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Highway Lane Change
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- Automated lane change maneuver
(LCM) system for highway driving
scenario (straight & curved roads)

= Generates a collision-free, optimal

trajectory for lane change using
trajectoryOptimalFrenet

= Behavior layer to configure motion
planner

= State validator for collision checking
= Lane following controller using MPC

Highway Lane Change

Navigation Toolbox™
Model Predictive Control Toolbox™
Automated Driving Toolbox™

2020 :



https://www.mathworks.com/help/driving/examples/highway-lane-change.html
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Highway Lane Change
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Learn motion planner

= Optimal trajectory generation
in Frenet coordinate

= Planner parameters

= Simulate trajectory planning
with occupancy map

~
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Architecture of Highway Lane Change

planner = trajectoryOptimalFrenet(refPath,validator) J
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Optimal Trajectory Generation

= trajectoryOptimalFrenet function generates an optimal, feasible, and
collision-free trajectory for the reference path

planner = trajectoryOptimalFrenet(refPath,validator) i

reference path state validator
for collision checking

Optimal trajectory

Reference

Path
Navigation Toolbox™

2019
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State Validator for collision checking

% Create a state validator object for collision checking
stateValidator = validatorOccupancyMap;

% Create and Assign binaryOccupancyMap to the state validator

. . _ : 1) Assign 2-D occupancy grid map
stateValidator.Map = binaryOccupancyMap(width,height);

with binary values

% Or, use occupancyMap 2) Assign 2-D occupancy grid map
stateValidator.Map = occupancyMap(width,height); with probabilistic values (0..1)

e SRR P e i e N N
% Or, create a custom state validator object

stateValidator = MyCustomStateValidator;

classdef MyCustomStateValidator < nav.StateValidator & ... ’

30 Binary Occupancy Grid
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}3) Use custom state validator
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Planner parameters

= Terminal states

= No. of longitudinal {

segments

- Feasibility parameters{

4\ MathWorks

%

% Assign terminal states for longitudinal state, lateral deviation,
% speed, time, and acceleration

planner.TerminalStates.lLongitudinal = 100;
planner.TerminalStates.Lateral = -10:10:10;
planner.TerminalStates.Speed = 8;

planner.TerminalStates.Time = 7;
planner.TerminalStates.Acceleration = 0;

% Assign number of partitions for the longitudinal terminal state
planner.NumSegments = 3;

% Assign maximum acceleration and curvature values for feasibility
planner.FeasibilityParameters.MaxCurvature = 0.1;

planner.FeasibilityParameters.MaxAcceleration = 10;
Ry T e S W S s S e i

Collision-free optimal trajectory planning
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Optimal Trajectory Generation

30 T T T T T

. 20| Longitudinal terminal states |
trajectory = plan(planner,startFrenetState) | .| Candidate Trajectories—Lateral terminal states-

" 0 -

10 - A 4

Samples multiple candidate trajectories N \ 1
for each pair of states (start, terminal states) Optllmal Trlalectorly RefPath

-30 | | | | |
0 20 40 60 80 100 120 140 160

Evaluate cost for all candidate trajectories Cost weights .
* Time, Arc length, Deviation

« Lateral/longitudinal smoothness

Feasibility parameters:

Check feasibility for all candidate trajectories _
» MaxCurvature, MaxAcceleration

validatorOccupancyMap
Custom state validator

Check collision using state validator

Choose a
— optimal, feasible, and collision-free trajectory
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Generate trajectory in Frenet coordinate : iat +
using quintic polynomial

= Quintic polynomial

s(t) = ast® + a,t*+ azt3+ at?+ at + qq
$(t) = 5ast* + 4a,t3+ 3ast?+ 2a,t+ a4
5(t) = 20ast3 + 12a,t%+ 6ast+ 2a,

where s = longitudinal or lateral distance
dlong

= Start boundary conditions (t = 0)
jerk-optimal
trajectory

with a pair of start
and end states

longitudinal distance

Ao = Sstart
a1 = Sstart
2az = Sstart

= End boundary conditions (t = tf)
astp + autf + azt? + aptf+ a;ty + g = Seng
5as tf + 4a4t]§+ 3as t]g"' 2a;t¢% a1= Seng [ lateral distance
20ast? + 12a,tf+ 6azts+ 2a; = Sepg

& start

Frenet Coordinate
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Advantage of trajectory generation in Frenet coordinate

Trajectory planning in Frenet coordinate

RefPath

N
o

= Frenet system represents an object and its
trajectory with respect to the reference path
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Optimal trajectory in Cartesian coordinate

20

= This approach dramatically simplifies the
problem of trajectory generation when a car is
traveling on a curved road.
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Convert Frenet states <> Cartesian states

