2HA|
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[E 2-17] ISO/TC 204 WG 142| =] O}0|&

| LHE
1 . _ ACC F Ai2Fnte| ZHARX|
(Adaptive Cruise Control Systems)
) FVCWS F=2 YXIsH7| flstod
(Forward Vehicle Collision Warning System) SUXA Ed1
Tl
. . WS . . T2 MMl =2o= FolES
3 (roadside Traffic Impediment Warning _
UX|sk= 7=
System)
4 MALSO NMES =2 FULH3IH™ Al RI2FQ|
(Maneuvering Aid for Low Speed Operation) L0|et IRl HoHES ZA|
LD
9 WS . F3ol2 elst AMMO|E X Z1
(Lane Departure Warning Systems)
6 LCDAS =2 APZEX|CHol| & Zsh X2k
(Lane Change Decision Aid Systems) CHSt H5
FSRA
_ , ACCE o|&3t0{ AX|ol| 7tX]|
7 (Full Speed Range Adaptive Cruise Control )
O|2EE st= 7=
System)
8 LSF WSHME Al XEel o x2S
(Low Speed Following Systems) m2t7k= Mo{7|=
VNS o AT FS WS UH
9 (Forward Vehicle Collision Mitigation 3
AsSo=2 H|o HX|st= 7=
Systems)
10 ERBA 71 HE|E =2 ol =2
(Extended-range Backing Aids systems) =9 YEE M3st= 7=
CIWS 2 MAMet xtgk 72 H=
11 (Cooperative Intersection single information uWEto 2 WXZ2 HX| ANSE
and violation Warning Systems) 7|X] HEF 5= 7=
1 CSWS 78 ZASETL ot=g o
(Curve Speed Warning System) d15t= 7=
03 LKAS AMRXIE 26l =F7+2
(Lane Keeping Assist System) S22 HMofsh= 7=
y APS FASHE ARt =™
(Assisted Parking Systems) ANSo 2 =Hs= 7|2
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A Solution to the Simultaneous Localization and
Map Building (SLAM) Problem

M. W. M. Gamini Dissanayake, Member; IEEE. Paul Newman, Member, IEEE. Steven Clark.

Hugh F. Durrant-Whye,

Abstract—The simultaneous localization and map building
(SLAM) problem asks if it is possible for an autonomous vehicle
to start in an unknowa location in an unkn ent and
e 4 AneAme Ay DA SRS of hi) ShvIoRaESH B while si-

2 this map .

ﬂz\elopnd in (]3], this paper proves that a solution to the

STAN broblens s s stestated A proot st 1 nimaed g
comverges monotonically (0 a relafive map with zero uncertainty
< hen develaped. Tt s then showa tu the absotute acearacy of
the map and the vehicle location reach a lower bound defined
only by the iial vebicle uncertainty. Together; these results
show that it is possible for an autonomous velicle

an unknown location in an unkn
relative observations ouly, incrementally build a perfect map of
the world and to compute simultancously a bounded estimate of

utdoor emvironment using millmeter mave (VAT udm S

fember; IEEE. and M. Csorba

range of applications where absolute position or precise map
information is unobrainable, including, amongst others. au-
tonomous planetary exploration. subsea autonomous velhicles,
autonomous air-bome vehicles, and autonomous all-terrain
vehicles in tasks such as mining and construction.

e general SLAM problem has been the subject of sub-

vehicle navigation systems and geophysical surveying
‘munber of approaches have been proposed fo address both the
SLAM problem and also more simplified navigation pmbleuh
where additional map or vehicle location informa nade
wvuilable. Brondly,these approschies adopt e o thre
philosophies. The most popular of these is the estimation-the-
oretic or Kalman filter based approach. The populari
approach is due to two main factors, First, it directly

provides
both a recursive solution to the navigation problem and a

demonsteate bow some key fssues such as map management and

data association can be handled in a practical envivoument. The

mum obtined ae crosscompared with sbelut ocaions of the
jandmarks obfained by . In conclusion, this

i s key

SLAM problem including <u

and map management.

wes rased oy the solution o the
ptimal map-building algorithms

Brme_ssomorsous masiguion ilimater s s,
simultaneous localization and map building.

