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Capabilities of an Autonomous Vehicle
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Some common questions from automated driving engineers

/_

How can |

synthesize scenarios
to test my designs?



4@\ MathWorks:
How can | design with virtual driving scenarios?

Scenes Cuboid

Testing Controls, sensor fusion, planning

Authoring Driving Scenario Designer App
Programmatic API (drivingScenario)

Sensing Probabilistic radar (detection list)
Probabilistic vision (detection list)
Probabilistic lane (detection list)
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How can | design with virtual driving scenarios?

Scenes Cuboid

Testing Controls, sensor fusion, planning

Authoring Driving Scenario Designer App
Programmatic API (drivingScenario)

Sensing Probabilistic radar (detection list)
Probabilistic vision (detection list)
Probabilistic lane (detection list)

3D Simulation

Controls, sensor fusion, planning, perception
Unreal Engine Editor

Probabilistic radar (detection list)
Monocular camera (image, labels, depth)
Fisheye camera (image)

Lidar (point cloud)
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Simulate controls with perception

L ane-Following Control with
Monocular Camera Perception
= Author target vehicle trajectories

= Synthesize monocular camera
and probabilistic radar sensors

= Model lane following and spacing
control in Simulink

Camera
sensor

MODLLING FORMAT APPS G) :: + u| -
\

e \ o | ] ===
= Model lane boundary and vehicle Niatiic o e Tini; \._\
detectors in MATLAB code 3 indicators -l ee | series /ﬁ T
=) e [y ) S
Model Predictive Control Toolbox™ %]@T”m::; i S
Automated Driving Toolbox™ . R —
Vehicle Dynamics Blockset™ 2L — Zo

Updated R2019


https://www.mathworks.com/help/mpc/ug/lane-following-control-with-monocular-camera-perception.html
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Visualize logged simulation detection and camera data

& Lane Following Plot h - [m] X I’ a
file Edit View |nsert Jools Desktop Window Help ~LBODB0O >

L ane-Following Control with Nadea 08 kE
Monocular Camera Perception
= Author target vehicle trajectories

= Synthesize monocular camera
and probabilistic radar sensors

= Model lane following and
spacing control in Simulink
= Model lane boundary and

vehicle detectors in MATLAB
code

A vision detection fUruene
O  radar detection
scenario_LFACC_03_Curve_StopnGo Birds-Eye Plot (1.2 sec) O tracked object |
Front Facing Camera 2 \ ! ! T T / (history)
=]

most important object
left lane boundary
—— right lane boundary

X (m)

Model Predictive Control Toolbox™

Automated Driving Toolbox™
Vehicle Dynamics Blockset™

Updated R2019
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https://www.mathworks.com/help/mpc/ug/lane-following-control-with-monocular-camera-perception.html
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How can | design with virtual driving scenarios?

Scenes Cuboid

i;! Ego-Ceniric View | Scoewna Carems. |

Testing Controls, sensor fusion, planning

Authoring Driving Scenario Designer App
Programmatic API (drivingScenario)

Sensing Probabilistic radar (detection list)
Probabilistic vision (detection list)
Probabilistic lane (detection list)

3D Simulation

Controls, sensor fusion, planning, perception
Unreal Engine Editor

Probabilistic radar (detection list)
Monocular camera (image, labels, depth)
Fisheye camera (image)
Lidar (point cloud)
11



Synthesize driving scenarios to test sensor fusion algorithms

4@\ MathWorks:

Top View Bird's-Eye Plot

Sensor Fusion Using Synthetic i = ki taae)

Radar and Vision Data | '. ' A vision

20 1 ® radar

Create scenario road

Add probabilistic radar and
vision sensors i

- Vehicle passes f
Create tracker - through detector *

Visualize coverage area, Chase Camera View  coverage areas | 2
detections, and tracks | " 3

101

-10 ¢

Automated Driving Toolbox™ 15

201/¢

=20t

10 0 -10
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https://www.mathworks.com/help/driving/examples/sensor-fusion-using-synthetic-radar-and-vision-data.html

Graphically author driving scenarios

Driving Scenario Designer

Create roads and lane markings
Add actors and trajectories

Specify actor size and radar
cross-section (RCS)

Explore pre-built scenarios
Import OpenDRIVE roads

Automated Driving Toolbox™

R2018a

4\ MathWorks:

4\ Driving Scenario Designer - PFACC_05_Curve_CutinQutmat - Scenario Canvas

DESIGNER

{© Settings E
MR
R i e
Layost
W EL00RT

L

Ego Centric View

o b B = B ke 4 W
New Open Save  Add  Acd Add  Add  Goto Ste Pause  Step
v - v Road Acfor w  Camesa Radar  Stat  Ba Fotward
FE ZCENARIO SERSOHS 20U LATE
Roads Actors | Scenario Canvas
Road 1 v
Name:
Width (m): \
Bank Angle (deg) “ 185 | e
L AP
anes 180
Number of lanes: |2 2|
A
Lane Width (m): 136 175
» Marking {_Sal 170 |
¥ Road Centers ] E 185
\ | x(m) y (m) z(m) X 160
1 5
2 | sz ase7 155 f
= 150 1
819 480.8 145
3.36¢ {56 140 |
‘_\ ] 4 735 441 4
= S 135 = L
0 W 450 460  -470
| g™ et Y (m)

