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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
B S
Sensors and Environment Lane CW

targetActors

.—. Find
[F2nNE MI©
[Detection
DRVIng Motion [Fane Change

ScCenano Planner controller
BEhavieyr:
egoActors

[Sayer,

EgoPose =00 Accel/SteerAng
VENIcle |

Dynamics




4\ MathWorks

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)

I T e . —
% Or, create a custom state validator object

stateValidator = MyCustomStateValidator;

classdef MyCustomStateValidator < nav.StateValidator & ... l

20 Binary Occupancy Grid
|

}3) Use custom state validator
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Planner parameters

by

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

planner.TerminalStates.Longitudinal = 100;
planner.TerminalStates.Lateral = -10:10:10;

o Terminal states planner.TerminalStates.Speed = 8;

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

= NoO. of |Ongitudina| { % Assign number of partitions for the longitudinal terminal state
planner.NumSegments = 3;
segments

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

planner.FeasibilityParameters.MaxAcceleration = 10;
R it i T I I L I WPV S o . 2 g

- Feasibility parameters{

Collision-free optimal trajectory planning
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Optimal Trajectory Generation

30 T T T T
Longitudinal terminal states

\ 4

-Lateral terminal states:

trajectory = plan(planner,startFrenetState)| |, Candidate Trajectories

S,

v

Samples multiple candidate trajectories —
for each pair of states (start, terminal states) Optimal Trajectory

I I I
0 20 40 60 80 100 120 140 160

RefPath

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

« Lateral/longitudinal smoothness

Feasibility parameters:
 MaxCurvature, MaxAcceleration

Check feasibility for all candidate trajectories

validatorOccupancyMap

Check collision using state validator :
Custom state validator

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

= Quintic polynomial

s(t) = ast® + a,t*+ azt3+ a,t?+ at + qq
$(t) = 5ast* + 4a,t3+ 3ast?+ 2a,t+ a4
§(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
Zaz = Sstart

- End boundary conditions (t = tr)
ast? + agty + agt? + ayti+ agty + ag = Seng
Sastt + 4astf+ 3azti+ 2a,t+ 1= Seng
20ast;? + 12a4tf+ 6azte+ 2a; = Seng

<=
[ lateral distance

Frenet Coordinate
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Advantage of trajectory generation in Frenet coordinate

« Frenet system represents an object and its
trajectory with respect to the reference path
(road center or lane center).

= This approach dramatically simplifies the
problem of trajectory generation when a car is
traveling on a curved road.

Trajectory planning in Frenet coordinate
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Convert Frenet states «» Cartesian states

4 N
Frenet states
ds d?s dl d?l
[S' e ds'dszl
‘ T
frenet2cart cart2frenet

l |

Cartesian state
[x,v,0,K,v,a]

* s :arc length (longitudinal distance)
* | : normal distance (lateral distance)
from reference path

X,y . position in meters

@ : orientation angle in radians
K . curvature in m-1

v velocity inm/s

a : acceleration in m/s?

Lateral [meters]

Y [meters]
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Trajectory planning in Frenet coordinate

RefPath
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Convert Frenet states <> Cartesian states

Collision-free optimal trajectory planning

20

Current Cartesian state | 4 car'tZ'Fr‘ene't>

[x,v,0,Kk,v,a] J

Y [meters]

Start Frenet state
ds d?s l dl d?l
S de?’ " ds’ ds?

_ I 1 1 I 1 1
200 220 240 260 280 300 320 340 360

X [meters]
Optimal trajectory ‘ . v :
in Cartesian state | Ltr"ajector‘y = plan(planner,startFrenetState)
[x,y,H,lc,v,a,t]J —_— — .

Trajectory planning in Frenet coordinate

20 T
t——Longitudinal terminal states——»
10

Candidate Trajectories

RefPath
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: : ' ' Navigation Toolbox™
Optimal Trajectory Planning in Frenet Space J
- shipping example R2019b
%% Step 1) Create and Assign Map to State Validator i
%% Step 2) Initialize the planner object and set planner parameters i
%% Step 3) Trajectory Planning f
%% Step 4) Trajectory Visualization BE
{
% Visualize the map and the trajectories. {
show(map) - Binary Occupancy Grid
hold on \ ® Waypoints
show(planner, 'Trajectory’, 'all") 40 Reference Path
PSP . WP~ U SR " -~ = Optimal Trajectory
% and the custom cost function. -
planner = %
trajectoryOptimalFrenet(refPath,statevalid{ E
>
% Assign longitudinal terminal state, latei 0l
% values.
planner |TerminalStates| Longitudinal = 100; . . . . . . . . .
planner |TerminalStates). Lateral = -10:10:10| 0 1 22 30 40 S0 6 70 80 90 100
planner |FeasibilityParameters|.MaxAccelerat: ol )
13
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Optimal Trajectory Planning with binary occupancy map