Collision-free optimal trajectory planning

20
Current Cartesian state
B > . cart2frenet
oF - [x,v,0,K,v,a]
E, 20 F
>
40 & Start Frenet state
ds d?s l dl d?l
- 1 1 1 1 1 1 1 SJ - ) 5 5 ) ) - ) 5
6%oo 220 240 260 280 300 320 340 360 dt’dt?’ "ds’ ds?
X [meters]

Optimal trajectory ‘

V ;
in Cartesian state | {tr‘ajector‘y = plan(planner,startFrenetState)
[x,y,0,Kk,v,a,t]

™

Trajectory planning in Frenet coordinate

—Longitudinal terminal states——>

10
Candidate Trajectories T
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RefPath
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Optimal Trajectory Planning in Frenet Space Navigation Toolbox™
- shipping example R2019b
%% Step 1) Create and Assign Map to State Validator i

%% Step 2) Initialize the planner object and set planner parameters

%% Step 3) Trajectory Planning

%% Step 4) Trajectory Visualization Llow.
% Visualize the map and the trajectories. {
show(map) - T T r Einarry Dl:r:upan::r Grid1 T T
hold on \ ® Waypoints
show(planner, 'Trajectory', "all") 40 Reference Path
S WP S = Optimal Trajectory
% and the custom cost function. —
planner = %
[trajectoryOptimalFrenet[refPath,stateValida,E

>
% Assign longitudinal terminal state, late; 0l
% values.
planner {TerminalStates| Longitudinal = 100; 0 . . . . . . . .
planner |TerminalStates). Lateral = -10:10:10| 0 1 22 30 40 S0 6 70 80 90 100

X [meters]

planner |FeasibilityParameters|.MaxAccelerat:
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Optimal Trajectory Planning with binary occupancy map

: Stralght road = TerminalStates.Longitudinal = 100
= NumSegments = 1

!

Collision-free optimal trajectory planning
I
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Optimal Trajectory Planning with binary occupancy map

. Straight road with dense traffic condition

&\ MathWorks

= TerminalStates.Longitudinal = 100
= NumSegments = 1

!
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Collision-free optimal trajectory planning
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Optimal Trajectory Planning with binary occupancy map
. Straight road with dense traffic condition = TerminalStates.Longitudinal = [50 100]

= NumSegments = 1

Collision-free optimal trajectory planning

0 | | | T T
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Optimal Trajectory Planning with binary occupancy map

: Curved road = TerminalStates.Longitudinal = 100
= NumSegments = 3

N

20 Collision-free optimal trajectory planning
| | | | I
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Highway Lane Change
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Integrate motion
planner and controller

= Learn through reference example

= Architecture of highway lane
change

= Simulate closed-loop controller
with test scenarios

4\ MathWorks
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Test Bench Model for Highway Lane Change
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EgoActor
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Navigation Toolbox™
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R2020a

Copyright 2019 The MathWorks, Inc.
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Architecture of Highway Lane Change

Sensors and Environment

Briving
Scenario
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‘ MathWorks
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Lane Change Planner

Lane Change Planner

targetActors

LaneDetections

RefPath

Behavior
egoActors | Layer
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Lane Change Planner

Lane Change Planner

Motion Planner

targetActors
LaneDetections
Trajectory. Path
8 Generator Analyzer
RefPath

Behavior
egoActors | Layer
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Find Most Important Objects (MIO)

targetActors

LaneDetections

=inlel
VI©®

R

MIO

planner = trajectoryOptimalFrenet(reFPath{validator) j

P —

T e W

= Find MIOs in ego and neighbor lanes

= MIOs are provided for the custom state validator

for collision checking.

LeftFront—
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Ego Car —
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MIO

s
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s

s
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k

g

k

4\ MathWorks

—— RightFront
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— EgoFront
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—RightRear
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— EgoRear
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s

Max. 6 MIOs
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Custom State Validator for Collision checking

= = = Candidate Trajectories

Optimal Trajectory
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Behavior Layer

Planner parameters
» Terminal States
» Cost Weights

RefPath
Behavior. —\/
egoActors Layer

RefPath — . — . —. o

Lateral terminal states

—————— il ). NumLatStates = 2

NumLatStates = 3

(No Left Lane)

NumLatStates = 2
(No Right Lane)

s
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Motion Planner [> Trajectory Generator

planner = trajectoryOptimalFrenet(PeFPath,validator)‘J

I N,

i i e,

MIO

RefPath

Planner Parameters

* Terminal States
» Weights

e

Trajectory

Generator

trajectory = plan(planner,startFrenetState)]

