ki S 2N E L
5 T {5 1Y 1 3%

TE Frenet A AR R . 25 L r (¢) 7T L) JE A 75 B I ] A2 AR i il 2k, SR 10 78 Lattice BRI
L SE L r (0O —BOR IR S5 AL IE B 19 4208 o 2 i R s R At A B E TN
HE 5T S B A B A 4 2 5 AR A S TR R IR 5 T E A T A R

3.1 SEXL&WHMIREITE

SHLE s (I8 t W2 B2, 2 LT .

s() :J-[ |7 () Il ,dx (3-1)
0
d
ﬁqjar/(t):£, | o I, R 2380, (o) A Ik 0 2 Jil i P i) A b 40)
AR AL AR A B 22 L AN R 31 R . A R AT 9 5 - (o) 1Y R
KRN 0, B RE— T4k, ()

FERLE b AR r (O RARR LM 2k AR AE TR LB T, S H L
— JBE A AN A T B R PRI LR R 225 e R AE i
LR JE A A5 PF T AT LLTFSE BT o 2 ] A i el 7 Al
SRR 2k 3. 2 THRBI IS A B LI

AR s(OHO=s=r=1r(s) s () =s, 1 Hl s NLEBFE] ¢ 1) pR
B R BIHINK s B eRBG I . 254 - (OWATRIHE N »(5).

TELPRI TR 2 H LR BN . s O SE5RGDIRA LR,
ELIEVE 313 U

(1) & ¢, W28 BRI s (1) =0,

(2) Bty Ug)) s (@t sy @) s (@) sy (@) s (e, )y () K
SHL LI 0 A B

(3) s (ORI P,

s =/ (@) — 2@ H(y ) —y ) 4 e+

CEBIE YA P
554
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() —x ) +H () =y, D" F e+

() —at, D+t — vy, )F

=5, D)+ — a2, Dy ) — vy, )F (3-2)

3.2 BEZMNEBMLE s(OHITE

3.2.1 HEvkeS Rk

TE Lattice Bk, % 26 1) B B 75 25 Bh 25 /) 1R 5% 28 PathPoint, DL & 3§ reference_
point Fll MapPathPoint 7 fiff 15 K # & vh 19 % S, Sy 1 8 7 3 B (8] &, 45 b %) Path,
reference_point fll MapPathPoint 22547 T fRifb b 38, BRSSP DIZF Apollo 6.0,

Lattice B35 X T2 % 409 By Wb TH A B2 W] LU 94 R DUR 2D 3R

(1) 6 A7 it B TR A 5 8%

(2) K SFH L&A B AR JE P CRAE R ILARAR (oo y) T A il 3 i 572 1k
B DVC/NRELS N

(3) THEARRR P A5 22 8] Y BR QIR B

) R RITIK .

3.2.2  SBilsbr

XEELITE IS BIFIRK 2 Lattice B EM RIS HA, A TiHEE X Z
T R B A M o AR S A T A A B SN, B o i BN Python AT C++ (1) £ B ik
179w R L5 T AE W

1. EF Python WS ZLITERBXIH

(AZT UM

//% 3 % /DiscretizedReference. py
import numpy as np
import math

import matplotlib. pyplot as plt

FAMSF L, WAL S FH L N2 R I—BTK

def generate referenceline(start angle, end angle, radius):
£ 5K BT X 07 A9 15 0 £ 19 38 A [ start_angle, end_angle]
theta = np.linspace(start angle, end angle, 20)

FZBONK B R B4R (%, y), it x = R * cos(theta), y = R * sin(theta)
x = radius * np.cos(theta)
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y = radius * np.sin(theta)

£ i85 AL dx / dtheta il dy / dtheta
dx_dtheta = - radius * np.sin(theta)
dy dtheta = radius * np.cos(theta)

= R R A, BRSO dy / dx
heading angle = np.arctan2(dy dtheta, dx dtheta)

FH TR BRI, Aty 1/ R, MR ARE R 0
kappa = np.ones(20) * 1 / radius
dkappa = np. zeros(20)