. Straight road = TerminalStates.Longitudinal = 100
= NumSegments = 1

b

Collision-free optimal trajectory planning

_Candidate trajecto r;ll : Optimai trajectory -

[ ]
o

]
o

=
o

7 10 e - -
| o—— -
> 10 —l | L T —
20 » TerminalStates.Longitudinal = 100 RefPath -
_300 5|0 1!"0 1f|)0 2f|JU' 2!30 3f|J0 3|50 400
X [meters]
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Optimal Trajectory Planning with binary occupancy map
. Straight road with dense traffic condition = TerminalStates.Longitudinal = 100

= NumSegments = 1

b

Collision-free optimal trajectory planning

2 | | |
20 — =]
g 0 - -— -
$ om < = = =
> -10 —l | - -— =
-20 —¢ * TerminalStates.Longitudinal = 100 ‘\ m
| | | | | | |
_300 50 100 150 200 250 300 350 400
X [meters]
I\
Dense traffic
condition

15
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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

30 | l | !
20 — W
= 10| o [ ] L 7
T = = - N
> 10| Th— T (] - -
20 - = » TerminalStates.Longitudinal = [50 100] N
1 | | | | | |
2% 50 100 150 200 250 300 350 e
X [meters]
I\
Dense traffic
condition
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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 | T | |

- - - . .
0 ———eo—— o - T— —

— W

20 Ll

w
B
v 40 — |
E,
>
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-80 — ]
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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

&\ MathWorks:
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Test Bench Model for Highway Lane Change

|Highway Lane Change Test Bench | Metnes Assessment
4 LaneChangeController A E / w " Egohcceleraltion (mis"2)
Reference| Path »| Reference Path ';'\\_'_.J '

W Vehicle

EgoActor

——— Dynamics

RefPointOnPath g
Time Gap Lateral Jerk Longitudinal Jerk
Ego Vel m/!
1 RefPointOnPath Acceleration go Velocity (m's)

VisualizationData izData Lateral Velocity '\]

[ib]
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Lane Bol jes P TargetActors Longitudinal Veiocy
Vehicle Dynamics
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N /\ Targemj :‘

Sen, d Environment Lane Planner Lane Chan, lier
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EnVIronment Planner ContrO”er EgoActor HelperPlotLaneChangeStatus V|Sua||2at|0n

[vizData’ VisualizationData

Sensor and Lane Change Lane Change JLM
=

Copyright 2019 The MathWorks, Inc. Visualization

Navigation Toolbox™
Automated Driving Toolbox™

R2020a 19



Architecture of Highway Lane Change

Sensors and Environment

targetActors

.—. Find
Lzip)e MI®

Detection

Drving
Scenario

RefPath

Behavior
egoActors Layer

MIO

EgoPose

Lane Change Planner

EQO
Vehicle
Dynamics

Lane Change

Controller

Accel/SteerAng

‘ MathWorks'
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Lane Change Planner

Lane Change Planner

targetActors

LaneDetections

RefPath

Behavior
€goActors Layer
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Lane Change Planner

Lane Change Planner

Motion Planner

targetActors
LaneDetections
Trajectory Path
————————— R CTE [T T 0] Analyzer
RefPath

Behavior
egoActors Layer
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Lane Change Planner

planner = trajectoryOptimalFrenet(refPath,validator) J

il WY _

e -

targetActors
. MIO
LaneDetections
Trajectory S : :
R conerator Optimal trajectory

RefPath

Behavior
egoActors | Layer

planner parameters
« Terminal States
» Weights

23



Find Most Important Objects (MIO)

targetActors

LaneDetections

EIna

VIO

I

MIO

planner = trajectoryOptimalFrenet(refPath lvali

dator|) }

P —

AT e, e NP N e R

= Find MIOs in ego and neighbor lanes

= MIOs are provided for the custom state validator

for collision checking.

LeftFront —
MIO

Ego Car —

LeftRear —
MIO

L

d

N

1§

s

@

?

g
B

4\ MathWorks

— RightFront
MIO

— EgoFront
MIO

—RightRear
MIO

— EgoRear
MIO

8

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

RefPath * Weights
Behavior

egoActors Layer.

