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ABSTRACT

Currently, the effectiveness of automatic parking depends on the initial posture of
the vehicle, complex real-time path planning, and collision detection using high-precision
sensors. This research employs differential flatness theory for optimal path planning and
control of reverse parking based on the Ackermann steering mechanism. The differential
flatness algorithm has low computational complexity, allowing for real-time path
planning and simultaneous control system design. During path planning, the posture
adjustment strategy and expert parking strategy are determined based on the current
posture, enabling the car to decide the appropriate parking strategy based on the initial
posture and the position of the parking space. Additionally, before parking, path pre-
planning is used for collision detection, making reverse parking safer and more reliable.
This study is based on Ackermann steering theory, designing a four-wheel vehicle control
strategy that meets the Ackermann steering constraints, and iteratively solving for the

globally optimal control strategy.

Keywords: Parking strategy, Path planning, Differential flatness theory, Ackermann

steering mechanism, Four-wheel vehicle.
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AN EBHRF OB IERE T E 2 0 ¢ 3 RRT(Rapid Random Tree)[4] 4+
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FoF RRIRUPL LR BRI
A% /i 54 %7 & (Dubin Car)% Reed Shepp Curve A & RIZ» ¥ 5:F 3 452 I
£ B & & JZ(Pontryagin's minimum principle)7& I + § & & T T | HH LT

BAEEL T o £ 18 0 A 5 5 2 (Shooting method) 2. i 72 27 Ff2 48 o
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Control Switch Points

B 2-4
CSC ¥7)

BAARR R (g vy 0)F B R (g vy, 0 0) 0 4 ACERE B EL
Ear 1 (B 2-5) 0 50 % QRILRE7 BB iR > T Bk #F 12 AT EN
B g2 o B ORI HEED T AR
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1

Goal
L R (xg * ¥g ~ 6g)

Ty

(xgl : ygi)

Start
(x; >y~ )

B 2-5
PEAAS B @R S (X Vi) Y (R Vgr) (X Vi)~ (X Ygl):
Xy =x; +1;-cos(0;) ~ yy=y;—1;-sin(6;)
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gr = Xg — Ty cos(Bg) * Vgr =Ygt 1y -sin(Gg)
Fderd Bhige ¥ w2 @B BV = (g — X,y —Y) > & ED = [Vq| > ¥ 7
Az ge R 2V, Bize £ S n(R 2-6) -
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&l 2-6

V1 + (Tg —Ti)n [ V2

‘EJnVZZO%E"
n-(Vi+(; —n)n) =0
n-Vy=n—-r1
#-H oA
Vl Ti—rg
D """

Ti—T'g v

Ripe € 24 &0 Vo n = |[Vq|In|cos(8) Fu+ > - 2 Vi¥nz & & ebpin:

i — Tg
= )
D cos(6)

Y

i i > Vignz B G

[nx] _ [cose —jsin 0] [le]
ny| — |jsin® cosO [[Vyy

IR s 0 F e EnT e L E 407 3B B AR (e X)) ~ (Xge  Xge):
Xig =Xipp ¥ 1] My > YVie =Yirp 1] Ny
(2-2)

Xgt = Xgryi T 15 Ny > Vg = Vgrp + 15 n,

2o ghrepRprj=l FRIG-1-
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CCC %3]
TEAE LR (g
B2 BELE AT Ty T P (W] 27) -

E, Goal (Xg > ¥4~ 6g)

(xg! N ygl)

(Xgr N ygr)

Cy

B 2-7
PR ARS B w0 v (X V)
Xy =x; +1;-c0s(0;) ~ yy=y;—1i-sin(6;)
Vg1 =Yg — 7y sin(6,)

Xg1 = x4 + 1, - cos(6,)

+ Y

gxk

Xip = Xx; — 17 - cos(6;) ~ Yy =y; +1;-5in(6;)

Xgr = Xg — cos( ) =y, t+1y- sm( )

ar

‘Hi)‘-g’a"é\i%%(xg Vg g)ogﬁg&\éﬁ“%\&

(2-3)

Fher o B Y w2 @R e BV = (X — X, Yy —Yi) 0 & R Dy = [Veal s

Fr e Y B Y w2 B e RV 3 = (Xmid — X Ymia — Vi) & ADis =1+

Tig > % BR8¢ LR Y w2 i@ de Vs = (Xg — Xmias Vg — Ymia) > = K D3y =

Ty + Tnia (5] 2-8) ° —1)/2°

B rpiad (D —
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9 = COS_l <D]?2 +D]?3 _D223>