L INTRODUCTION

E solution to the simultaneous localization and map
building (SLAM) problem is. in many respects. a “Holy
Grail” of the autonomous vehicle research community. The
ability to place an autonomous vehicle at an unknown location

an unknown environment and then have it build a map, using
only relative observations of the environment, and then to use
this map sinultaneously to navigate would indeed make such
a robot “autonomous”. Thus the main advantage of SLAM
is that it eliminates the need for artificial infrastructures or @
prioni topological kuowledge of the environment. A solution
to the SLAM problem would be of inestimable value in a

M rceed Mach 23, 1995 e S 1 2000 This
Associate Edior N.
. Encuky v evauatio o the reviewers comments
The authors ave with the

means of estimates for the uncertainty in
vehicle and map landmark locations on the basis of statistical
‘models for vehicle motion and relative landmark observations,
Second. a substantial corpus of method and experience has
been developed in aerospace. maritime and other navigation

applications. from which the autonomous vehicle community
can draw. A second philosophy is to eschew the need for
absolute position estimates and for precise measures of uncer-
tainty and instead to employ more qualitative knowledge of the
relative location of landmarks and vehicle to build maps and
‘guide motion. This general philosophy has been developed by
a number of different groups in a munber of different ways: see
[4]-[6]. The qualitative approach to navigation and the general
SLAM problem has many potential advantages over the esti-
‘mation-theoretic methodology in terms of limiting the need for
accurate models and the resulting computational requirements,
and in its significant “anthropomorphic appeal”. The third.
very broad philosophy does away with the rigorous Kalman
filter or statistical formalism while retaining an essentially
numerical or computational approach to the navigation and
SLAM problem. Such approaches include the use of iconic
landmark matching [7]. global map registration [§]. bounded
regions [9] and other measures to describe uncertainty. Notable
are the work by Thrun e al. [10] and Yamauchi ef al. [11]
Thrun ef al. use a bayesian approach to map building that
does not assume Gaussian probability distributions as required
by the Kalman filter. This technique. whil effective for

o
£ Sydacy. NSW

3006 v (e, pocwrnnit o
Publisher Ttem ldeatifer S 1042-296X(01)06731-3

2 repect 1o maps.doo no lend o provide
an incremental solution fo SLAM where & muap is geadually
built as information s received from sensors. Yamauchi ef i

1042-296X/01510.00 © 2001 IEEE.
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Fiz 2. The test vehicl.showing mouating of the MMWR sad GBS systems.
with. and how landmarks are initialized and tracked as the algo-
sithm procesds,

The implementation described here is. however, only a first
step in the realization and deployment of a fully autonomous
SLAM navigation system. A mumber of substantive further is-
sues in landmark extraction. data association. reduced compu-
tation and map management are discussed further in following
sections

A Expermental Senp

Fig. 2 shows the fest vehicle: a conventional lity vehicle
fitted with a MMWR system as the primary sensor used in the
experiments. Encoders are fitted to the drive shaft to provide
a measure of the vehicle speed and a linear variable differen-
tial transformer (LVDT) i fitted to the steering rack to provide
a measure of vehicle heading. A differential GPS system and
an inertial measurement unit are also fitted fo the vehicle but
are not used in the experiments described below. In the environ-
‘ment used for the experiments, DGPS was found to be prone o
large ervors due fo the reflections caused by nearby large metal
structures (usually known as ululnpmh exrors). The radar em-
ployed in the experiments is a 77-GHz EMCW unit. The radar
beaniascaned 360° inazimuthat e of 13 H. Aferigaal
processing the radar provides an amplitude signal (power spec-
tral density). cortesponding to retums at different ranges. at an-
gular increments of approximately 1.5°. This signal is thresh-
d bearing to a targt.
‘The radar employs a dual polarization receiver so that even and.
odd bounce specularities can be distinguished. The radar is ca-
pable of providing range measurements to 250 m with a resolu-
tion of 10 cm in range and 1.5° in bearing. A detailed descrip-
tion of the radar and ifs performance can be found in [19]. Fig. 3
shows the fest vehicle moving in an environment that contains a
‘number of radar reflectors. These reflectors appear as omni-di-
rectional point landmarks in the radar images. These. together
with a mumber of natural landmark point targets. serve as the
Idmarks to be estimated by the SLAM algorithm.
The vehicl b

surements are logged togerher with encoder and steer informa-
tion by an on-board computer system. In the evaluation of the
SLAM algorith. this information is employed without any @