ZJH zip PRECKE B AR AR R T I £ | i 500 AR fl R e

reference line = zip(x, y, heading angle, kappa, dkappa)

return reference line
O R R TR S 8 2 BRI R CH 2 B T AR

def to discretized referenceline(reference line):

s = 0.0 # S E M 2K

s_set = [] # list 4%, FEUR A MY s B

x_set = [] # list 4%, A HUEA B x A bR
y_set = [] £ list B4, A A B v bR
heading angle set = [] # list 25 a%, A HUEEAS 55 RO ) A
kappa_set = [] £ list &A%, A7 U 5 0 R
dkappa_set = [] # list 2 4%, 17 H0EE A s 1) il 2R AR b 2
#3115 % 2%

for x, y, heading angle, kappa, dkappa in reference line:
x_set. append(x)
y_set. append(y)
heading angle set. append(heading angle)
kappa_set. append(kappa)
dkappa_set. append(dkappa)

if len(s_set) != 0:
TG 4 R A Y RRCEG IR B, I Bl
dx = x set[ —2] — x set[ —1]
dy = y set[ —2] — y set[ —1]
s t= math.sqrt(dx * dx + dy * dy)

s_set. append(s)

path points = zip(x set, y set, heading angle set, kappa set, dkappa set, s set)
return path points

if name == ' main ':
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#SEB AR ININEE N PT, & ILIE A 0.5 x PI, 2k 42K 200

reference line = generate referenceline(start angle = math. pi, end angle = 0.5 *
math. pi, radius = 200.0)
reference line frenet = generate referenceline(start angle = math. pi, end angle = 0.5 *

math. pi, radius = 200.0)

x set, y set, , , = zip( * reference line) # F|H zip( * ) fit f 5

PathPoints = to_discretized referenceline(reference line frenet)

x_discretized, y discretized, heading angle set, kappa set, dkappa set, s _set = zip( *
PathPoints) # [A] I

plt. subplot(121)
plt.plot(x set, y set, color = 'black')
plt. title('(a)', v = —0.2)

plt. subplot(122)
#PRWAEERERT BRI

plt. rcParams[ 'font. sans — serif'] = [ 'SimHei']

plt. rcParams|[ 'axes.unicode minus'] = False

plt. scatter(x_discretized, y discretized, color = 'black',6 marker = "o")

plt. text(x discretized[0] + 10, y discretized[0] -5, 'Z& 2l ")

plt. text(x discretized[5] + 15, y discretized[5] — 15, 'x = ' +
str(round(x discretized[5],2)) + ', vy = '+
str(round(y discretized[5],2)) + '\n' + 'heading angle = '
+ str(round(heading angle set[5],2)) + ',s = '+
str(round(s_set[5],2)) + "\n' + 'kappa = ' + '%.2f'%kappa set[5]
+ ',dkapp = '+ '%.2f'% dkappa set[5])

plt. title('(b)', vy = —0.2)

plt.show() # W/RZCRUNE 3-2 TR

P 3-2 Ca) FIr 7 1 S LA i 22 9 3 7R 225 40 T 552 B ) TR 0 P o o 8 SR JBC e 1 Ak
BB AT T, P, 7R P 3-2Ch) v A5 DURIOR A9 IE 30 7R R R i R T 2 S i 2
JE A 0 A AR L SR IR UL | A R AR R AT AN 3-2(b) P .

200 200- e
°
.
1751 1751 .t
1504 1504 .
.
1254 1254 .
.
100+ 100+ : x=183.15,y=80.34
i i heading_angle=—1.98,5=82.65
75 75 e kappa=0.01.dkapp=0.00
50 501
.
25- 25,
0+ 0@ ZHLRA
-200 -150 =100 =50 O -200 -150 =100 =50 O
(2) SHELINELER R (b) H&NERER

K 3-2 ZF&BEHITE
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%3

=r
=

SELNBEE LR S0%EFE [P 29

X TS H LT RS A B AESEBLE  Apollo "R T message /R 45 A~ il B9 15

B BRRR 5T .

message PathPoint {

[/ =4 BRI S B

optional double x = 1;

optional doubley = 2;

optional double z = 3;

//77 T B 2R RS2 L) XOY S i S FE Al )
optional double theta = 4;

//X0Y V- Th 1Y i

optional double kappa = 5;

//MGE ST R BT BLK B2 Z A1, Bl Frenet A6 4R 2R T AU 2L HR s

optional double s = 6;

/7 WAk F2 o it 3 1 5 KL
optional double dkappa = 7;
/137 %8 1 Z A0
optional double ddkappa = 8;

/ /3R B R AE 4RI ) 1D

optional string lane id = 9;