2 X Dy X Dys
Y R S (Xnig  Ymia):
Xmia = Xi + D13 - cos(y —=0) * Ymia = yi + D13 - sin(y — 6) (2-4)
d ¢ FFEhig e ¢ s dn b (B 2-7)dn 4] 4 BE AR (e Xie) ~ (Xge  Xge):
Xie = Xippt Y17 Vazg, > Yie = Yirpt ¥ 71 Vaze,

(2-5)
xgt = Xmid + Ymid * V23El N ygt = Ymid + Tmia - V23Ez

23 iz RE

BAdRE L - g2 * NESRL A LL T Ao 7 ik
Bipdlweg v Wb xS MR R AR AE TR ST AR

= A N . A > X Y .
PO S IEA- il -2

x = f(x,u,t)
BT E AR PR PR S P RS G
tr
] = L(x,u,t) dt
to

H# ¢ L(x,u,t) = Lagrange functione P #2 FFH B F 4 Flu i F J(w)s | > *

. 27 2, z z > * /. A 6 v N - A
s R 2 x(ty) = x; 'x(tf) =xg ° B Eipdlutit 15’6—£= 0 H:E%Ls hIEE:
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) —ftfaLS +aL6 dt =0
) = to(ax * T ou wdt =
H¥ S KGR i
5x(ty) = 6x(t) =0

13 Lagrange multiplier i 32 > §J:2 8 5 :

ty aL oL of  of ,
5] = f 5x+—5>+/1(a—5x+—5u—5x)dt

0 0
I

[(6L+;Laf>5 +(a +,1—f)5u A6%] dt

. 0x 0x
ty of of (2-6)
_ft [(ax”ax)5 +(a +/’l—)6u+/16x]dt+/16x|

—f (aL+/16f+;i)5 +(aL+/1 fa dt =0
i \ox ™ 45z *+Gu T Ag0ulat =

H9 A5 %% p %+ (Lagrange multiplier) » ¥ 12 % %31 » & 3z 2Lz Y
Fooo 2-6 NI E R 0x ~Sut Ao Tt

L+/16f+/1 0
0x 0x

oL af
@-I- ou

(2-7)
=0

% ¥.2_ Hamiltonian Function Z_%& 5 :

H(x,u, A, t) = L(x,u,t) + A(t)f(x,u,t)

3%

—H—

52 37 & $] & R 32 (Pontryagin's minimum principle) 45 I B iy Flut T
£ i3k 3 A" ¢ {¥ Hamiltonian function % %] :

HG (0, w' (8), °(6),£) < Hx(®), u(t), A(t), 1), vt

T =0 T A S A

oH +i=0
dx N
ol (2-8)

ﬁ—x—O

Bois A Bk i Ex(ty) =0 x(ty) =x, 0 BiEHE S KR SN s
SR @ Eut A e
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231 BEpFF 2 it ind G
Al & EES L L& & &R IZ(Pontryagin's minimum principle):E P 42 #
A R FRGT o BEREY ZH0D) s v EBR) EAS): Airdle S -
BHEAINATER -2 FRER LR IZu =1 v bu,=1L) u, =

0(S) ~u, =—1(R)> 1345 F 2-1 > 4 77 2 E 6 5 43 5

X =uycos6
2-9
Yy =1u,sin6 (29)
9 = Uy, qul < 1
AFTERT BRERAFHEIEFREFER G RLE 4P iESdki:
ty
T (uy) =f 1dt
to
PR - Buti BT(w) = [ 1de=minT(w) »wp" 3 4§ 2 2 by
Ujze
1o Rypd F I RE > 7 Fr4 B4 5 #(Hamiltonian Function) 7 :
H=2A,+A,cos0 + A,sinf + A3u,
- HFEIFLL 5] EREF F:
u(t) € argven[n_lgl][/'ls(t)ﬂ
A oH 0,1
1=—7—=U14M=0C
dx (2-10)
. J0H
Ay = —E= 0,4, = ¢,
A3 = aH—A ng — A 6
e 1 8in 5 COS

Lco=acosf, co,=asinf - BPER-RF)rLa=1, Li- BFH a3
Bu, - B N~ (2-10)1F:
Ay = acosf
A, = asinf

A3 = asin (60 — B)
12
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Ror ks B R RE E f() = (x vy 2 6)  f(ty) = (xg Yy~ 0g) iF
2N SR
H(x* (6),u*(0), 2" (1), £) < H(x(t),u(t), A(t), 1), Vt € [to, tf], Vu(t) € U(t)