Fig 3 Tesvhiclathe et s A o pon i canbe e he
o g

priori knowledge of landmark location to deduce estimates for
both vehicle position and landmark locations

To evaluate the SLAM algorithn. it is necessary to have some
idea of the true vehicle track and true landmark locations that
can be compared with those estimated by the SLAM algorith.
For this reason the true landmark locations were accurately sur-
veyed for comparison with the output of the map building algo-
rithm. A second navigation alzorithm that employs knowledze
of beacon locations is then run on the same.
generate the map estimates. (This algorithm is very similar fo
that described in [20].) This algorithm provides an accurate es-
timate of true vehicle location which can be sed for comparison
with the estimate generated from the SLAM algorithm.

m the following. the vehicle stae is defined by

>3 #]" where & and y are the coordinates of the

cente of the rear axle of the vehicle with respect to some global
coordinate frame and ¢ is the orientation of the vehicle axis
The landmarks deled ks

data set as used to

by a cartesian pair such that p; 1 Both
vehicle and landmark states are registered in the seme frame of
reference.

1) The Process Model: Fig. 4 shows a schematic diagram
of the vehicle in the process of observing a landmark. The fol-
lowing kinematic equations can be used to predict the vehicle
state from the steering y and velocity inputs V'

V cos(ip)

where L s the wheel-base length of the vehicle. These equations
can be used to obtain a discrete-time vehicle process model in
the form

2k +1)]  [elk) ) ATy (k)ms(m);
yk+1) | = | ylk) + ATV (k)sin(e(k)) 35)
ok +1) P e mk,.m

foruse in the prediction stage of the vehicle state estimator. The

e
targets. The landmark process model is thus
@ik +1) (k)
- 56
[wu)J {m) €
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Fesures ana Landmatks

Fel A

gorithn in an outdoor environment using a millimeter wave
(MMW) radar sensor.

SeitcubIIARING: pRpERoNISE W el

then

proves and e‘(plnuls the three convergence res\\ks Secnou w

provides a practic

e

does not affect the validity of the proofs in Section IIT other
than to require the same linearization assumptions as those
nommally employed in the development of an extended Kalman
filter. Indeed. the implementation of the SLAM algorithm
described in Section IV uses nonlinear vehicle models and
nonlinear asynchronous observation models. The state of the
system of interest consists of the position and orientation of the
vehicle together with the position of all lundmarks. The state of
the vehicle at a time step J is denoted x, (k). The motion of the
vehicle through the environment is modeled by a conventional
linear discrete-time state transition equation or process model
of the form

Xe(k+1) = Fo(k)xo(k) + ok + D+ve(k+1) (1)
where
F,(k) state transition matrix:

(k) vector of control inputs: and
Velk) vector of temporally uncorrelated process noise errors
with zero mean and covariance Qu(k) (see [17] and
[15] for further details)

The location of the ith landmark is denoted p;. The “state tran-
sition equation” for the ith landmark is
pilk+D=pik)=pi @

ofan
full SLAM alszoml\m in an outdoor environment sing \mw
radar to provide relative observations of landmarks. An algo-
thun add 1 A
agement is also presented. The algorithm ouputs are shown o
exhibit the convergent properties derived in Section III. Sec-
tion V' discusses the many remaining problems with obtaining a
practical. large scale solution to the SLAM problem includi

data association,

11 THE ESTIMATION-THEORETIC SLAM PROBLEM

This section establishes the mathematical framework em-
ployed in the study of the SLAM problem. This framework
is identical in all respects to that used in Smith er al. [1]
and uses the same notation as that adopted in Leonard and
Durrant-Whyte (3]

A, Vehicle and Landmark Models

The setting for the SLAM problem is that of a vehicle with
a known kinematic model. starting at an wnknown location,
moving through an enviromment containing a population of
features or landmarks. The terms feature and landmark will be
used synonymonsly. The vehicle is equipped with a sensor that
can take measurements of the relative location befween any in-
dividual landmark and the vehicle itself as shown in Fig. 1. The
absolute locations of the landmarks are not available. Without
prejudice, a linear (synchronous) discrete-time model of the
evolution of the vehicle and the observations of landmarks
is adopted. Although vehicle motion and the obien«nun uf

ince landmark d stationary. Without loss of gener-
ality the mumber of landmarks in the environment is arbitcarily

setat . The vector of all [V landmarks is denoted

" R
SR 13 @
where T denotes the transpose and is used both inside and out-
side the brackets to conserve space. The augmented state vector
containing both the state of the vehicle and the state of all land-
mark locations is denoted