1R AR o 58 (42

10,
optional double y derivative = 11;

optional double x derivative =

//%5 3 ¥ /Discretized. cc

std: : vector < PathPoint > ToDiscretizedReferenceLine(

const std: :vector < ReferencePoint > & ref points) {

double s = 0.0;

std: :vector < PathPoint > path points;

for (const auto& ref point : ref points) {
PathPoint path point;
path point. set x(ref point.x());
path point. set y(ref point.y());

path point. set theta(ref point.heading());

path point. set kappa(ref point.kappa());
path point. set dkappa(ref point.dkappa());

if (!path points.empty()) {
double dx = path point.x() — path points.back().x();
double dy = path point.y() — path points.back().y();
s t= std::sqrt(dx * dx + dy * dy);
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}

path point. set s(s);

path points. push back(std: :move(path point));
}

return path points;

3.3 MEEARIERFE

3.3.1 PURERERER S b

P (@) sy () F7R B BT PUIE AL AP 3-3 IR v, (G =0,1,+0i—1sivi+ 1, ,m)

RS H L LR B BT . VCEC TR T 5 90 75 2 25 4R A 451 1 1O Hh 4 i B 28 430 2 i
W T Y A BEFR R RR A AR

/
Uit (x/+1 Vit )
PXpsyr)
Vi(Xii)

P /(1)

e Uy

I 3-3 IR AEDE AL S Y e

(D 5 RS RTE S p (2 (O, y ) 5B HLRED B EUL MK ICEE R, A X
wmr

= po; I, =@ —2;D* +(y@) =y, tD* (G =0,1,n) (3-3)

(2) /w. 0L 5 L 9 Uinaos = argmin £ LRI
RIS N 3-3 FY A v, (2, .y,) - REI R i . —F R (2, .9,)) .

(3) AR IE B e /IME W B R 51 R BT — D RS/ — D iR gl cn
K 3-3 Fim v, (o sy ) RBE B E/IMER AL BT — DR o, RS i — 1, /7 — A8
v RS i+D,

(4) ARYEIE B /N SRR — AR5 i 3-3 Y o, )5 S w08 s CAnE 3-3
TS p (e (@ y (@) IR M, p M, v, LIRS p, (WA 3-3 iR,
N

V,1P * V1 Vip

o, p, Il ,= HmﬂmHﬂzzuvaHwﬂm%wﬁp (3-4)
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KX, FoRmio,  p S, v, BRI EEZERRARRN po, 10,4,
WIS 4552 0 p, BIVR 4400 Y i B0 R 7E 2 25 2 iy fe A DL E A5
(5) MG 3.1 WESHL L5l s TR BRMHGR , TRBAEICE AL p, 1Y s (HIFET .
Sp =8, T I v,_,p, I, (3-5)
Kb, FRBEL LM o, 0 .
(6) MIEBHE LM o, o, 095 s, M, LURRHEILES p, #05, F
LA FEVC A p, B9 R L AR AR A 58 45 M (E .

FE XA ARB 33 PO E o, AEBYEMB T EORERERE, FZ2RALET A
FEEERBHG AL, wRie o, ARERRE, N REES LU ATETHIZELY,
Blie B 3-3 P RALALK v,p WKE.ERZEK v, p A KRELARTREFTEHHRIL
Bp ptikE, TLRAMHLEZREREES LW —AAERE -/ L, RN BREY
HRAE, R, EFLEZEE. o, 9 —ANEFE—ANAETRRAEE. Bld, R v, £
AEEEE I ANBRERE RS —ABRE N AEXAELT 0, LR BKECHT—A
ERE—ANE, HTERFHRFL. EFZLELEE, ELALERLA 27 ERB Pk
HALT A F],

3.3.2  RVEAGE VR R 6 A

A A (L B AR B LL B T B AR 2 RO A A TR R A 4. A L Apollo 6.0
AR S B A AR AR, X G B AR i B g R R AT B A

W RILBIRR XOY PRS0 5P, PP, L. ME v
] (R0 B e R AN 3-4 FFas, H Py #Py S R L AR AR 20
Hxy sy ) H (v, Py P Py BB RS O BB 458
lOP, I,  [lOP [l ,. 1OP, | ,, BbAb A BB AT LL2E HE Frenet
ﬁéﬁ%?%rﬁm s bR, POVPTRI PR BIAEAIE X B by

o TE LIRS, 0T LGS (1 5ROk PR

J:T/]‘(I vy )