T(uy,") = glgT(uz)

Flpt oo 2T BB 2-9) & B

(x;

&l 2-9

B 228 Ao kel BE - AT 2 B R iR R 232 R
BEt ARG 2R R iEET RN a0 §F A3 <0 0 u, = 1(Left) »
A3 =0 »u, = 0(Straight) A3 >0 »u, = —1(Right) » 22 ¥ > & ¥ 2@ 5| pFF

% BT = [to, tr] = [to, t1] + [t1, to] + [t5, t5] °

G 29 Bl ¢ JIEPER A ] S - e Lk
u* = LSLPF » T(u,") = mlnT(uZ) FHE G BEEFRF o L RERT
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2.4 Reed Shepp Curve
Reed Shepp curve #_# ** Dubin curve 77— f&:z % > Reed Shepp curve 7= * 12
BB EF A @R F AT
X =uqcosb
y =u,; sinf (2-11)
0 =u, |u, <1
H ¢ ¢ Buy; € {—1,1} - Reed Shepp curve * Dubin car % 7 i & 438 » &
AP e 5L 5T R f5LA P 2 =+ (819 - F]pt Reed Shepp curve
X SL I P S

Al B iE T o T Bl6) 3 ¥ 25§43 Reed Shepp curve (] 2-10)

P

i3 (g Yy ~0,) = (60 -30 - )«

Reed Shepp Curve

- Dubin Curve -
) 2T O
Goal (60 ~ 30 - e ) Goal (60 ~ 30 ~ e )

T N
v VoL
. \5id
,,,,,,,,,,

Start (0-0-m) Start (0-0-m)

S+

® 2-10 B 2-11
Reed Shepp curve 2 #74] % R™S™L™ > Dubin curve 3 RTSTL™ o ¥ v #4831
Reed Shepp curve ¥ 12 i% i 5] & g £44%:E % 8L > @ Dubin curve P Z 5B #E 3 B

R TR S
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2.5 B iy BB i RS

62311 &Y HR D AT R R TR e b R A H

TRAAFDEBED > LARREERARET I FEFRT BTER ) 4

i
Y-k AT (B 2-12):
E;
0 = Ex
Bl 2-12
us BRI Fephe i R v 2 AR TR e R (X, V) R B
A

Ho N Sies Fhphefiid o 30 8

S0 RT RPE AR

e

Xe Ve 0,u, v, 6 - BRK 3% 6 v 3 4 i /ﬁ‘ » Flprtv =0

£ (xcr yc,H,u, 17,9) = (x1’x2;x3; X4y X5, x6) °

o FE s B AR 5

X1 = X4 COS X3
Xy = X4 SiN X3
X3 = Xg (2-12)
X4 = XsXg + F/m + f,/m
X5 = —X4X¢ T+ f/M
Xe = N/IE3

FERMEE f,5 5

2 ¥ I, B R e £

Wi

fo =g o

S WU

2_ Lagrange % 7+

FTRN

15
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L =u?+v%+a’E? + c*N?

Hey2 +v2 5 sz da > a?E2+c?N2 5 sz Fdla ra~c 2B E &%

o
#2& Hamilton & #c:
H=L+ATf(x,y,0,uv,6)

=x4% + x52 + a?F? + ¢?N? + A, (x4 cos x3) + A, (x, sin x3) + A3x¢

fu fo (2-13)
+A4 (x5X6+— + )+15 (_X4_x6+ >+A6(N/IE3)
¢ Pontryagin's Minimum Principle ¥ w8 & #54] > 423 4 ﬁ_g—z =0
oH 0F = Ay
0F, % 2a’m
OH_ % (2-14)
ON 22,
d —=x % 2-14;\{7:
X1 = X4 COS X3
X, = X4 Sinx;
.X:3 = x6
: A
X4 = XgXg + 22—7712 + E
Jo (2-15)
X5 XaXe T
° 2y,
OH _ _jm.
d Pl A
A.l = O
12 =0
. A3 = A1 (x, sinx3) — A, (xf‘ COS X3) (2-16)
Ay = —2x4 — A1 cOS X3 — Ay Sinx3 + Asxg
s = —2x5 + A, sinxs — A, cos x5 —A4xg

/1.6 = _/13_/14)(:5 + /15x4
| 6 PE AL 8- FEMcA > 22 6 iF Lagrange multiplier 57— F#