RefPath— - — . — - {8

NumLatStates = 2
(No Left Lane)

NumLatStates = 2
(No Right Lane)

|

4\ MathWorks:

— = — ‘Candidate Trajectories
Optimal Trajectory
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Motion Planner [> Trajectory Generator

planner = trajectoryOptimalFrenet(PefPath,validator)‘J

Ny

trajectory = plan(planner,startF

PenetState)}

o N N e . e

M IO . [ . t
Gr::]eeiafz?; » Optimal trajectory
RefPath

Planner Parameters

* Terminal States
» Weights

4\ MathWorks
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. . . = 80 M T 1717 T
Motion Planner [> Periodic Re-planning Ty
: i
planner = trajectoryOptimalFrenet(refPath,validator) J 60 |- ] J
ISP — P N, P ~ I:I ':'
ol 1"l||1;I {
15}‘—" | ‘\ !'
nnn_ Re-plan i
20 | |'t'a -
trajectory = plan(planner,sti £ ih
MIO o e — ol Py
Grajec oy + Optimal trajectory | 131
RefPath R enerator

-20 |- -
Planner Parameters

* Terminal States
» Weights

-40 I~ | 1% ]

'60 ] 1
20 10 0 -10 -20
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Motion Planner [> Path Analyzer

Reference
trajectory

Motion Planner

nnn_ Re-plan

Yaw angle
deviation (A9)

Reference point
- X Vi Ok Kk Vi ]

MIO

i Trajectory Path

RefPath Generator Analyzer

Lateral

Planner Parameters deviation

* Terminal States
» Weights

Optimal trajectory y —
— Reference trajectory

(virtual lane center) 29
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Motion Planner and Lane Change Controller

Motion Planner Lane Change Controller

nnn_ Re-plan

Following Acceleration

i Trajectory Path Controller
Curvature

RefPath ) Generator. Analyzer, - N Steering
Lateral Deviation ( M?:apclve Angle
Planner Parameters _ )
v Relative Yaw Angle

* Terminal States
» Weights

MIO

Optimal trajectory
— Reference trajectory
(virtual lane center)
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Simulate Highway Lane Change with Test Scenarios

scenario_LC 01 SlowMoving

Test Passing slow moving lead car
Description

Slow moving

@R esiRecIY initial velocity = 20m/s
HWT = 6.5sec

HW = 130m

v_set =20m/s

P Bzt constant velocity = 10m/s

Other Cars None

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

4\ MathWorks

#

X (m)

-20

-40 |-

-60

— — = Candidate Trajectories
Optimal Trajectory

—o— Trajectory Trace
[ Lane boundaries

80
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20 |-

s
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Simulate Highway Lane Change with Test Scenarios

scenario_LC 07 _RightLaneChange

Test Passing slow moving lead car to right lane
Description

@R esiRecIY initial velocity = 20m/s
HWT = 6sec

HW = 120m

v_set =20m/s

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

40

20 -

T

4\ MathWorks
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Simulate Highway Lane Change with Test Scenarios

scenario_LC 10 _SingleLaneChange Curved

Test
Description

Passing slow moving lead car to left lane in curved road

@R RexI initial velocity = 15m/s

v_set = 15m/s

P ECELReE Y Slow moving
Dense traffic

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

4\ MathWorks

X (m)

-20 -

-40 -

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

40 -

T

33




Highway Lane Change

4\ MathWorks'

Test with real-world
scenario

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

34



Create highway road network from HD map

4\ MathWorks
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mport HERE HD Live Map into Driving Scenario

@ O H| &

“
H

Ha e =
-~

New Open Save Importt Add Add Add Add (

G S SR D D S L

- v v v Road Actorv Camera Radar
szl OpenDRIVE Road Network
_,[ Roads 1_“&9 w Import roads from xml
Road- or xodr OpenDRIVE files
Name [ HERE HD Live Map
Width (m) ' Import roads generated from HERE HDJ]
Live Map data (credentials required)
Bank Angle (deg) —_—t
50 -
» Lanes
» Road Centers +

40

X (m)

20

DXI

4\ MathWorks

4\ Driving Scenario Designer - untitled - Roads & HERE HD Live Map Import o
DESIGNER

Specify Geographic Coordinates
o From Workspace Input Coordinates

Latitude | Latitude v | Longitude | Longitude

Select Region

Specify a region around the roads of interest.