PLS P A AR o SR AR g ). AR A = # B A 8L T 0

+ lloprl,

Pi(x1y1)

R
Bl 3-4 MG EREE

- lorl, (3-6)
z, lopr,I,
x  lop, I,
x _lop,ll, (3-7)
x,  l1OP, 1,
2 (3-6) FIE(3-7) w0
=z, lorl,—lopr,l, (3-8)

X H()Po Hz
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1,'1_107HOP1H2_HOP()H2

Top, T, (39
HE R (3-8) X (3-9) T 15
c—z, loPI,—llOP, I,
e 2, ToP, T, —TopP, T, (3710
lorl,—lor, I, N
“Top, T,—Top, |, @10
r=0—wlx, +wx, (3-1D

A G-TD BN A T3 A TRk AT 2= 225 4RI L A 4% & PR o 3
B RTRE— AL 225G Apollo 6. 0 H B AUHS -5 15 07 35 H EPAIE

3.3.3 Sehlsrdr

Sk T B UE D FC 5 A 3 B 5 A A TR T L A S X i T A BR S S A AT TR 5
WE . FrA ARG e T DOl AR B 5 L5 B9 iS40 . 247385 4 Ubuntu 20. 04,
RIS WF .

//%% 3 & /main. cc

# include "../include/path matcher. h"
# include < vector >

# include < cmath>

int main(int argc, char * argv[])({
std: :vector < PathPoint > reference line; //MJ {7 B S Z LM A"

float R(20.0f), x(10.0f), y(0.0f);
/1B EBESH RS E.G, T FERHR, B S %L R85
double start arc(M_PI), end arc(0.5 % M PI);
/1 E SRR IR R O
double planning x( —4.5), planning y(14.14);
/15 575 4R 1 1B > A B
PathPoint match point;
std::cout << "M PI = " << M PI << std::endl;

for ( float angle = start arc; angle >= end arc; angle —= 0.15){
[ITERR RIS 75 2 b4 ki
PathPoint path point;
double x_point = x + R * std::cos(angle);
double y point = y + R % std::sin(angle);
/TSR R 4% R Y AR AR
double theta point = std::atan2(y point, x point);
/7SR R F A% AU f, B 1 A
double kappa point = 1 /R;
/7T SRRR A AR R, BT A SRR [BR BT DL RS 1/R
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double dkappa point = 0;

double ddkappa point = 0;

/7 F T AR R, T DA BRI A% R R 0 — B AL B S EOk o
double s = R ¥ (M PI - angle);

/7% 51 s MEARGE IR 3157 2 AT SR

/7R84 R R LA AR 0T A LR R — B S A I S RS S
path point.set x(x_point);

path point. set y(y point);

path_point. set_theta(theta point);

path point. set kappa(kappa point);

path point. set dkappa(dkappa point);

path point. set ddkappa(ddkappa point);

path point. set_s(s);

[BENSH QIR R

reference line. push back(path point);

std: :cout << "Current PathPoint is ( —4.5,14.14)" << std: :endl;

match point = apollo::common: : math: : PathMatcher: : MatchToPath ( reference line, planning x,
planning_y);

std: :cout << "The Match Point is (" << match point.x() << "," << match point.y() << ")" << ";
s = " << match point.s() << std::endl;

std: :cout << "The Match Point theta = " << match_point. theta() << ";kappa = " << match_
point. kappa() << std::endl;

std: :cout << "The Match Point dkappa = " << match point. dkappa() << ";ddkappa = " << match

point. dkappa() << std::endl;

return 0;

M= Ry R TN (1

M PI = 3.14159

Current PathPoint is ( —4.5,14.14)

The Match Point is ( —4.16313,13.8085);s = 15.4511
The Match Point theta = 1.88145;kappa = 0.05

The Match Point dkappa = 0;ddkappa = 0

LA B A B 475 AR T 4250 24 B B0 A A DT C A B R L AR bR AL A |l AR A
{8 Horp PR e #E n AR CE T path_match. ce SCAFH ARTSATTF -

//%% 3 & /path match. cc

# include "../include/path matcher. h"
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# include < algorithm >
# include < cmath >
# include < vector >

# include "glog/logging. h"
# include "../include/modules/math/linear interpolation.h"

PathPoint PathMatcher: :MatchToPath(const std: :vector < PathPoint > & reference line,
const double x, const double y) {