(b pEIT @

[xit) pf

‘The augmented state transition model for the complete system
may now be written as

Xk + 1y Fuk) 0 ... 0 o (k)
P 0 Ly .. 0| p
0
P 0o 0 o T JLlpy
(k+1) vilk+1)
+ S S O O}

[ 0
X(k+ D =FRx() +u(k+ D+ vik+1) (6

where i the din(s) dim(py) identity mateix and 0y, is
the dimnip,) null v

The st i which ks p; e i tohastic moton sy
asiy be accommodated intis Framenarts Fowver oing s0

landmarks is almost always nonlinear and
seal navigation problem, the use of lineer synehronous “models

litdle insight into
‘gence properties presented by this paper do not hold.
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Px¥) 1"

Global Reference Frame

Fig 4. Vebicle and observation kinemtics

forall landmarks | V. Together. (35) and (36) define the
state transition matrix F(+) for the system.

2) The Observation Model: The MMWR used in the exper-
iments retums the range 7;(k) and bearing 8(k) to a lmdmark
i. Referring to Fig. 4. the observation model can be written as

rilk) =v/Ges — e (8D + (i — ur(F)F + wrlk)

6:(1) =arctan ("’7"’”) —plky+wa(k)

@ —welF)

where w),. and we are the noise sequences associated with the
range and bearing measurements. and [z (), y (k)] is the lo-
cation of the radar given. in global coordinates. by

() =e(k) + a cos(ip(k)) — bsin((k))

(B =0k + asin(p(k)) + beos(g(k))

Equation (37) defines the observation model H; (- for a specific
landmark.

car Opservationd
oy
Ragar Rololectors

B s

Fiz 5. A pical test run. Ouly 30% of radar sbservations corespond 1o
ideatifinble lndmasks.

abservations alone. The radar receives reflections from many
in g

sulting from reflections from stationary point landmarks should
be used in the estimation process. Fig. 5 shows a typical fest run.
and the locations that correspond to all the reflections received
by the radar. Only about 30% of the radar observations corre-
sponded to identifiable point landmarks in the environment. In
addition to these. a large freight vehicle and a number of nearby
buildings also reflect the radar beam and produced range and
bearing observations. This data set illustrates the importance
of correct landmark identification, initialization and subsequent
data association. Tn this implementation a simple measure of
landmark quality is employed to initialize and track
Tandmarks. Landmark quality implicitly tests whether the land-

potential

ary pe 2
measurements which exhibit this behavior are assigned a high
quality measure and are incorporated as a landmark. Those that
do ot are rejected.

The landmark quality algorithm is described in detail in Ap-
‘pendi 2. The algorithun uses two landmark lists to record “ten-
tative” and “sonfined” targets. A enttive landuark s il

3) Estimation Equations: The theoretical in ofarange: tentative
. hicle ik (r2€tis promoted fo a confirmed landmark when a sufficiently
Kinematics. This 1 to develop the high quality the landmark

oS fa e —_ e
requires the use of nonlinear models of vehic
kinematics (-} and nonlinear models of landmark observation

Practically an extended Kalman filter (EKF) rather than
simple linear Kalman filter is employed to generate estimates.
The EKF uses linearized kinematic and observation equations
for generating state predictions. The use of the EKF in vehicle

su

operation is well known (sée, for example, the development in
[20). and is thus not developed further here.

4) Map Iiirialization and Management: T any SLAM al-
gorithn the number and location of landmarks is not known @

/i. Landmark

e and landmark

is inserted into the augmented state vector fo be estimated as

part of the SLAM algorithn. The landmark state location and

covariance is initialized from observation data obtained when

the landmark is promoted to confirmed status. Fig. 6 shows the

computed landmark quality obtained at the end of the test run
lescribed in this paper.