-480
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https://www.mathworks.com/help/driving/ref/drivingscenariodesigner-app.html
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Programmatically author driving scenarios

scenario = drivingScenario;

road( scenario, [0 0; 10 0; 53 -20],
'"lanes', lanespec(2) );

plot( scenario, '"Waypoints','on' );

idleCar = wvehicle( scenario,
"Position", [25 -5.5 0],
'Yaw',-22 );

passingCar = vehicle( scenario, 'ClassID', 1 );

waypoints = [1 -1.5; 16.36 -2.5; 17.35 -2.765;
23.83 -2.01; 24.9 -2.4; 50.5 -16.7];

velocity = 15;

trajectory( passingCar, waypoints, velocity );
10

X (m)

4\ MathWorks

Create Driving Scenario
Variations
Programmatically

Programmatically create variations
of a driving scenario that was built
using the Driving Scenario Designer

app.
Open Live Script

14
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Synthesize driving scenarios from recorded data

Scenario Generation from

Recorded Vehicle Data

Visualize video

Import OpenDRIVE roads
Import GPS

Import object lists

Automated Driving Toolbox™

2019

4\ MATLAB R2019a

P EHgagE ;”C) work » ;se;aitrh » Examples » R2019a » driving » PlaybackS;enarioExample o " 'ipi

Current Folder IWorkspace B Live

_J PlaybackScenarioExample.mlx *

LIVE EDITOR

Editor - PlaybackScenarioExample.mlx * ®

INSERT VIEW e i pel

Simulate synthesized scenario

o) &
'Summary =
This example shows how to automatically generate B
a virtual driving scenario from vehicle data
recorded using the GPS and lidar sensors.
Helper Functions 120 X BB
\ \
helperGetEgoData 15} | e 2
] /
This function reads the ego vehicle data from a text 110} — / 4 <¢
file and converts into a structure. 4 \ & ‘\ §
105 4 \\ ;o
108 function [egoData! = helperﬁetEgoData(?goFll E 100k \ \ \ /
109 %Read the ego vehicle data from text file > g i \ \ /\ \ \ \ X
110 fileID = fopen(egoFile); 95 \ | \\
111 content = textscan(fileID, '%f %f %f'); \\ \\
112 fields = {'lat’,'lon’, Time'}; 2 \\\\\ \\\\\ “
113 egoData = cell2struct(content,fields,2); \ i \\\\ |
114 fclose(fileID); g \ \\ \\
115 end . 80”” \\\ R
270 280 290 300 310 320
helperGetNonEgoData X (m)
This function reads the processed lidar data from a
text file and converts into a structure. The
e
Command Window ®
< >
lll!‘| Busy

script

15


https://www.mathworks.com/help/driving/examples/scenario-generation-from-recorded-vehicle-data.html

Enhancements to driving scenarios

4@\ MathWorks:

Create Driving Scenario Variations

Programmatically

Export the scenario code to MATLAB®

and generate scenario variations
programmatically

Export the scenario and sensors to

Simulink® and use them to test your
driving algorithms.

Automated Driving Toolbox™

2019

Export
MATLAB . . . . . .
Build scenario function Modify function Generate drivingScenario object
= @ = '- _| >> scenario = myScenario() Mame Value
1 ' W] scenario Scen
3
>» drivingScenarioDesigner (acenario) =
Import object into app
T 1 1
\ | |
Export Simulink Model L \ Vo
Generate Simulink model for 35 J | | |
your driving scenario and sensors Py untitled * - Simulink prerelease use — O e
IMULATION AP
Export Sensor Simulink Model o T e Stop Tims - > (=
Generate Simulink oy S :i ~ [ norma - ﬁ \R"") e ? =
model for only your sensors oy T promes o T o T .
Tool: ‘ ‘
= gy | s -
d i |
' i q 7
@ Fal B
s E [ ject Dete a
.E = N - e T R e R ——
o =5
] jar Object Det;
L Lane Boundaries
O r1 Object Dt
@ EEEEEEEEEEEEEE
I'_—‘ |
«
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https://www.mathworks.com/help/driving/ug/create-driving-scenario-variations-programmatically.html
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Integrate driving scenario into closed loop simulation

Lane Following Control with
Sensor Fusion
= Integrate scenario into system

= Design lateral (lane keeping)
and longitudinal (lane spacing)
model predictive controllers

= Visualize sensors and tracks
= Generate C/C++ code

= Test with software in the loop
(SIL) simulation

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Embedded Coder®

DESIGNER

4 Driving Scenario Designer - LFACC_04_Curve_CutInOut - Scenario Canvas

- X
Hé a9 00E

L = [E] = — - 3
wOH He ®3 B B @w [T ¢
New Open Save Add Add  Add Add  Gofo Step  Run sep PP etk Export
v, bt > Road Actorv Camera Radar Start Back Forward Layout v
FILE SCENARIO SENSORS SIMULATE VIEW | EXPORT L
| Roads | Actors [ Scenario Canvas } | Ego-Centric View
1: egoCar (ego vehicle) v -
Name: egoCar Set'As Ego Vehicle ‘,‘ | '
Class: Car v
» Actor Properties
» Radar Cross Section
» Trajectory np & 300
250
I, -
200 .
=N
150
-350 -400 -450 -500 -550
@ |e L ™o
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https://www.mathworks.com/help/mpc/ug/lane-following-control-with-sensor-fusion-and-lane-detection.html