B % ApEED
4

L2 TE- FEMRA G AREfR bk A B2 B R EE S BiEEE S 2
16
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TE F T EC] BB F A B e
2.6 #ciE 2

Bh R RILY o BMT LE R - B RS AR W R R
(Shooting Method)fi# — & | 2ba i s = A2 %0 o S8R 2 § 28 E /42 (BVP)
che fB gl ik VB BVP I S -l i 4 ERAL (IVP) Ff o BB
DOENE R AR TE o T F pAs 2 AREEfR2 KB R o B

TR R LG TER R o Aok 3R R R A AR L LA E AR

J=t

I T - ks E R G REER ST EREE o A BT
Step(1) : ST % 5B A <4~ 4 Lagrange multiplier A(ty) ©
Step(2) : #A(to)F » A= deitk s 1F By o JPF I b PILpA A IR B U
Step(3): 3+ B Ak A B %X f Ko iiiE L by o

Step(4) : # R AR A(to)H 4o - B HELEFHA o

Step(5) : - EFA BEFEE R x k84 0 BIF &8 Jacobian %—F‘Bial(t )‘) [
0

A AR FRFI A A E 1 AR R o

Step(6): o T i Fxpent £0x(ty) = hy = D §A(tg)» 7 WAL 1 £ 5

a 1
61(to) = (F£) ho -
Step(7) : i AT - IFRIE S A(to)new - A(to)old - 6l(t0)

T 4 Step(2)3 Step(7) > E FI3F A hg ] > E R E 5 2F o
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301

25|

20

27 BRI

A F &+t i Reed Shepp curve 2 B @PF B & i L 35412 Bl v B2 B i M 4
FIFEE o HRY BREHFLICL 603 E 5445255 180

(B 2-13)3 7 /A2 B:(10,10,0) % ¥ BR(20,15,5)4% * #- -] it £ 7% ¥ Reed Shepp
Curve 3% 3+ e % % @ (] 2-14)] & I /EA2 B(10,10,0) T % B(13,20,0) 05 % -

At R R R A S 0§ ek B BLEESE S £ 0 Reed Shepp curve # v fi b | i £ iF

e L o oA Bl B2 e RS A BE 7 o B 4_Reed Shepp curve

e - o
Minimum Energy vs Reed Shepp Curve 30 Minimum Energy vs Reed Shepp Curve
Minimum Energy Minimum Energy
Minimum Time Minimum Time
25+
20+
Goal
=15
St
a 10
Start
Minimum Energy Path Length: 11.4638 5 Minimum Energy Path Length: 15.0977
Reedshepp Path Length: 11.3201 Reedshepp Path Length: 14 8687
0 5 10 15 20 25 30 35 5 0 5 10 15 20 25 30
X X

(B 2-15) % . > jEABL(15,15,m) 3 % B(10,10,2) » & (] 2-16)R] & S fiAc B
(15,15,2) % ¥ B(20,20,m) « $12% 2 Wk A 5 > ¥ 113 R Reed Shepp curve {%

B e o e 4ek 3 BREEHEE T 0 F]44 Reed Shepp curve 783 o] i 4% L j5 41 »

R AR B R -

18

doi:10.6342/NTU202404189



30 - Minimum Energy vs Reed Shepp Curve 30 Minimum Energy vs Reed Shepp Curve

Minimum Energy
Minimum Time

Minimum Energy

Minimum Time
25 - 25

20 207 EE

> 15} Sta >15r1 Sta'J

10+ 10 -
5F Minimum Energy Path Length: 13.2823 5F Minimum Energy Path Length: 10.6267
Reedshepp Path Length: 14.0402 Reedshepp Path Length: 13.5898
5 0 5 10 15 20 25 30 0 5 10 15 20 25 30 35
X X

B I Reed Shepp curve 20 B B PF FF B i 1 FoaE = b L j5 0L
#17T o § A BREEHESY R 0 Reed Shepp curve B @B S HF L FAL Ik o KA o
BLEEHLIE T 0 4o B 2-15~ ] 2-16 % & > Reed Shepp curve shfrit & B € - &)
RREHREE S P e L 0§ S s et BR U
ERBE -
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¥z mATREHR

PlehfaE_ > kB iR o R g h
At ikl ¢ FRIWERZTam H 2 FfE > P LF A AERPRRERE TR
B AZEE RS AF T HEY AT

B de B E TR Y EicE B JE B A AT RS

B E RS o FEL REFY
(Differential Flatness)IZ % - #% & M8 & & A P X iRenTrpres o R4 5 0% o

AE A G TR RN ¥ g e, T A T & % Pfaffian k. u%ﬁfﬁ%?
Al % A }Fﬂiﬂ% T G bR F T

F.