B, Experimental Results

The vehicle starts at the origin, remaining stationary for ap-
proximately 30 s and then executing a series of loops at speeds
up to 10 m/s. Fig. 7 shows the overall results of the SLAM al-
goritn, The estimated landmark locations are designated by
stars. The acrual (true) surveyed landmark locations are desig-
nated by circles. The vehicle path is shown with a solid line. In
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Abstraci—Thi paper describes the simulation system pro-

waile of i o ¥ Tl iy assomcis parking
s parald puiking space rols the vehides
) act

1o automatically enerate asocleration and steeFing commands,
g it in o parallel parking wniroller was
implementcd wing wed seural network, and
the result o [ our stmalations demonstrated that the
pe cdy able to cormecty park ihe
vehick in different situtions.

1. INTRODUCTION

“The awonamous vehickes 4nd robets (Akagamaus Mobike
Robots - AMR) have attracted the attention of 2 great number
of researchers, mainty due to the great challenge that this
new domain of Research oflers: 1o-endaw these sysems with
an intelligent reasoning cepability. exploring their abiitis to
e ot with the envinonment where ey are insenied. AMRS
shauld perceive the emvirament through their sensors fe.g.
1, and. from them they
we: their actions(i . (2}
mobik robots are used in different areas, as for
example, to disam bombs, 10 explote haste envirccments
ik volcanos 4pd other plansts, and o (rasport materias,
werking 25 (seménutonomous industrial robotlc vehickes:
o well biomu sidegles dr st Al ol e
he newer NavLab systems developed at the
MU NwvLabls), ) th svided  samoeas vehicle
soross the American highways; the NASA's fover robots
sent 1o explors MarsiS]; the robot Dase that s abie to
explor the interior of volcanosfe]: the different vehickes
developad tor partcipese in the Grand DARPA Challengs of
Auconomous Ground Vehicles; and the control sysiem of an
elctric vahicle daveloped at INRIA in France[7], [8]. AUl
thase systems posiess the capucity o receive 405 inputs
£iving 1o 1hem infomalion ehoat the exiémal emvironment,
nd then they generate action commands in a semi or com-
plecely autonamous way. They are able to move across the
‘environment in 1 safe way, o n ather words, not coliiding

i et e s Satcs st e wch e
o) r.,ww.. Vi 5 K b S (LNHINGS ).
10220, Brach & i T NG NG EMEIDY,

Cutves Koiu 1n st

against obstacles or risking their integrity or the integrity of
the different clements present in the environment

E from the stdies and resarch work devslopsd
by the Aruticial Intelligence Group (GIA-PIPCAY) and by
Autonomous Vehicles Graup (GPVA?) at Unisings related
o the development of applications in the area of mobile
autonomous robols, the bases of this work were creaied, We
suand ow particularty the initial developsent of the SEVA 2D
system (Autonomotss Vehicles Parking Simulaton[9). [10]
that accomplished a simple simulation of the task of purking
a non-holonomic mobile robot (car flke) in a paraliel purking
space. This simulator uses a bidimensional environment (30
in which 3 simpie vinual vehicie with six infrared sensors
is controlled through a fnile slile AUOMMoR (SEVAZD-A)
of through an anificial nearal network (SEVAIDN) called
Jordin Casceade-Comrelation Net (J-CCH0],

One of the main limitations of the initial version of SEVA
s due 10 the fact it was adoplad & simple bidimensional
AT enl o, e W 04 eyt s B The
simulated model of sensors
aeasired disance from Oofcts e4a cousbt el myx
or wdimensional shape. In 2 three-dimes
environment (3D), a5 in the real wor

tasks sich a5 1o
localize the sidewalk’s curb are more difficuk to be exe-

her important

small height, measuring | 5om o0 average.
lmitation of the previous 2D model was the abience of poise
in data read from the simualated nfrared sensors. The sensor
simalation was very simple, measuring precisely the distance
from sensors 10 well defined obstacles. This model proved
o be (00 much simplified relsied 1o the realiy

D 10 these limitations, it was propased the development

of 2 new sysem, the SEVAID tAutonomous Vehicles Park.
ing Simulator in a three <imensional environmeay][|1]. The
main goal was 10 develop & new system capable of accom-
plishing virual and reallstic 3D simulations of vehickes. The
sam task of controlling & yehick: i Ok T 10 AUOMOTOSIY

was adoptad 3 mom Ralistic tree-dimensional environment

model] with & 3D sonar sensor model, which inclides noise 1

i real sonar date. Themfor SEVA3D is much closer to the
Y.