CHECK GT(reference line.size(), 0U);
[/HNWi 275 SR RN =S, AR =5, 44
auto func distance square = [](const PathPoint& point, const double x,
const double y) {
double dx = point.x() - x;

double dy = point.y() — vy;

return dx * dx + dy * dy;
1
(/TR SR A48T 45 5 2 B A 0 R (=, ) BRI B, B =X (3-2) s . BRBUE
//2 const double x Fll const double y, &b+ i lambda BR %51 S5 1

double distance min = func distance square(reference line.front(), x, y);

std::size t index min = 0;

(14675 R IUER 1A RS B S TR A BE B S o NEE B, R B IR TS AR
[/ /NEBE MRS S  XSTEG 2k ARG FE b #1475

for (std::size t i = 1; i< reference line.size(); ++1) {
double distance temp = func distance square(reference line[i], x, y);
if (distance temp < distance min) {
distance _min = distance temp;

index min = 1i;

}
[/ 5 275 2 4% i, BB /N S B AR |, A G T 30 5 4 20 B (2)

std: :size t index start = (index min == 0) ? index min : index min — 1;
std::size t index end =
(index min + 1 == reference line.size()) ? index min : index min + 1;
/KA e /N B U AR A, BRI 1A R R A, B REDL 3.1, 1 Y
VIAE D=L DET B4
if (index start == index end) {

return reference line[ index start];
}
/13— RER I 0L, RIASH BN HA — 1

return FindProjectionPoint(reference line[ index start],
reference line[ index end], x, y);
PathPoint PathMatcher: :FindProjectionPoint(const PathPoint& p0,
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const PathPoint& pl, const double x,
const double y) {
double vOx = x — p0.x();
double vOy = y — p0.y();
//p0 AR /NI B AR — A R (A 3-3 TR vy ), AR TR A 2 R A S
/ /1) £ A b

double vlx pl.x() — p0.x();

double vly = pl.y() — p0.y();

//p1 SRR/ NI S G — A (N 3-3 T v ), AR TR A T A S
/ /18] & AL b

double vl_norm = std::sqrt(vlix * vlix + vly x vly);
double dot = v0x * vlx + v0y * vly;

double delta_s = dot/vl_norm;

/1 BRSO f RE LK (3-4)

return InterpolateUsinglinearApproximation(p0, pl, p0.s() + delta s); }
//p0.s() + delta s 1% X fif B UL =X (3-4)

FEVC BE s 9IS A h BB B T R Tk . ONE R BNS IR REAE 3. 3. 2 itk
17 Hean ik AR anE .

//%% 3 # /linear interpolation.cc

# include "linear interpolation.h"
# include < cmath >

# include ". . /cyber/common/log. h"
# include "math utils.h"

PathPoint InterpolateUsingLinearApproximation(const PathPoint &p0,
const PathPoint &pl,
const double s) {

double sO = p0.s();
double s1 = pl.s();
J/ARMLAN B 3-3 i vy o F vy, WY s fH, A R (15

PathPoint path point;
double weight = (s — s0) / (s1 — s0);
[/MA KB BRI I 3.3.2 15

double x = (1 — weight) * p0.x() + weight * pl.x();
double y = (1 — weight) % p0.y() + weight * pl.y();
/75 R A R DK (3-11)

double theta = slerp(p0.theta(), p0.s(), pl.theta(), pl.s(), s);
double kappa (1 - weight) * p0.kappa() + weight * pl.kappa();
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double dkappa = (1 - weight) * p0.dkappa() + weight * pl.dkappa();
double ddkappa = (1 — weight) * pO0.ddkappa() + weight * pl.ddkappa();
/1T R A R R IR

path point. set x(x);

path point.set y(y);

path point.set theta(theta);
path point. set kappa(kappa) ;
path point. set dkappa(dkappa) ;
path point. set ddkappa(ddkappa) ;
path point. set s(s);

return path point;

3.4 NG

B PR SR DS R E AR S B A b TRk T B T R R UL AT AR B
ABMSHE AP RS EWYH L A E R b, EEENAP S B R 28 2%
L s RIS LB A B s 5 — R WAE T 2 25 oA A7 B Bk i, i TR
R B B S B A S AP AR R 22 . T b T 575 5 Y A AL R /N
A 5 U T DG T A A AE 98 I e DR L BRI B BT — S SRR — A s ) TS
PR Y B PR R . RIS vk O B R R T RO M A R R IE