» Optimal trajectory

4\ MathWorks
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. . . . 80 T T 17 T
Motion Planner [> Periodic Re-planning Ty
, 1|
planner = tr'ajectoryOptimalFr-enet(r‘eFPath,validator)J 60 | ] |
ol ll“lll,'l |
1) Al
nnn_ Re-plan |
20 | |'t'n -
trajectory = plan(planner,stzf i th
MO Trajector | T °’ ' hl [
G J Y » Optimal trajectory |13
RefPath enerator
ol W l
Planner Parameters i i
» Terminal States i
» Weights -40 | 131
|13
'60 | 1
20 10 0 -10 -20

26




_‘ MathWorks:

Motion Planner > Path Analyzer

Reference
trajectory

Motion Planner

1S}

nnn_ Re-plan

Yaw angle

. Reference point
deviation (A6) P

- [ Xk Vi Ok Kk, Vi)

MIO

o Trajectory | Path

RefPath Generator Analyzer

Planner Parameters

* Terminal States
» Weights

Optimal trajectory y
— Reference trajectory

(virtual lane center) 27
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Motion Planner and Lane Change Controller

Motion Planner Lane Change Controller

1S} _

Following " Acceleration
i Trajectory Path Controller

RefPath Generator Analyzer - N  Steering
Lateral Deviation (Adaptive Angle
— | MPC)
Planner Parameters _
> Relative Yaw Angle

* Terminal States
* Weights

MIO

Optimal trajectory
— Reference trajectory

(virtual lane center) 28



Simulate Highway Lane Change with Test Scenarios

scenario_LC 01 SlowMoving

Test Passing slow moving lead car
Description

Slow moving

@Rl RexIEY initial velocity = 20m/s
HWT = 6.5sec

HW = 130m

v_set =20m/s

PR EElRes constant velocity = 10m/s

Other Cars None

HWT : Headway time
HW : Headway
v_set : set velocity for ego car

4\ MathWorks

*

X (m)
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-40 [
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— — = Candidate Trajectories
Optimal Trajectory
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[ Lane boundaries

80
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20 |-

s
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Simulate Highway Lane Change with Test Scenarios

Test Passing slow moving lead car to right lane
Description

scenario_LC 07 _RightLaneChange

(@)} (3) ]

(@) @)
------- =\~ TSl moving

@Rl RexIEY initial velocity = 20m/s
HWT = 6sec

HW = 120m

v_set =20m/s

P HECELNeEIY constant velocity = 10m/s
Other Cars Constant velocity = 25m/s (3" car in left lane)
Constant velocity = 24m/s (4t car in left lane)

HWT : Headway time
HW : Headway
v_set : set velocity for ego car

*

X (m)

-20

40

-60

— — = Candidate Trajectories
Optimal Trajectory
—— Trajectory Trace
[ Lane boundaries

80

60 |
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20

T

20

I I
10 0 -10
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-20

Pl

4\ MathWorks
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Simulate Highway Lane Change with Test Scenarios

scenario LC 10 SingleLaneChange Curved

Test Passing slow moving lead car to left lane in curved road
Description

Host car

7 —: _—__'_ “- S
- . Host Ear_

@Rl RexIY initial velocity = 15m/s
v_set=15m/s

P HECELNeET Slow moving
Other Cars Dense traffic

HWT : Headway time
HW : Headway
v_set : set velocity for ego car

X (m)

-20 -

-40 -

— — = ‘Candidate Trajectories
m— Optimal Trajectory
—o—— Trajectory Trace
[ Lane boundaries

60 |-

40

20

R

-20

4\ MathWorks
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Highway Lane Change

4\ MathWorks

{s00m
{10001

Test with real-world
scenario

= Create scenario from HD map
= Update setup script and model
= Run simulation with new scenario

32
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Create highway road network from HD map

{4\ Geographic Player — O X
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4\ Driving Scenar

™
H

DESIGNER

g w.

FILE

Ha E =
-

Import. Add Add Add Add (
v v Road Actorv Camera Radar

ic Designer - untitled - Roads & HERE HD Live Map Import -

o OHd &

New Open Save

OpenDRIVE Road Network

Road:

Name

Width (m)

Bank Angle (deg)
» Lanes

» Road Centers

_‘f Roads LAE: i

"WM

Import roads from xml
or xodr OpenDRIVE files

__ HERE HD Live Map
Import roads generated from HERE HDJ{
Live Map data (credentials required)

Eﬁﬁm:

¥

40 [

X (m)

20

E]XI

mport HERE HD Live Map into Driving Scenario

4\ MathWorks

Speclfy Geographlc Coordinates
e From Workspace Input Coordinates

Latitude | Latitude v | Longitude | Longitude
Select Region

Specify a region around the roads of interest.