38 % ¥(Trivial system)en= ;NP e 5. & 7 8 H0

SRR S AL LR K Fe2 T

3.1 #¢ 4 T 3 (Differential Flatness)
Hem Ty B4 k- BT IR h I B EAEE G RSk o
- R A R A B IR SRk

HH AT HAT o hok AP F
R g~ FRGE T gy 2 A A R 0 RIE AT R (] 3-1) ¢ iR
ﬁ?%%jﬁ@ﬁﬁ&?ﬂ#?ﬂaﬂﬁ?uﬁ@%ﬂiiﬁﬂ%?mﬁﬁﬁﬁ

EIPN IR 7 Rt 1 DI el

Sl o BOA TR R - 854 )

State space

| (T),u(T)
X(O)V\/\\

x(1) =y (y(©,9(1) -y (1)
u() = y1 (¥(0), y(0) - yP (1))

At space

Bl 3-1

Bl 3-1 fpitfes T - B AR AR - BLTrapTEFY > T
20
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B kR R G WY R e M T S T Rk
1. #ERTMESR
2. PHE A AM
3. FmIE >
3.2 & & k|44 (Planar Rigid Body)
W B - B TG R (] 3-2) Bl4e R s & 7 & (Ackerman
car) » £ A H(PVTOL)% o [P g T 8 enT g @H4'WH A XY Ta + > @
BATES A @R AU A X Z T g b oot T a B R R E T
EOREER o Mk P IPLE TR A0 APSER NP AERTE T H B

BE ] e KT B A

z
PVTOL
e

\
>

Ackerman car,

D
I
N

y ¥

& 3-2
BERMMLI S B ol T P o 4 el BRI E T U SEQ)E R
PAA AR &4 9 SEQFLE - B2 FARSLEH > EBESE 0 41}
TG bk EiE S o Tt o s Tl B 4 r‘%ﬁ'@‘.ﬂ*ﬂumlmﬁ; %ﬁfiﬂjﬁi&]ﬂ,_ -

BTG LI TG T g F Bk SR R o T R g ) e
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321 f/F 5 & )18 el Tz bl

Mok T F 4 kiian- JEME O M-F AR AT T Z Y ]
T 2R g R S AU T Bk S B A R AT o Aok A
P - Tt B A F ARk Sendr g Rk AL f’%&frﬁﬁﬂﬁ%] > HR 113y
iﬁﬁﬂ£ﬁ%&%ﬁ’m33@{;ﬁﬁo

AT ¢ AT fe Lk T @ 03] 45> one force ~ one torque T G 4 A8 o
o UM S PR E G T e

3 e — BRI ke

x(t) = f(x(), u(®))

gdrklix() eX SRV dlu@®) EUCSR™ n2m fA - L Fame &35

ﬁtERéﬁﬂ*%k%quﬁﬂhmgﬁﬂwﬂ)eRm:

y() = 9(x(@©), u@®),w®), ..u@®)?) 'peN

x(©) = 7o (y(©),3(8) () 1 g €N 1)
u®) =y, (y@©,y() -y @) 'q €N

PIR% e SL B F T gy e
e g H B 303 4o(B 3-3)%77 » HY ui DRAE Y S e R v
R RAE L S o R (Xr;yr)ﬁ*%éﬁﬁﬁd—;ﬂ CRE LI A QL

Hr b BB, R eqe s A BT AR A AL M AT &

x,Eq +y,.E; = ueq +ve,
Xr =ucosf —v sinf (3-2)
Y, =usinf +v cos 0
FERFFL  Lv=00 EP 0y, 0u,) 2w £ 0 4y > pp 5 45
u% ¢mﬁ§l)\ °

22
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® 3-3

X, =ucosf
Yy, =usinf
.ou
0 =7tan((2))

=y (3 #15%)
O = pp (2 H198)
$oe hd FELT AN
Vi = Xy, Y2 = Vr
Rl
Xr =M1
Yr=1DY2

6 = atan (&>
Y2

u= ,’5’12 + 9,7

Y1Y2 = Y1¥2 I
V12 +y,2

1’}"12 +}722

_ Y1iy1 + ¥Y2¥2
u

¢ = atan

U

23

Ey

(3-3)

(3-4)
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u — —
2 Ve + 12(y,y, — ¥1Y2)?
BT AP R SR G R (X yr 00 u o Q)T ~ (g~ ) E TR

PE gy R R R ESG) g H SRS AT

ﬁ‘]" Bl AE7H? i“y-liﬂ_ﬁ‘]ﬂ!"
e ” "
Foo B- 4 s no No
B PR XA yes Center of mass
s P 2L &4 X g 7 yes Center of oscillation
- B4 - BRE yes Center of mass
s FAZEE G4~ x o yes Center of mass
[ =5
% 3-1
24
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334%&‘—1&!_%?]