Design lateral and longitudinal controls

Lane Following Control with
Sensor Fusion
= Integrate scenario into system

= Design lateral (lane keeping)
and longitudinal (lane spacing)
model predictive controllers

= Visualize sensors and tracks
= Generate C/C++ code

= Test with software in the loop
(SIL) simulation

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Embedded Coder®

4@\ MathWorks:

1] LaneFollowingTestBenchExarple - Bird's-Eye Scope

BIRD'S-EYE SCOPE

) £k add Group @

Find {ifl Delete Group | Seftings | Stepping 3l

Find
Signals Options -
SIGNALS |sETTINGS | SIMULATE |
~ Ground Truth Road Boundaries O Tracks

|

Road Boundaries
Lane Markings
v Actors
Actor 1 (ego vehicle)
Actor 2
Actor 3
Actor 4
Actor 5
= Sensor Coverage
- Vision
1 Vision Detection Generator 1
~ Radar
2 Radar Detection Generator
~ Detections
- Vision
Vigion Detection Generator:1
Vision Detection Generator:2
~ Radar

Longitudinal Distance (m)

Radar Detection Generator
~ Tracks
« Groupi
mio_track
Lane Following Controller:3
Other Applicable Signals

Lateral Distance (m)

5]

40

driver_set_velocity W ego_velocity

71

M relative_distance

21

e

1] 3 ] a

12

21

0.05

M steering_angle

21
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https://www.mathworks.com/help/mpc/ug/lane-following-control-with-sensor-fusion-and-lane-detection.html
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Automate testing against driving scenarios

4\ Test Manager

Ml =2 B S g & @

1op  Debug Parallel  Repod Visualize Habiaht o Eon  Preferences Help
v n Mode! -

TeStinq a Lane FOIIOWinq RUN RESULTS ENVIRONMENT RESOURCES 1
Controller with Simulink Test e S W o>t ARequirementSIink
.

| Filter tests by name or tags, e g. tags: test » DESCRIF

w [=1 LaneFollowingTestScenarios » REQUIREMENTS

= Specify driving scenario %

v Scenarios

scenariold #1: ACC_ISO_TargetDiscriminationTest (LaneFollowingTestRequirements#1)

ACC_ISO_TargetDiscriminationTest

= )
£| ACC_ISO_AutoRetargetTest

v SYSTEM UNDER TEST . c
) Aok 150 e Simulink Model
£| ACC_StopnGo _
3 - Model: | LaneFollowingTestBenchExample y
£| LFACC_DoubleCurve_DecelTarget

| LFACC_DoubleCurve_AutoRetarget » TEST HARNESS
£| LFACC_DoubleCurve_StopnGo » SIMULATION SETTINGS OVERRIDES
£| LFACC_Curve_CutinOut . -
¢| LFACC_Curve_CutinOut_TooClose . - - :
\, v CALLBACKS
Scenarios  PRELON
- POS B>
» Runs after the model loads and the model PostLoadFcn callback
| scenariold = 1; Y 4
. —— H 4
Simulink Test™ | eriESetin Define scenario ID
L and data initialization
n 71 TM Name |%] ACC_ISO_TargetDiscn
Automated Driving Toolbox
. . Model LaneFollowingTestBenchEx
Model Predictive Control Toolbox™ Simulaton Mace
Location C:\02_ADST\2018b\Demos
Enabled v
Hierarchy LaneFollowingTestScenario v CLEANUF L/ PIOt the reSUItS
Tags » Runs after simulations and all model callback

1 plotLFResults(sltest_simout.logsout);

19


https://www.mathworks.com/help/sltest/examples/testing-a-lane-following-controller.html
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How can | design with virtual driving scenarios?

Scenes 3D Simulation

Testing Controls, sensor fusion, planning, perception
Authoring Unreal Engine Editor
Sensing Probabilistic radar (detection list)

Monocular camera (image, labels, depth)
Fisheye camera (image)
Lidar (point cloud)
20
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Select from prebuilt 3D simulation scenes

3D Simulation for Automated Driving
= Straight road

= Curvedroad

= Parking lot

= Double lane change

= Open surface

= US city block

= US highway

= Virtual Mcity

Automated Driving Toolbox™

R2019b

21


https://www.mathworks.com/help/driving/ug/3d-simulation-for-automated-driving.html

4\ MathWorks'

Customize 3D simulation scenes

Support Package for Customizing Scenes
- Install Unreal Engine E
= Set up environment and open Unreal Editor

= Configure configuration Block for Unreal Editor
co-simulation

= Use Unreal Editor to customize scenes

Visual Effects

% { Leveli-HwStraht (Persistent) |

Vehicle Dynamics Blockset™

R2019b

22


https://www.mathworks.com/help/vdynblks/ug/support-package-for-customizing-scenes.html
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Model sensors in 3D simulation environment

3D Simulation for Automated Driving
= Monocular camera

= Fisheye camera

= Lidar

= Probabilistic radar

Automated Driving Toolbox™

2019



https://www.mathworks.com/help/driving/ug/3d-simulation-for-automated-driving.html
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Synthesize monocular camera sensor data

Visualize Depth and Semantic
Segmentation Data in 3D
Environment

= Synthesize RGB image

= Synthesize depth map
Synthesize sematic segmentation

Automated Driving Toolbox™

2019



https://www.mathworks.com/help/driving/ug/visualize-depth-semantic-segmentation-3d-simulation.html
https://www.mathworks.com/help/driving/ug/visualize-depth-semantic-segmentation-3d-simulation.html
https://www.mathworks.com/help/driving/ug/visualize-depth-semantic-segmentation-3d-simulation.html