1 km
0.5 mi

Cancel

Automated Driving Toolbox™

R2020a

(4 HERE HD Live Map Import

Specify Geographic Coordinates

o

Latitude

Select Roads

Select a road by clicking on it. Select multiple roads with controls in the toolbar

¥  Longitude

500 m
2000 ft

/

/8

(]

NLD

==

Esdi, HERE

| Select All | | Deselect All

Cancel

| Select Nearest Roads

Back Import
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Add actors and export driving scenario with MATLAB Function

: 4\ Dri ing Scenaric Designer - scenario_LC_12_Hwy%6_M23_WithCutinCar - Roads — O >
DESIGMER
o O H & m | @ Ka 4 [ I @seins 7 G
{ Mew Open Save Import Add  Add Add  Add  Goto Step Continue  Step M Repeat | peraur 30 Export
| = = = 4 Road Actor™ Camera Radar @ Start Back Forward Layout Display = 4
FILE SCENARIO SENSORS SIMULATE VIEW EXPORT =
'_| Roads | Actors __| Scenaric Canvas | Export MATLAB Function
| Road: 1: Road ~ Generate MATLAB function for
: Name: Road . . . . . your driving scenaric and sensors
| width (m): 10.95 .
I Bk Anggs cdsg: o 4000 | function [scenario, egoVehicle] = createDrivingScenario ()
',Lam % createDrivingScenario Returns the drivingScenario defined i
» Road Centers 'ii
3000 % Generated by MATLAB(R) 9.8 (R2020a) and Automated Driving T
% Generated on: 24-Mar-2020 17:27:39 1
3
. 2000 ¢ % Construct a drivingScenario ocbiject. ;
5 scenario = drivingScenario('StopTime', 19, ... |
| ' i ' . 4
1000 - SampleTime', 0.1); }
% Add all road segments i
of roadCenters = [57.03213 -1223.454 0;
52.57648 -1138.823 0; ]
40.3209 -862.7384 0;
~1000T 35.85877 -764.1326 0; 1
| | . s | 35.85681 -746.0532 0; :
000 3000 mﬂ,(m} 1000 ! 35.85499 -728.8004 0; $
fill | |G Road interactions disabled 30.29402 -607.1907 0; - ;. o J

35



Setup driving scenario and workspace variables

function helperSLHighwayLaneChangeSetup (varargin)

%% Inputs
% Scenario function name

validScenarioFcnNames = [...
"scenario LC 01 SlowMoving"
"scenario LC 02 SlowMovingWithPassingCar"
"scenarlo LC 03 DisabledCar"
"scenario LC 04 CutInW1thBrake"
"scenario LC 05 SingleLaneChange"
"scenario LC 06 DoubleLaneChange"
"scenarlo LC 07 RightLaneChange"
"scenarlo LC 08 SlowmovingCar Curved"
"scenario LC 09 CutInWithBrake Curved"
"scenario LC 10 SingleLaneChange Curved"

defaultScenarioFcnName = "scenario LC 06 DoubleLaneChange";

e

4
1
|
i

"scenario LC 11 Hwy96 M23 WithMergingCar"
"scenario_LC_lZ_ﬂwa6_M23_WithCutInCar"];

Add new driving
scenario

4\ MathWorks

e

>> helperSLHighwayLaneChangeSetup("scenario LC 11 Hwy96 M23 WithMergingCar")

I e T

b, Y P N—

S>> |
- M,
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scenario LC 11 Hwy96 M23 WithMergingCar
— — — +Candidate Trajectories
3000 | 7 _ P Ak e
g Merging car I Lane boundaries
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scenario LC 12 Hwy96 M23 WithCutInCar
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— — — +Candidate Trajectories
Optimal Trajectory
—o—— Trajectory Trace
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Recap: Highway Lane Change

Learn motion planner

= Optimal trajectory generation in
Frenet coordinate

= Planner parameters

= Simulate trajectory planning with
occupancy map

‘‘‘‘‘‘‘‘

Integrate motion
planner and controller

= Learn through reference example

= Architecture of highway lane
change

= Simulate closed-loop controller
with test scenarios

g

Test with real-world
scenario
= Create scenario from HD map

= Update setup script and model

= Run simulation with new
scenario

39



L
h
Y
\ h
%
l- th
\ h
-. \
h \
".'% L ‘
h '\ \
‘ %
h
h \
%
th \
. h
‘ h
. "
\ h
h
'
\ h
h
X \
h
h
th
h
th

L
§\§§\\§\\§x

LA LA \ \ \ ;:\

\ el \ \ \ \ \
\ \ \ \ \ \
&ﬁ\k \ ) l% &\ x:i&\ N k\ \\\\ AN
ﬂ

: 5
5,
\ i
1}
. %, ‘
\ 5
% 1y \
‘ i,
5
1}
‘ i,
%
5 %
5
i,
: 13

1}
%
1
5
Y
5,
Y
1}
5
1
%
%
L1
i,

%
5

0000

< } MathWorks-



mailto:mroggero@mathworks.com