T-L
z
S ]

B P LS E A B TR ERE RO [x
O pru ] AUEER Gy e bR e R R ) A T ¢
Foomr e bR =p, e
B FPE S y(0) = [x(0) ()] 0 3% G BT s T
fho T i )k Rl BT AT G
y1(0) =x.(0),  y2(t) = ».(0)
]F)‘.‘A—li‘! ﬁ%] ,Vl é - = :’( % IE;\“ ﬁij, ﬁ ’ }i\“iFBJP .
yl(t) = CO + Clt + Cztz + C6t6
(3-5)
y,(t) = dgy + dit + d,t? + -+ dgt®
‘:; t—to,:-ﬁ‘ ‘&réﬁl’—l—l"mfﬁﬁ&(‘i ) 0)’ t—tféb‘%EY‘]u—x—mﬂfF’&
P8 R R G
y1(to) = x,(to), Vi(to) = %, (o),  yi(to) = %,.(to),
v2(to) = yr(to), Y2 (to) = yr(to), V2 (to) = (o),
BB R
yvi(te) =x-(tr), W@ =%(t),  y(ty) = %(¢),

v2(tr) =2 (tr), Y2 (D) =3:(tr),  92(tr) = 3:(tr),

IR R @22 leeb AT 47 5 B R ADC = b(b):

25
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O 0o oc oo ROoOOCCOO O R

Ho AL (12X 14) et

to to> to>  ty* to® t® 0 0 0 0 0 0 0
0 0 0 0 0 0 1 ty to2 t2 @ tot £ 5
1 2ty 3ty? 4ty 5ty* 6t,° 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 2ty 3ty? 4t,3 5Sty*  6t,°
0 2 6t, 12t,%2 20t,3 30t,* 0 0 0 O 0 0 0
0 0 0 0 0 0 0 0 2 6t 12t,2 20t,3 30t,*
te te2 t3 et t® 0 0 0 0 0 0 0
0 0 0 0 0 0 1 ¢t 2 t3 ottt S
1 2t 3t2 4t 54 6> 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 2t 3t* 4t 5t 6t
0 2 6t 12t2 20t 304 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 2 6t 12t% 20t 30t
C i e

_CO_

€1

C2

C3

Cq

Cs

Ce

do

dy

d;

d3

dy

ds

d,]
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b(t) 5 8 F i it pit

V1 (o)
y2(to)
y1(to)
V2 (to)
V1 (to)
V2 (to)
1 (tr)
¥a(tr)
ACH
Ya(tr)
Y(tr)
[V (tf)_

IS T ARy tpATE A

[A(to)]6x1a X [Cliax1 = [E(tO)]le
[A(tr)], 1, % [Cliaxa = [b(tA)],,,

AP AL T 5

1t t? 3 t* t> t®* 0 0 0 O 0 0 0
0 0 0 O 0 0 0 1 t t* ¢ t* t> t®

0 1 2t 3t2 4t3 5t* 6t5 0 0 0 O 0 0 0

0 0 0 O 0 0 0 0 1 2t 3t%2 4t3 5t* 6t°
0 0 2 6t 12t%2 20t3 30t* 0 0 0 O 0 0 0

0 0 0 0 0 0 0 0 0 2 6t 12t 20t3 30t*
b(t)# 7w 5:

( y1(t) = x,.(t)

Y2 (t) = yr(t)
Y1 (t) = x,(t) = u(t)cos 6(t)
Y2(t) = ¥ () = u(t)sin 6(t)
vy (t) = %.(t) = u(t)cos O(t) — u(t)f(t)sin ()
7, (t) = ¥,(t) = u(t)sin6(t) + u(t)f(t)cos 6(t)

BA - B 12 ERP AN 14 B AR FR £ 0 BEAL K

F2 o BEPE S 2T 2N 12 BA T RE PR BE UFEI O~ B FCATHR IR

77 A28 K R fZ o

27
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3.3.1 B i Fut 2 4

BesTa kAT LEE ~ RE RE D RSNt p g A%
TEY )V ER(ak)iTs kit PR AR R R HTFARR o
Bl itEd R e d R T B0 REREEH P TFFPL 8 p g A
MBfE> e b2 AERFL APF I3 e BHEbE I Dg - F I T F

wad .