Synthesize fisheye camera sensor data

4\ MathWorks'

Simulate a Simple Driving Scenario

SIMULATION DEBUG AT
and Sensor in 3D Environment 33 - g Bl g b o m @
N Library ignal Step Continue  Step  Stop ata ogic ird's-Eye
& Print Browse: Table ack v v Forward Inspector Analyzer Scope
= Scaramuzza camera model ik e .
. . % © [ ndSensort
— parameters for distortion center, g
i Q [_§Implo Driving Scenario and Sensor Model for 3D Simulation .
- - - - - H
image size and mapping coefficients ; o
I e | S —
& 4
O ?% ‘ML — e
wremm— [T Ojentation e
3 Fishoye Camera —L J T
Orientation
Vehicle
y - y -
T T ld
E} Yoo y.w
Ego Vehicle Target Vahiclo
(]
-]
« Copyright 2019 The MathWorks, Inc.
Paused 100% T=0.000* Paused auto(odeds)

Automated Driving Toolbox™

2019
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https://localhost:31515/static/help/driving/ug/simulate-a-simple-driving-scenario-and-sensor-in-3d-environment.html?searchHighlight=Simulate%20a%20Simple%20Driving%20Scenario%20and%20Sensor%20in%203D%20Environment&searchResultIndex=1
https://localhost:31515/static/help/driving/ug/simulate-a-simple-driving-scenario-and-sensor-in-3d-environment.html?searchHighlight=Simulate%20a%20Simple%20Driving%20Scenario%20and%20Sensor%20in%203D%20Environment&searchResultIndex=1
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Synthesize lidar sensor data

DEBUG G
- - ( Open ~ G Stop Time |5 —
Simulate Lidar Sensor Zm | - = — S Z i~
New S Ty L Signal ™ | [ Normal ~ Step . Datz Logic Bird's-Eye
v B Prnt v Browser s Table W Fast Restart Back v v Forward Inspector Analyzer Scope
FILE LIBR, REPARE SIMULATE
Si

g.
£
i
g
g
&
g
3
2
&
£
g
3
owadsut Bdord | [p]

Perception Algorithm s
= Record and visualize
= Develop algorithm
= Builda 3D map

= Use algorithm within ' Q@ ((@)) [}

simulation environment | w . oo ?

n

Simulate Lidar Sensor Perception Algorithm I

Record and Visualize

point cloud

OB & L E B e

SimulinkVehicle1 and sensors

¥ point cloud

Build Map from Lidar

refPosesX » X

refPosesY »y @
() (©)

refPosesT » Yaw

Hiil

Automated Driving Toolbox™

2 O] 9 Ready 149% VariableStepAuto

26
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https://www.mathworks.com/help/driving/examples/simulate-lidar-sensor-perception-algorithm.html
https://www.mathworks.com/help/driving/examples/simulate-lidar-sensor-perception-algorithm.html

Synthesize radar sensor data

Simulate Radar Sensors in 3D

Environment

Extract the center locations

Use center location for road
creation using driving scenario

Define multiple moving vehicles
Export trajectories from app

Configure multiple probabilistic
radar models

Calculate confirmed track

Automated Driving Toolbox™

2019

4@\ MathWorks:

L (0

BUES o4

| B

~a @ E

’a SimulateSensorsin3DEnvironmentModel * - Simulink

PREDARE

SimulateSensorsIn3DEnvironmentModel

[Synthetic Data and Tracking Using 3D Simulation Environment}

3D Vehicle and Sensor Simulation

S—
I o
—>

Tracking and Sensor Fusion

Detection
A Clustering Out

S
o opemen o
-

X X

¥ ‘?\’: O:D _ Detections
Yaw> Yaw

Ego Sensors

X X

" -

v -
[, s Y)m

'

Simulation 3D Scene Configuration

Other Vehicles

Copyright 2019 The MathWorks, Inc.

Detections

Cluster Radar Detections

Multi
ctions Objec Cun.ir'wrmid
ker racks

Tracks n

Bird's-Eye Scope Ground Truth

curved_road

Actors

sopadsut Asdoid a1

27


https://www.mathworks.com/help/driving/examples/simulate-radar-sensors-in-3d-environment.html

4@\ MathWorks:

Communicate with the 3D simulation environment

Send and Receive Double-Lane o ’ E:
Change Scene Data

= Simulation 3D Message Set
— Send data to Unreal Engine
— Traffic light color

BdEe
e
oda Ao

- Simulation 3D Message Get
— Retrieve data from Unreal Engine 6
— Number of cones hit s n S —
g 0 (] y ] '::u:; = [E § 3] R”M_’l o ol ol q o o
e ! B
Vehicle Dynamics Blockset™ - — b
0

(=}
o
-

28
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New Examples for 3D Simulation in Automated Driving Toolbox

Unreal Engine Driving Scenario Simulation

Select Waypoints for 3D
Simulation

Select waypoints from a scene and
visualize the path of a vehicle
following these waypoints in a 3D
simulation environment.

Open Script

Synthetic Data and Tracking Using 30 Simulation Environment)

5 e

Simulate Radar Sensors in
3D Environment

Implement a synthetic data
simulation for tracking and sensor
fusion using Simulink and a 3D
simulation environment.

