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Automated valet parking systems have been researched because they provide a good service condition for
autonomous vehicles, with their limited space and unmanned environment. Previous parking algorithms focused on
planning a path to a parking space based on geometry. However, this approach only works when the parking
space is simple. To make automated parking algorithms useful in different environments, it is crucial to drive a path
from the entrance to the target space and plan a safe parking path, taking into account the surrounding vehicles in
the parking lot. This study organizes the structure of the automated valet parking system into two phases. The first
phase involves driving from the origin to the destination. The second phase focuses on planning a path for parking
the vehicle in the parking lot. It considers the position, orientation, and parking space to plan a path that aligns
correctly. Simulation results demonstrate that the proposed algorithm can plan paths in various parking
environments and park vehicles in narrow parking spaces. It is expected that this proposed automated valet
parking algorithm can be further improved to contribute to the early commercialization of automated driving

technology.
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1. ME
NOMENCLATURE
Q diyl =% A H=) 7;] ) S I 270 | =3y
X = Horizontal Axis Position of Vehicle from Global System AR Bl AR AR o) e AR SRkl A SAo) '
SHA] ok8 slAo|gl= AojA] X 2pEFo] 2L Mu|A X
Y = Vertical Axis Position of Vehicle from Global System M & golehs WM AT A F il
_ o _ _ Aow Ras] g A7k olHAT JeH13). /129 B
x = Horizontal Axis Position of Vehicle from Vehicle System Z3) obmalZo] Ao ukEl 7= waslx]| o, 23} TP
y = Vertical Axis Position of Vehicle from Vehicle System 7k A S X X9 Wkt ow 23l okt Az
6 = Yaw Angle of Vehicle £ AAske Aol 2ol A SUrH4.5]. Qiu[4] &2 B
S = Spline Set FAF g oA T8 W A eapet W e xS Eole
= Z]s)3) o Z il N == =1z
.~ Cubic Coefficient aTs dmes, A A9 741 5 Aolel AT
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Fig. 1 System structure of path planning for automated valet
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Algorithm 1 Bidirectional A* Algorithm

1:
2
3:
1:
5:

6:
T
8:
9:
10:
11:
12:
13:
14:
15:
16:

INPUT: S (Start node), G (Goal node)
OUTPUT: Optimal path from S to G

Og ¢
O¢
while
curr
curr
if
pe

{8}, Cs + {}, gs[S] « 0, hs[S] + Heuristic(S, G), Ps « {}
{G}. Cc + {}, 96[G) + 0, h¢|G] + Heuristic(G, S), Pg « {}
Os # 0 and O¢ # 0 do

ents + arg minycos(9s(n] + hs(n])

‘entg + argmin,co. (9¢(n] + hen])

wrrentg € Cg or currentg € Cs then

ith < PathConnection(currentg, currentg, Ps, Pg)

return path
end if
remove currents from Og
remove currentg from Og

add

add

for
te

currentg to Cg

currentg to Cg

all neighbor n of currents do

mp, < gs|currentg| + distance(currentg,n)

if n € Cg and temp, > gs[n] then

continue

end if
if n ¢ Og or temp, < gs[n] then

Pg[n] « currentg
y,\»[u: « temp,

hg[n] « Heuristic(n, G)
if n ¢ Ogs then
add n to Og
end if
end if
end for

for
te

all neighbor n of current; do
mp, < gclcurrentg] + distance(currentg, n)

if n € Cg and temp, > gi[n] then

continue

end if
if n ¢ Og or temp, < gg[n| then

Pgn] + currentg
gg[n] + te mpg
he¢[n] < Heuristic(n, S)
if n ¢ O then

add n to Og
end if

end if
end for

: end while

Fig. 2 Pseudo code of bidirectional A* algorithm
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Fig. 3 Global path planning using bidirectional A* algorithm
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Path Smoothing

—— Global Path
===+ Smoothed Path

1060

Y [m]

1055 A
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X [m]

Fig. 4 The global path shows a linear variation in slope, while the
smoothed path demonstrates a gradual slope change,
maintaining the overall shape observed in the global path
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Fig. 5 Path planning optimization

29k A(10) B Aee] T Baxo] Bx Yo
Rojee). HEdon TR Azl 4119 FehE wA Hef.