i
developed by the GFVA Group a8 Unisnarf 1 2],

SR o horm bt mbbncie b
SGPVA - b ek o b

neural networkE
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The SEVA3D® system uses the SimRob3D simulation
rary and components[13], [14]. The control system im.
plemented in SEVA3D-A accompishes the park
cles, controlling them in an autonomrous Way using
Slale aucomaton (FSA), The sonar semsors wer installad
in stralegic positions wd orientations around (he vehick.
‘making possible to control the vehick: in the parking task.
“The experiments using SEVA3D-A worked in & satisfaciory
way, but it was indeed needed to manually code all the rules
used to define the FSA functioning. The task of specifying
FSA rules has proven (o be a difficull task. that neads & lat
of a priari knowledge shoul the system functioning, and the
resulting vehicte control hehavior has shown to be few robust
in ot expeceed situations,
se rasons, we decided to develop & new version of
the system SEVASD, This new improved version was calked
SEVAID-N. The vehicle parking conwol in SEVAD-N is
accomplished using an urifictal heural network inspired in
the Tordan Net Model, The main advantags of this approach
it the use of atomatic knowlsdge acquisition instead of
code it manually, The nenral net is able to leam how to
control the vehicle from examples, 5o we just need 1o show
how to.park the vehicie - showing how to do it instead of
specifying how 10 contral . This article aims 1o describe the
modeling, development and implementation of SEVAID-N,
In the following sections it will be described: the sdoped
simulation model, the vehicle controller based on 4 neursl
negvork, the experiments and obtained results. We fnish
presenting some possible impravements and future work.
11 RELATER WORKS AND MAIN CONCEPTS
Stucdies mlative 10 assistive sysems &nd (semiautonomous
parking of vehicles have been done by some research grovps
and compunies (e, BMW, Mercedas-Banz, Toyota, GMC)
b the U, Iepen UK. Ty, Gérmaay 4 isnes. g
them. cne of the frst outstanding studies wes accomplishe
by INRIA researchers(7], [8], which implemented .uuurml
system wsad to park an adapted Ligler electric vehicle in an
autonomons way. This vehicle was equipped with 14 sonar
sensors and it was wed a manually customizad set of fules (0
accomplish the task The Figure | shows the INRIA. adopied
vehicle and the parking model

Fig

INKIA's vehice parking modell 5]

The above mentioned system adopied the Ackerman kine -
maties model[1] (o descrbe the vehick control path The

ISEVAID - i v iz b osoriieviid

Neural Networks to Autonomous Vehicle

A 85tz flgt AlEE ol
sonar sensor®} neural network=
NSRS Aolaa

71¥re.2 3+ Jordan Network=

prking task was divided in three stages: to search for a
porking space location: to adjust the vehicle pastion to
allow & comect parking; @ conuol the perking manceuvre
execution. While the vehicle moves along the rond searching
for a vigant place, &0 eRVIORNRNE Map is elboraied con-
sidering (he sensorial input dais, When & paraliel perking
spoce with enough size is located, the system estimates the
‘beginning manoeuvie position and moves the vehick: up o
this pasition. Once the vehicle |5 carrectly pasitioned. the
‘perking manoeuvre starts, This task is sccomplished through
the use of sinus based functons, as descubed n [13]),
defining & soft path, as shawed in Figure 2

us e
0
o 02 o4 e 08 1
)
Fie 2 Bukin pulh curels]

During all parking manoeuvre exscution, the vebicke is
controlled in & WNiomoUs Way Using 1 llerstive algo-
rithm, and for each iteration, the speed and the steering whee|
angle ae adjusted using the Tollow ing squations:

@(6) — dmaaz g A(8), <7,
tmas bx B(t), 0<t<T,
‘Where () is the angle of the steering wheel at the instant
£ () Is the speed of the vehicle at the instant ¢, T is the
maximum duration of the Parking MENGRUVIE, g IS the
mazimam: sizenng agle, and vpmas I the maximum speed
during the manceuvre. The fy — =1 indicates (7 the perking
space Is an (he R (1) or on the tight (+1) side, and k, —
=1 indicates the direction of the movement, assuming the
valie 1 to move forward and —1 t0 move backwand, The
values of A(f) and B(¢) are estimated through the following
equations

o5t

ne

1
At - { b |
iy

B(f) =0.5(1 - cos )

