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Outline of the Presentation

1. Problem formulation
) .
2. Overview of the relevant research
3. Methodology
\_ J
4. Results and discussions
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Problem Formulation

A Planar Path

A piecewise curve as a supersehsegments

n

Ps = U P; and
i=1

P ={p

i € ]Rz | Pi = pé,p(t) VYt € I?j = [ti,l}:ti,l] - ]R}

A Path Smoothing

A Parametric continuity
A Geometric Continuity
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Problem Formulation

A Curvature continuity

Osculating circle r=1/x

Curvature &

200 < 800
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Problem Formulation

A Clothoid

A curve whose curvature changes linearly with its curve length (Euler Spiral)
Advantage Shortest path satisfying Maximum Principle (optimal control theory)

zo + [, cos (90 + Kou + 0’7“2) du e

F(S) - 5 . ou’
Yo + J, sin (90 + Kou + T) du y

k(s) =ko+0s, ko, o€R

DisadvantageNo closed form due to Fresnel integrf

t 2 t 2 .
C(t) :/ cos (%) du and S(t) = / sin (%) du. e
0 Jo
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Relevant Research

A Online Approximation
A RBC Algorithm (Montés, N., 2008)
A Circular Interpolation (Brezak, M., 2014)
A  Offline Approximation
Method Cons
1 | Continuous function approximation (Wang, Lazhu Z., 2001) Degree can be 26th order
5 C? Hermite interpolation via-power series (Sanchézeyes, Complicated coefficients
2003) calculation
3 G3 Bézier approximation with numerical search (Cross, 2012; LNumerical search procedure i$
Lu., 2013) expensive; not robust
4 | G?* deterministic approximation (Cross, 2015) Not accurate due to linear

approximation

Note: 1, 2, 3, 4 can only deal witimit-lenth clothoids
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Methodology

[EIementar;CIothoid F¢(s)

.........................................

[BasicCIothoid F.(s)  Lookup Table

[GeneraICIothoid F(s) | |
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Methodology

(a) Bézier curvesB; ; i =1,2,...,7)
(b) The Bézier approximation to the basic clothoid

F(l) = (zg) +R

as primitives

B:(t) = i (5) (1-8)°""¢V,, telo,1].

(s)ls=0

2
1=0

p(8)]s=0 =

()] s=s, =

/
K;C

/

c

(

S

)s=u

G3 Continuity Constraints
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Coordinate (Position) Error

Continuous: Pythagorean error in the Cornu plane (1,2)
ep = || B(s) — Fe(s)]

Discrete: Euclidean distance (3)

€ = \/(xe - xa)z + (ye - ya)z

[1] 2003. Polynomial approximation to clothoids vip®ver series
[2] 1985. Rational Approximations for the Fresnel Integrals
[3] 2014. Reatime Approximation of Clothoids With Bounded Error for Path Planning Applications
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Orientation and Curvature Errors

A Orientation Error
o = ||Op(s) — 0.(s)]]

A Curvature Error (4, 5, 6, 7)

€, = max EH(S) — max |,{b(8) _ Hc(S)|
s€(0,1] s€[0,l] max {|kc(s)|, 1}

[4] 2012. G3 quintic polynomial approximation for Generalised Cornu Spiral segments

[5] 2010. Smooth polynomial approximation of spiral arcs

[6] 2013. A note on quintic polynomial approximation of generalized Cornu spiral segments
[7] 2015. Efficient robust approximation of the generalised Cornu spiral
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Circular Interpolation (Brezak, M., 2014)

0.09

Clothoid
Methoid |

a = 1.0, As = 1.0, Ko = 0.0, 0.02 1 4 ] /
90 = 00, (xO,yo) = (OO, OO) ool > "/_ I T 57 ‘*
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RBC Algorithm (Montés, N., 2008)

015 -

9-th order RBC

N
Z “;k " Ck : Bﬁ
Po)=i2 —

0.g

::::::

0.0008 |

aaaaaa

0.0002

0.0003F
00002 ep

0.0001

€0 €k
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Accuracy
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Efficiency

= Retrieve 100 Points

Mean execution time (us):

 RBC Algorithm: 1477.5
* Circular Interpolation: 199.5
* Proposed Approach: 305.0
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Scalabillity

- - - - Linear Interpolation — Bnax = 0.05 7
——— Circular Interpolation e s = 00027
—— RBC Algorithm

104 ||||||'|'|'| |||||'|'|'|'| ||||||'|'1 ||||||'|'1 |||||'|'I'| |||||'|'|'|'| ||||||I'| |||||'|'|'|'| ||||||'|'1 T 1T

10-15 -
1D'EU -I_lllIM 1 IIIM 1 lllld | lllld llllM IIlIM | llllld llllm 1 IIIIH L Ll
107 10° 10™ 10’ 10° 10°
C
Ep(s) _ |J_|Ep.,£ (5£) Position error with respect to clothoid scaling
‘
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Differential System

A Extension of Dubins car (8)

T cos 0/ 0 P
Y sin @ 0 e
o~ k |V o

,,%; O ]_ O.max -

~ tan¢
L, '
¢

L., cos2 o’

Feasible Path: &urvature continuous with curvature derivative (sharpness) bounded

[8] 2004. From Reeds and Shepp's to ContintOuvature Paths
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Local Path

A Case 1: A pair of clothoids, a circular

arc and line segments

K 1 K
max] + cos [ max ] .
O max Kmax 20 max
o 1 K2
max)+htan(u]— sin( max )
O max 2 Kmax 20 max
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Local Path

A Casel

Xc1(8)
“R(S
( Yer (8 ] { ”}(

xc2(3)
Ve ()

[ X0 ]=R[5o)(
Yo

)ZR(ﬁ{] +6)(

d - htan (2]

Xc(8)

sgn(6) yc(s) ] mdé+ Wy,

—JCC(S)
sgn(6) y.(s)

2 ) ) - dél + Wh.
sgn(d)h
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