Yeur = C3xgyr + C2X§W + C1¥ur + Co (7)
Viar = €3Xiar T CXjgy €1 X0+ € ®)
chr = 3C3x52‘ur + 262xcur + C1 (9)
‘9mr = 3c3xczur + 2c2xtar + €1 (10)
C(x) = cx3 +ex2+ e x+e (11)

Ze o AR ARkl WS At ol Fol A
o Wk wAs e 1Y FR ﬁoi% Fig. S(a)2h Zch.
TR ARE 0ERE o Wyt oFe] W BE 30=7H] 6
Z7k8to] & 1174] F1 AR o] oA girk.

222 48 N3]

r>~l
o
mlo
_0
ofi
S

eRICHIO] A% B8 Fig. 63} 2o ir%ho
sfe] Ao 2 Aol o =
a5 ol A FUT WAES e 4 1

92 olate] 35 ool g, 34 i A2
O olgslol T 02 o] A%E U HHalo]

Aol 53 5 vladc. 50| Yot ARE Fu 4
2ol AgEln FEo] Uoluhy gk AR FH Azo|
FhEIct. Al FAATE o] HaH 2l % Foll Al 9%} e

Z+o] =2 B3lAlA o] 2AFe R &
R ES Z7PA1A AMaof 8 W} Mu}
o] HAE A= SHF0] AHH &, ¥ ks o
stz ffsf A& Z‘JEH 2% =5 o835t A FES
Uk el FAE A&olA FET] el
Ackermann Steering Geometry—é—' o|-g3lo] xjgFe] F3) 7153t
A9 F8E ek HYHS I8 34 H0DS 0134
AzoA Ay Faol Ha A8 WAL WA QS Aok
2 AAstel 2% Mo Ae BT 4 T A=l A 3
B 01 F4e) 3 WA Fo AR Fig Sb)o) 12
2 5yl Ao} 38 Alokxro] e A5 H1g 4 gek.

ol A3 el

-3)\
=

C"(x)
J1+C'(x)

G2} Ao Alof o] 248 Heele J:—Ad_& e}
Aepo] e 4 9lom ol ofux] EEAT W A 1
3 5% AokEst ol Alo] wele] AR o 171 915t
o i e Az /18] kel 247} sl
Gsty] 918l Amol 24 wakge] Agke] e vl

K=

_E

019 oﬁ

wpEte R Ao ZolE Eof AL BEAE w0l e
FH A2 ZolE (133 2ol WA A2 Aol ATstetol
ulg gere] A A Fom yE

[ i+ oy
[ (13)
O

270 Az G2 U e u)E Bee FES Beld
SJu|7t A2 th20 olof wel T ESE FUER] Y=t o]
£ 3l 2 &2 Al(14HE o83l Azttt

X
Xnorma]ized = )(_ (14)
_xéu‘;]‘ H]& @_/’k_‘: A(15)0) E@E o] glom, 7+ &of 5t
o] obd Aspolnt. 7 Al= ARAHY] &
o e, Sag ouE 7H
e, g o) Al e A%

hul

& T;Loﬂ ot e
LR CEL R
P, 0, R2 Uekict.

P,O,R = argmin(P+Q+R)

P=ak fan| ma*')

max

( t| max|—

normalized

(15)

X, 2
Q = ﬂzci(;al \Y% C(x)|normalized

R = 7Lnurmalized



370/ May 2024

(a) Scenario in which the test vehicle departs from outside the
parking lot shown in the KATRI parking lot of the MORAI SIM
and automated valet parking to the target place

(b) Test vehicle

Fig. 7 Simulation environment
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Table 1 Test vehicle parameters
Wheelbase (/) [mm] 2,700
Maximum steering angle (J,,,,, ) [deg] 36.3

Table 2 Cost weights
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(b) Phase 2

Fig. 8 Path generation result
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(b) Optimal path result

Fig. 9 Result comparison of yaw angle between parking on the
single path and the optimal path

Table 3. Evaluation of pose accuracy

Position [m] Heading [deg]

X Y 0
Target 8.136 1021.906 -118.589
Single path 8.599 1020.877 -129.879
Error 1.128 11.290
Optimal path 8.040 1021.630 -114.355
Error 0.292 -4.234
Improvement 74.114 [%)] 62.498 [%]
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Cost & Constraints
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Fig. 10 Costs and constraint of candidate optimal path
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