1km
0.5 mi

Cancel

Automated Driving Toolbox™

R2020a

(4 HERE HD Live Map Import

Specify Geographic Coordinates

a

Latitude

Select Roads

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

v

Longitude

5 LIHE®
e
500 m
2000 ft _] .
Esr, HERE
| Select All | ' Deselect All | Select Nearest Roads
Cancel Back Import

36
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Add actors and export driving scenario with MATLAB Function

| i Dri ing Scenaric Designer - scenario_LC_12_Hwy96_M23_WithCutinCar - Roads

x

DESIGNER

O H & (= Ko 4l I > Osene [T (@] &
{ Mew Open Save Import Add  Add Add  Add  Goto Step Continue  Step M Repeat  peraue 30 Export
I ~ ~ ~ Road Actor™ Camera Radar Start Back Forward Layout Display ™ ~
FILE SCENARIO SENSORS SIMULATE VIEW EXPORT a
'_| Roads | Actors | __| Scenario Canvas | Export MATLAB Function
| Road: 1: Road v Generate MATLAB function for
f Name: Road . . . . . your driving scenaric and sensors
i Width (mj: 10.85
| Bonk Ange aeaxfo 4000 | function [scenario, egoVehicle] = createDrivingScenario()
thanes % createDrivingScenario Returns the drivingScenario defined i
» Road Centers ‘i'
3000 + % Generated by MATLAB(R) 9.8 (R2020a) and Automated Driving T
% Generated on: 24-Mar-2020 17:27:39 i
.
_ 2000 ¢ % Construct a drivingScenarioc object. ;
5 scenario = drivingScenario('StopTime', 19, ... |
L ' 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;
1000 T 35.85877 -764.1326 0; }
. | . . . 35.85681 -746.0532 0; :
4000 %0 ””i(m} 1000 ¢ 35.85499 -728.8004 0; J‘
il | @ Roadinteractions disabled 30.29@2L_507_1907 0; - o o

37



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"

"scenarlo LC 04 CutInW1thBrake”
"scenario LC 05 SingleLaneChange"
"scenario LC 06 DoubleLaneChange"
"scenarlo LC 07 RightLaneChange"
"scenario LC 08 SlowmovingCar Curved"
"scenario LC 09 CutInWithBrake Curved"
"scenario LC 10 SingleLaneChange Curved"
"scenario LC 11 Hwy96 M23 WithMergingCar"
"scenario LC 12 Hwy96 M23 WithCutInCar"];

defaultScenarioFcnName = ”scenario_LQ_OQ_DoubleLaneChange";

e

1
1
|
i

Add new driving
scenario

4\ MathWorks'

— e

P s —

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

e, e i r ey T

Jx>> |
—

e e b
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Update Lane Change Planner > Simple Behavior Layer

[Lane Change Planner| | pdate longitudinal & velocity sampler
to read input parameter

=

| Simple Behavior Layer |
P EgoActor i
E] Block Parameters: LongitudinalSampler X
L@ el L2 Subsystem (mask)
anes . .
(3) P TargetActors Long|tUd|naI
TargetActors Sampler | L Parameters
Find MIOs p "
- o Planning Horizon (m) |PlanningHorizon |
EgaActor
F MolLefil elane e
L - _ . " | oK | ‘ Cancel ‘ ‘ Help ‘ Apply
Rﬁn RefPath ? o LateraiSampler I
e ) it LateralStal ) 4.Imple‘
n—pl RefMotion PlannerBehavior FRmaECuTeniEgosaie R ["a] Block Parameters: VelocitySampler x
ReferencePath
: Subsystem (mask)
Velocity :
(4} EgoActor isGoalReached S am p | er
EgoActor Parameters
Simple Behavior Layer ego set velocity ‘initiaIEgoVeIocity @
NumSamples =
_— | OK | Cancel ‘ | Help | Apply
AccelerationSampler ' 01
LongetudinalSmoothness.
DeviationOffset
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scenario LC 11 Hwy96 M23 WithMergingCar
— — — +Candidate Trajectories
3000 | 7 , Tl Ta0s
= Merging car I Lane boundaries
; @ 120 WL \
. \ |
L
2000 - assing car ool ol |
1480 | N
20| HN ]
1l
1460 €go car i \\
1000 |- 60 T \“ i
\ AW
1440 | o { |\
E Jid] ‘
E : )
o > passing car ? \
1420 | all o\
\\
L | o 1 a“\
4000 3000 . \\
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scenario LC 12 Hwy96 M23 WithCutInCar
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Recap: Highway Lane Change
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Integrate motion Test with real-world

Learn motion planner planner and controller scenario
= Optimal trajectory generation in = Learn through reference example = Create scenario from HD map

Frenet coordinate = Architecture of highway lane = Update setup script and model
= Planner parameters Change = Run simulation with new
= Simulate trajectory planning with = Simulate closed-loop controller scenario

occupancy map with test scenarios
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Presenter contact info and poll questions

Please contact me at spark@mathworks.com with questions

= Poll question : | found this
technique the most interesting

a.

b.
C.
d

Motion planner for lane change
MPC path following controller
Driving scenario creation

Import HD map into driving scenario

= If you would like to an individual
follow-up, please let us know in
the WebEX poll area.

&\ MathWorks:
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