Open Model

Design of Lane Marker
Detector in 3D Simulation
Environment

Use a 3D simulation environment to
record synthetic sensor data and
develop and test a lane marker
detection system.

Open Script

B OR[& QY| im .

Visualize Automated
Parking Valet Using 3D
Simulation

Visualize vehicle motion in a 3D
simulation environment using an
automated parking valet system
constructed in Simulink.

Open Script

Ore 3w

Simulate a Simple Driving
Scenario and Sensor in 3D
Environment

Learn the basics of configuring and
simulating scenes, vehicles, and
sensors in a 3D environment
powered by the Unreal Engine from

Open Model

&
Visualize Depth and

Semantic Segmentation
Data in 3D Environment

Visualize depth and semantic
segmentation data captured from a
camera sensor in a 3D simulation
environment.

Open Model

Simulate Lidar Sensor
Perception Algorithm

Develop a lidar perception algorithm
using data recorded from a 3D
simulation environment, and
simulate within that environment.

Open Script

R2019b ,,
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Simulating automated driving systems with MATLAB and Simulink

Simulation Environment

Perception

Planning

Control

30
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Simulating automated driving systems with MATLAB and Simulink

Simulation Environment

Scenarios

Perception

. 4

Scenery

Actions &

Events Planning

4

Goals &

. Sensors
Metrics

31
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Integrate components and model scenarios

Lane Following with Mono Camera Detector

Test Bench

Monocular

Actions
camera lane camera_forvard facs & Events

radar_detections

d et e C t O r Vision Processing Algorithm v <
amea LFMonoCameraRefMd|
: BusVigion| {mvs2)
Venicles vehicle_detections »|Vision Acceleration eg0_acceleration P Acceleration
B Time = {mis™)
Actors
| Radar
» Actors BusRadar
Lanes [ Steering Angle - B Steering Velocity —— Camera
. . . steering_angle (rad) (rad}
— Lane Boundaries Driver Set Velocity
IE Set Velocity B — Ego Systam Time
Vision Detector Variant . ;
double {mis) Wehicle Dynamics Actors
4 — .
ago_wvelocity !_":]g?ﬁudmﬂl Vislocky Tracks BusMuniOhjacéT:aqkan
tracks  tracks — Lane
Simulation 30 Si i
fane_detactons |- oo Longitudinal Velocity f4—8 imulation 2L seenario
—_
System Clock MIO Track Index o ] Lare Bo N O
L an e 1 /] Metrics Assessment
Control Algorithm

ago_velocity

controller prr =

actors

Goals &
Metrics

system_time

32



Specify equivalent 3D Simulation scenery

Scenery:

- Equivalent straight and curved roads in Simulation 3D
Scene Configuration and Scenario Reader

camera_forward_facing

Supported Scenery:
v Straight road

v" Curved road segment

v Curved road (not exposed in
example, but available)

Scenario

radar_detections

C

Ego1

h 4

Ego Vehicle

Actors
scenario

Lane
Boundaries

Scenario Fleader

-+ gethctors

targetStruct — .
target_vehicle_poses

targetsToScenario

] egofctor

Lane Boundaries

Ego to World Coordinates

&

Simulation 3D Scene Configuration

SeeneDesc = Curved road

Priority = 0

Radar

Camera

- —a

Actors F—

Lane Boundarias

System Time F—

Simulation 3D Scenario

double (mis) ToTIrSTC Ty TTETTS

— Longitudinal Velocity I

ago_wvelocity (mis) Tracks | BusMumObpcéT::qkaH

tracks  tracks
lane_detections Lans Sensor Longitudinal Velocity
Actors

MIO Track Index — |
Y System Clock mio Lane B -
A
N /] Metrics Assessment
Control Algorithm

ago_velocity

lane_boundaries

actors

system_time

4\ MathWorks'
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Specify 3D Simulation actor trajectories

Lane Following with Mono Camera Detector
Test Bench

camera_forward_facing

Scenario

radar_detections

h 4

C

Ego1

Viginn Pracecsing Mlaarithm
Actors
Actors - Actors
scenario
Ego Vehicle
Lane

Boundaries

] egofctor

Lane Boundaries

< targetStruct "m oo T ﬁ
targetsToScenario rgat_vehicle_poses

Ego to World Coordinates

Simulation 3D Scene Configuration

SeeneDesc = Curved road
Priority = 0

Radar

Camera

Action & Events:

Actors
- Scenario Reader describes trajectories of target vehicles e
- Target trajectories are converted to world coordinates Mairos Aasesament

double (i) — .
ego_velac :ﬂ;?nudmal Velocity

TSSO TTETT

, BusMuniObjsciT:aqkaH
tracks  tracks = —

Tracks

Longitwdinal Valocity 4—e

Actors F—

Lane Boundarias

System Time F—

Simulation 3D Scenario

ago_velocity

lane_boundaries

actors

system_time

4\ MathWorks'
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Specify 3D Simulation vehicles

Actors:

=,
Vehicles h . I
- Target vehicle
00 O/
X X X X
L — i — positions specified
1 p foseloy M ,l"',ﬁ\ S T p foseloy Y f'--f’_q\\ — 5
M | M| |
= o o from Scenario
Yaw Yaw Select Vehicle 4 Yaw Yaw
- ‘”““7 P “ Reader block
Posa to Simulation 3D Vehicla 1 Simulation 30 Vehicle with Ground Following 1 Indices =3 Pose to Simulation 3D Vehicle 4 Simulation 30 Vehicle with Ground Following 4
Length = vehSim3D{1).Length ActorMame = SimulinkVehicle Length = vehSim3D{4).Length ActorMame = SimulinkVehicled
RearDverhang = vehSim3D{1).RearOverhang Pass\VehMesh = Sedan RearOverhang = vehSim3D{4).RearDOverhang PassWehMeash = Hatchback
VehColor = Blus WehCaolor = Orangs
- __2D{1}IniialPos InitialPos = vehSim3D{4). InitialPos
“1)InitialRot InitialRat = vehSim3D{4}.IniialRat
Priarity = -1
Actors: x alx
m
. e _ e o gre { _/" '\_ Radar
- Ego vehicle position specified my o v o Ty A Ue B
e 2 - Salect Viehicle 5 e - pamer
= Yaw Yaw
based on vehicle dynamics ot ! o
P " — . o .
round Following 2 Indices =4 Posa to Simulation 30 Vehicla § Simulation 30 Vehicle with Ground Following 5 Ry Tma
—— o o Pt reanne — venoim3D(2) InifialRot Length = vehSim3D(5).Length ActorName = SimulinkVehicles Actors
. RearOverhang = vehSim3D0{2).RearCverhang Pass\ehMesh = Sedan RearOverhang = vehSim30{5).RearOverhang Pass\VehMash = Small pickup truck
target_vehicle_posas VehColor = Red VehColor = Grean
InitialPas = vehSim3D(2).InitialPos InitialPos = vehSim3D(5). InitialPos Lane Boundaries
InifialRaot = vehSim3D(2) InitialRot InitialRot = vehSim3D({5) InfialRot
Priority = -1 Priority = -1 tion 3D Scenario
X X X X
{m) o {mj o
MU v p| Fosetoy vy o e T p| Foseloy y oo T
Sim3D {m} L I.r’(’%]\l ) Sim3D {m} e 'ﬁ\ )
e — " —
Select Vehicle 3 aw Vaw Select Vehicle & Yaw Vaw
R 4 (deg) o ¥+ {deg)
Indices =2 Poze to Simulation 3D Vehicle 3 Simulation 30 Vehicle with Ground Following 3 Indices =5 Pose to Simulation 30 Vehicle & Simulation 30 Vehicle with Ground Following 6
Length = vehSim30(3).Length ActorName = vehSim30(3).InilialRot Length = vehSim30(6).Length ActorName = SimulinkVehicled
RearOverhang = vehSim30{3).RearOverhang PassViehMash = Muscle car RearOverhang = vehSim30{§).RearOverhang Pass\shMesh = Sport utility vehicle
VehColor = Black VehColor = Blue
InitialPos = vehSim3D(3).InitialPos InitialPos = vehSim3D(6). InitialPos
InifialRat = vehSim3D( 3} InitialRat InitialRat = vehSim3D(6).InfialRat
Friority = -1 Frmiy==
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Synthesize scenarios to test your design

Model Buttons

Lane Following with Spacing Control
Edit Setup @
Test Bench Script
Info

uuuuuuuuuu

Lane Following Control with
Sensor Fusion

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Embedded Coder®

R2018b

Design of Lane Marker
Detector in 3D Simulation
Environment

Use a 3D simulation environment to
record synthetic sensor data and
develop and test a lane marker
detection system.

Design of Lane Marker

Detector in 3D Simulation

Lane Following with Mono Camera Detector

Test Bench

L ane-Following Control with

Monocular Camera Perception

Environment

Automated Driving Toolbox™

2019

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Vehicle Dynamics Blockset™

UpdatedR 2019
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https://www.mathworks.com/help/mpc/ug/lane-following-control-with-monocular-camera-perception.html

Some common questions from automated driving engineers

How can |
discover and design
In multiple domains?

4@\ MathWorks:
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Design camera, lidar, and radar perception algorithms

Detect vehicle with Detect ground with Detect pedestrian with
camera lidar radar

Object Detection Using Segment Ground Points Introduction to Micro-Doppler
YOLO v2 Deep Learning from Organized Lidar Data Effects
Computer Vision Toolbox™ Computer Vision Toolbox™ Phased Array System Toolbox™

Deep Learning Toolbox™

R2019a R2018b R2019a

38


https://www.mathworks.com/help/vision/ug/train-an-object-detector-using-you-only-look-once.html
https://www.mathworks.com/help/vision/ref/segmentgroundfromlidardata.html
https://www.mathworks.com/help/mpc/ug/lane-following-control-with-sensor-fusion-and-lane-detection.html

4\ MathWorks

Interoperate with neural network frameworks

(_pyTorch ) keras- "\ R2017b

( Caffe? ) | Tensirflow

(I\/IXNet)<—> ONNX 4—><|\/|ATLAB>
/ |R2018b ‘

( CNTK ) () caffe ) R201/a

Open Neural Network Exchange <t the Demo Stations to see more...