/=%f(ﬂ%o+yfandt (3-6)

0

J1(8) = 63 + 24c,t + 60cst? + 120¢4t?
Vo (t) = 6ds + 24d,t + 60dst* + 120dt3
RS ZIORSZIGE T sdi

¥1(0) = a(®)'C +5,(0) = pO'C (3-7)

a(t) =[0006 24t 60t2120t30000000]”
B(t)=[0000000000 624t 60t>120t3]"
B(3-13)1% » (3-12) » PSS i f EH A A A

ty
ty

1
=5 | (2@ +3. ) j (@7 0)* + (BOTC)) dt

0 (3-8)

1
—5¢" [ @@ae@ + GO dcC
0

28
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N

ty

f (@®a®T) + BOEOT) dt = Q

0

(3-9)

Ho QL (14x 14)seid » #(3-9)5 A 7 19Q;; » i € [1,14],] € [1,14]:

Qsa=0Q1111 = 36tf *Qus = 01112 = 72tf2 *Qae = 01113 = 120tf3

Qsa = Qiz11 = 72t;% ~ Q55 = Q1212 = 192t4°

Q64 = Qi3 11 = 120t ~ Qo5 = Q1312 = 360t

Q74 = Q1411 = 180ts* ~ Q75 = Q141, = 576t;°

HepA 2 Y500

Flpbop S B Y S
J=:CTQC -

PCEERIE R R S Z

AT 5
minimize: ECTQC
subject to: AC = b
¥ 5 e AR (fullrank) 0 2 Q5 B
%> Q5 X % (semi-positive definite) > P|fE 7 - T rE— o

G-10)t 5 - B2 F %

R ER BB P %k ## (Lagrange multiplier method) & F-fz &

*Qs6 = 01213 = 36015}“4
*Qee = Q1313 = 720tf5

*Q76 = 01413 = 12001}6

*Qa7 = 01114 = 180’51‘4
*Qs7 = 01214 = 720tf5
*Qe7 = 01314 = 1200tf6

Q77 = Qua14 = 2057.14¢;°

= .3 (Quadratic programing) 2. & if 1* i 48 > o5f & i 1

(3-10)

% (positive definite) » B 75 fri— B if

34 %) & (equality constraint) s iF i B A > i R Kk p

RO W=x)

FICREE o 3l B2 p & & X% Lagrange necessary condition:

QC+ATA=0
AC—-b =0
He AL PRI Pp I d o

[Ql14x14 [AT]14><12]

[A]12><14- [0]12><12 [A]lle

29

26X26

(3-11)

#(3-16);V e B LT AT 5

[[C]l4><1]26><1 — [{2}12i1

1]26><1
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Fd trdcEL C:

1

[C]14><1] [ 14x14 ]14><16]_ _[[0]14x1]

16><1 [b]16><1

R AGB-IT) T E R ] Y 2 s

(3-12)
16><14 0]16x16

oz [[Q]14x14 [A" ]14><16]

&
[A]16><14- [0]16><16

T gl ) e i O B -

Bois o BRfR2 BB it w (3-5)N iy, (8) = o + ot + cpt? 4 - cpt®
Yo (t) =dg +dit +dyt? + - dgt® > B H-HF 2 834) TF EF ]G L

B R RS R H R o

30
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Yrg pdRd AN BBREALE

B op e DB EARER Y TR AL R 0 1Y

3
&
w
'_:‘!-
=5
~
(LTS
e
}!ﬁ
K2
e

AR RPIRTIRNBE o 2T FRIENBI 2R AR A T

BEErTABEEEE B §0k c AR E N EMA TR AR L REPFIES

e BT RARAL RIS B R D Rk o

4.1 B iR EPEEE

BASPRRE(ty — to) » McA T3 € & Sl PR QB CAS TR S T el
FIMEL PFREeERERGE BB, n FFEE ¢ ERAPFY I7]
ERNGOPEE  RETREAPFTF I e BT

TR RPERFERT 0 2 R RS T AR SRS o Aog
Start=[30 30 0] % # B Goal[80 80 ~] » #n¥L 1~ 2~ 3 2 &4 W] 4 7 $e i FFE - 18
CEFFREE AR PFREZL BT Mo Bl 4-1 A m B B RSP R AT A R T e 5 T