¢= T <

whate T (duration of the manoeuvre) and T* (duration of
the curved part of the manoeuvre) are estimated based an the
‘width (D) and depth (Diw) of the paralie] parking space,
In order to become possible to measure in advanee the
porking depih, it was necessary (o install a harrier of
moderale height close @ the curb, The introduction of this
artficial bamier wms possible to determine more precisely
the parking spece depth using the available sensors[7], Cne of
the advantages of this approdach was the choice of sinus based
functions ta contral the ve hicle, producing softer movements,
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Redistribution in Personal Rapid Transit

9™ : World Transit Reserch, 2010

A Z} : John D. Lees-Miller, John C. Hammersley, R. Eddie Wilson (University of
Bristol, England)
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1) Q1A LH/QE QI 74H| 681,120,000 | 866,880,000 | 681,120,000 | 681,120,000 | 526,320,000 | 3,436,560,000 17%
AT 7| XEXY
ol Al 250,000,000 | 420,000,000 | 450,000,000 | 450,000,000 | 480,000,000 | 2,050,000,000 10%
= =
o7 ANEE .
Az A 2,400,000,000 | 3,000,000,000 | 2,200,000,000 | 2,200,000,000 | 1,500,000,000 | 11,300,000,000 57%
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Jled8E 9
g4 24,520,320 24,272,640 24,520,320 24,520,320 24,737,040 122,570,640 1%
=N 102,168,000 | 130,032,000 | 102,168,000 | 102,168,000 | 78,948,000 515,484,000 3%
3) ZFEH| 363,636,364 | 454545455 | 363,636,364 | 363,636,364 | 272,727,273 | 1,818181,818 9%
4) = 7 | 4,000,000,000 | 5,000,000,000 | 4,000,000,000 | 4,000,000,000 | 3,000,000,000 | 20,000,000,000 100% 1)+2)+3)
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M2 H| 0 0 0 - - 0 0%
2) EFEH| ofH| 34,328,448 41,956,992 31,207,680 - - 107,493,120 4%
of AQH| gl
o7 +8Hl X 25,746,336 31,467,744 19,504,800 - - 76,718,880 3%
2EH| S42
Jl=de 9
gz 47,201,616 57,690,864 42,910,560 - - 147,803,040 6%
o4t 64,365,840 78,669,360 58,514,400 - - 201,549,600 8%
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gz 38,700,000 38,700,000 38,700,000 38,700,000 38,700,000 193,500,000 1%
o Ach 116,100,000 116,100,000 | 116,100,000 | 116,100,000 | 116,100,000 580,500,000 4%
3) Z+AEH 272,726,200 272,658,000 | 272,658,000 | 181,658,000 | 181,658,000 | 1,181,358,200 9%
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2) EFEH| ofH| 25,057,804 23,678,544 18,409,647 9,783,412 - 76,929,407 2%
o AQH|OlA
o7 TEHIRT 22,786,560 21,825,562 21,980,362 7,447,861 - 74,040,345 2%
g&H| T8
lNe8e"
e 37,286,371 29,652,566 28,798,070 13,654,413 - 109,391,419 3%
o4t 39,009,600 32,845,464 22,257,144 18,619,654 - 112,731,862 3%
3) ZHEH]| 51,114,922 103,896,103 | 96,753,247 36,363,636 - 288,127,908 7%
4) & A | 600,000,000 | 1,500,000,000 | 1,350,000,000 | 400,000,000 - 3,850,000,000 100% 1)+2)+3)
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i | 190,000,000 | 350,000,000 | 170,000,000 0 - 710,000,000 9%
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& TTE
JledE 9
gz 74,105,856 129,685,248 | 101,895,552 | 74,105,856 - 379,792,512 5%
oAt 101,053,440 | 176,843,520 | 138948480 | 101,053,440 - 517,898,880 7%
3) ZHEH 136,363,636 | 227,272,727 | 181,818,181 | 136,363,636 - 681,818,180 9%
4) = A 2,500,000,000 | 2,000,000,000 | 1,500,000,000 - 7,500,000,000 100% 1)+2)+3)
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