39

(Core ML




Simulate lane detection and lane following system
with MATLAB and Simulink

Simulation Environment

Monocular
camera lane
detector

Lane following
controller

4‘ MathWorks'

40



Monocular camera lane detector

Monocular Camera Lane detector example

Lane Following with Mono Camera Detector
Test Bench

camera_forward_facing

Based on shipping example

Lane rejection and tracking added to |g

Improve performance

Vision Processing Algorithm
o -
Framea
BusVision
‘Vehicles - - ] Vision
vehicle_detections
| Time
] Radar
I Act BusRadar
Lanas
W Lane Bourgilinies Driver Set Velocity
Iﬁ set_velocity
Set Velocity
\iglen Detector Variant
double (mis)

] Longitudinal Velocity

| ago_wvelocity (mis)

LFMonoCameraRefMd|

radar_detections

(mis2

y.

Acceleration

ego_acceleration

Acceleration
{mis™)

Steering Angle

I
steering_angle {raqﬁ (rad}

Steering Wi

Wehicle Dynamid

Contral Algorithm

BusMultiOhjeriT:aqker'l
Tracks tracks tracks = —
Lane Sensor Longitudinal v
MIO Track Index »—]
System Clock mia o= Lane Bour|
k. |
Metrics Assessmg

ago_velocity

lane_boundaries

actors

system_time

| helperMonaoSensor.m | + |
40
41 classdef helperMonoSensor < handle
42

43 properties

44 % Sensitivity for the lane segmentation 1
45 —
46
47
48 —
49
50
51 —

T.anefermmentatinn@eneitiwityy = N ?25-

Visual Perception Using
Monocular Camera
Automated Driving Toolbox™

201/a

4\ MathWorks:
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https://www.mathworks.com/help/driving/examples/visual-perception-using-monocular-camera.html
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Design detector for lidar point cloud data

4\ MATLAB R2019a - X
TraCk Ve h I CIeS USI n q LI d ar: HOME PLOTS APPS EDITOR PUBLISH VEW S SN CHNON] serch Documentation 2
; . So o H O g | B AT @ @ e B3] PR p bjEe
F rO m P O I nt C |O u d to TraC k L I St New Open Save U'-J v ﬁ Sofox ;o'/s’ 8 ‘@ Insert Insert xg Up Ot > System Breakpoints Continue Step 3 Step Out FHe:)lerB:u:::nZZoxDe.., - Quit
-i'!"' - #\&_érm,! | “Fnd - Indent ﬁ B | Property v Method v > Analyze Block v - b {31 | Run to Cursor Debugging -

FILE | NAVIGATE | DI SYSTEM OBJECT BREAKPOINTS DEBUG

= DeS|gn 3'D bou ndlng bOX <fP» EHGHE » C: » work » userpath » Examples » R2019a » driving_fusion_vision » TrackVehiclesUsingLidarExample » )
Current Folder ‘Workspa(e B4 Editor - HelperBoundingBoxDetectorm & X 4| Figures - Figure 1 ® x

detector 21[ TrackVehiclesUsingLidarExamplem 3| HelperBoundingBoxDetector.m \_—H [ Fgurel 3|
- Design tracker (targetstate and [ § e msmots aoeer
measurement models) e plad g M0
52 $ Remove ground plane -
b Generate C/C++ COde for 53— [pcObstacies,obsEacleI] W
detector and tracker | .
56 " E AssembllgetBBoxes: 6x10 single matrix = v
Sl boxDets
. . 20 [ end Columns 1 through 4 X-Center
Sensor Fusion and Tracking 55 [ end Y-Center

|b ™ 60 -end 12.8921 -22.6758 -46.8280 -21.
Toolbox L2 ~3.9148 -3.7233 -3.5872

Command Window .7299 .6966 -0.6705 Length

Computer Vision Toolbox™ K>> pcshow (pcObstacles) .8747 .6390  0.0816 Width

fx x>> .7510 .7391  0.8562 .6446 Height
< .0838 .5916 0.0068 .5503
maA| 2 usages of "bboxDets" found | HelperBoundingBoxDetector / steplmpl Ln 57 Col 13

Z-Center

= = N O
S =N O
o N O O

42


https://www.mathworks.com/help/vision/ug/track-vehicles-using-lidar.html

4\ MathWorks

Design tracker for lidar point cloud data

4\ MATLAB R2019a

Track Vehicles Using Lidar:
From Point Cloud to Track List

» C: » work » userpath » Examples » R2019a » driving_fusion_vision » TrackVehiclesUsingLidarExample »

. - Ego Vehicle Display
- R: int cloud Seg ted ground
- Design 3-D bounding box Segneniad g
[ 1Bounding box detections | |Bounding box tracks
detector i

= Design tracker (target state and
measurement models)

= Generate C/C++ code for
detector and tracker

Visuaze
) ) detections and
Sensor Fusion and Tracking tracks

Toolbox™

Computer Vision Toolbox™

2019

43


https://www.mathworks.com/help/vision/ug/track-vehicles-using-lidar.html
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Design trackers

Multi-Object Tracker

_ Association &
Detections Track

Management

Tracking
Filter

From various sensors at
various update rates

= Multi-object tracker = Linear, extended, and
unscented Kalman filters

Automated Driving Toolbox™

R201/a y



Design trackers

Multi-Object Tracker

_ Association &
Detections Track

Management

Tracking
Filter

From various sensors at
various update rates

= Multi-object tracker » Linear, extended, and

= Global Nearest Neighbor (GNN) tracker unscented Kalman filters
= Joint Probabilistic Data Association (JPDA) tracker = Particle, Gaussian-sum,
= Track-Oriented Multi-Hypothesis Tracker (TOMHT) IMM filters