FoBA2EATEERAFET B RO Ee AL T

50 Different Time Trajectory
1 Optimal time Trajectory , tf = 14.98
2 Shorter time Trajectory , tf = 10
100 + 3 Longer time Trajectory , tf = 20
80} Gozgy
> 60
2
40 -
Stary 3
20 -
0 )
0 20 40 60 80 100 120
X
31
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Different Time steering angle Different Time acceleration

1 [—— Optimal time steering . tf = 14.98 15 1/ Optimal ime Acc , tf = 14.98
2 | = Shorter time steering , tf = 10 2 Shorter time Acc , tf =10
3 Longer time steering , tf = 20 3 Longer time Acc , tf = 20

TT~——s— % 08
- 3
b=l
< g o
E £
o )
@ 3
g s
-1}
A5
0
0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

) 4-2
BRA R APIERE G S B E R B R T
SQP(Sequential Quadratic Programming) & & Ff#& FpLjc 2 pFF & A Siffic > A7y
FE AR LB S P R 7 A RSP EERFE o AT AF e lE S 3 .

S4B B BN R 2 F (] 4-3):

R 4-3

PR A s Ebdy v & (Headingangle) Og ~ 0 37 % % = % "2 Tt L] gk

S g (R 4= A FE RPN 0 LR e AR
32

doi:10.6342/NTU202404189



) 4-4

Gz VP RP 0 TR B EIEgd S

ds =V (Xs — X5)2 + (Vs — Y5 )?
FOBT R T 2 BEHE Y U 5

d = |Xs —Xg)| +|(Ys —Y5)|
ik BRd Cldydg]e ¥ b FAEMRY B A3 e RS RS TR

ST R ﬁ ‘»‘?{tﬂ‘_ﬁ W F PV T E BT PEREGT LB i o
2 X dg
tr lower = 7575~
Vs +V5)
2xd;
tf upper =
- Vs +V5)

#7 VS ‘VG m o ;%%Li}i @ A %—tf_upperi tf_lowerﬁ_% iﬁ‘)ﬁ_tfii =

I

HiE A ¥riE (R T2t e & %1 % (Steering angle changing rate) » S P E H e &

B F B L T2 BT LTS B BT PR E -

33
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4.2 wiiE & P

Bomd r RO R PIRETREOEERP L ATT - R {io LT %B
Z M AT AR P AR FAHBEEPRY AR ERY 2 FaRRR

15 e Rl % AT

T ST F R R RIS T LR IR S |

R ALY REP LSRR AT

FEES T RS VLR TR

= B

REfLe &2 B4

(B 4-5)> g Fupnd =18 > P FH{ L e iFied fupt > T8 FaiEn e
E;
'7 Corner3
“(¥3¥3)
\" Corner4
. (x4y4)
Comnerl
(le’ll)_,-"%:“
.""‘:\"ﬂ,"-‘ comerz
(x2¥2)
0 > E,
 4-5

AP wiPERRE IEPEER -

EYT S

W o
= X, —ECOS(Q —90°)

X1

X, =X, + gcos(e —90°)
x3 = x; — lsin(6 — 90°)
Xy = X, — Isin(6 — 90°)

RELLw 2 B TTH
AR 2 B i AL KRR 1

S h o2 U B A

VTR SEE R

P E

.J%

34

w
Vi =V, — isin(e —90°)

Yo =y + gsin(e —90°)

y3 =y, + lcos(8 —90°)

Y4 =y, + lcos(6 —90°)

Bopre &2 gt o (Bl 4-6)5 f* 5 v &

A g dp o HY FaA T
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150

125 8 9 10 1 12 13 14
front comer

100 + /——\

i /\

50F 1 2 3 4 5 8 7

25 F

0 T
0 25 50 75 100 125 150 175

] 4-6
43 & pi 2 R
WP P iR T B E P B2 AR o P BRI T R
FEGRE o AE T BRERGY HT A ERD Kpo RITD R HEED
Fr Lk PURd R R IRt p o LR T B Asdem B 2 F AL L4 o
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% 5-1: AXIS M3006V e 47218 12

Image sensor

1/3.6”(effective)progressive scan RGB CMOS

Lens

1.6mm, M12 mount, F2.8, Fixed iris

Angle of view

Horizontal: 135° ~ Vertical : 99°

Resolution

2048 x 1536(3MP)

FPS

30
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