= Probability Hypothesis Density (PHD) tracker

Automated Driving Toolbox™
Sensor Fusion and Tracking Toolbox™

R2019a

4\ MathWorks
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Evaluate error metrics

Extended Object Tracking

= Design multi-object tracker

= Design extended object trackers
= Evaluate tracking metrics

= Evaluate error metrics

= Evaluate desktop execution time

Sensor Fusion and
Tracking Toolbox™
Automated Driving Toolbox™

Updated 2019

|_muhﬂt19l:1Trad~:Br I trackerPHD [ Projotype

Position Error

Truth ID

1.4

1.2

| =
g L
o 1 w
5 II |
— ] —
2 3 4

ul

Velocity Error

3
Truth ID

1l

BN \ulti-object tracker
I Probability Hypothesis Density tracker

Extended object (size and orientation) tracker

46


https://www.mathworks.com/help/fusion/examples/extended-object-tracking.html

Compare relative execution times of object trackers

Extended Object Tracking

Design multi-object tracker
Design extended object trackers
Evaluate tracking performance
Evaluate error metrics

Evaluate desktop execution time

Sensor Fusion and
Tracking Toolbox™
Automated Driving Toolbox™

Updated 2019

{f racker

50

multiObjectTracker
trackerPHD T
Prototype

E=N
o
T

Lanutti OhjectTracker
- NN W W A
T = T ¢ S & o
L T T T T L)

b
o
T

w

i I I I 1

0 20 40 60 80 100 120
Time step (k)

0

BN \ulti-object tracker
I Probability Hypothesis Density tracker
Extended object (size and orientation) tracker

4\ MathWorks:
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Design track level fusion systems

4\ MathWorks'

/\/ehicle 1

Multi-Object
Tracker

~

f\/ehicle 2

Detections

Multi-Object
Tracker

Tracks

48



Design track level fusion systems

4\ MathWorks

/\/ehicle 1

#

o

Multi-Object
Tracker

~

/\/ehicle 2

\_

Multi-Object
Tracker

49



Design track level fusion systems

4\ MathWorks

/\/ehicle 1

#

o

Multi-Object
Tracker

~

/\/ehicle 2

\_

Multi-Object
Tracker

50



Track-level fusion

Track-to-Track Fusion for
Automotive Safety
Applications

Parked vehicles

Yehicle 1

Vehicle 2

100

B0 -

601

|:|V'ehicle 2 Sensors
®  Vehicle 2 Detections
[ Vehicle 2 Tracks
Vehicle 2 Fuser Tracks

4\ MathWorks

Occluded
vehicle fused

observed by |

vehicle 1
Pedestrian |

T T 100
/ N | [Iveticle 1 Sensors
[ veticle 1 Sensors
®  Vehicle 1 Delections
[0 Vehicle 1 Tracks
Q Vehicle 1 Fuser Tracks B0+
60
E‘ 40
b4

observed by
vehicle 1

Sensor Fusion and
Tracking Toolbox™
Automated Driving Toolbox™

2019

20r

20

201

it - 4

Rumor control: the fused W PP
track is dropped by vehicle1 " 7 7
because vehicle 2 is coasting

0 10 0 A0 20
Y (m)

from vehicle 1

Occluded
pedestrian
fused from
vehicle 1
Pedestrian
observed by
vehicle 2

and there is no update by
vehicle 1 sensors

51
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4\ MathWorks

For more on Sensor Fusion and Tracking...

Visit Marc Willerton’s presentation later this afternoon

15:15

15:45

16:15

17:00

Technical Computing Model-Based Design Getting Started with MATLAB Master Classes Innovation Auditorium

and Simulink

Break

Developing Smart 10T Sensors Synchronous Machine Modelling § Sensor Fusion and Tracking for Simplifying Requirements-Based  Predictive Maintenance with
Using the MathWorks Toolchain Using Simscape Autonomous Systems Verification with Model-Based MATLAB

Samuel Bailey, Skyrad Consulting Peenki Rani, Cummins Generator] Marc Willerton, MathWorks Design Phil Rottier, MathWorks

Technaologies Fraser Macmillen, MathWorks

Industrial loT and Digital Twins Developing Fit-For-Purpose

Coorous Mohtad, MathWarks Simscape Models to Support
System and Control Design
Rick Hyde, MathWaorlks

End of Day
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Some common questions from automated driving engineers

How can |
discover and design
In multiple domains?

4@\ MathWorks:
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Read road and speed attributes from HERE HD Live Map data

4\ MathWorks:

. — — —Boundaries
Use HERE HD Live Map Data : Nodes
to Verify Lane Configurations " | ——
Loaq camera an.d (.BPS data 37,23,02‘\_ |
Retrieve speed limit
Retrieve lane configurations Red lines |
_ _ _ represent road
Visualize composite data links
Automated Driving Toolbox™ ' | 8 - =
R2 O] Qa 8 Esri, HERE, Garmin USGS,
Intermap, METI,
INCREMENT P, NRCAN,
Mapmyindia,
- Esri (Japan, China (H
Esri, HERE, Garmin USGS, Intermap, m GI:LH
METI, = Comm.

54


https://www.mathworks.com/help/driving/examples/use-here-hd-live-map-data-to-verify-lane-configurations.html

4\ MathWorks:

Read lane attributes from HERE HD Live Map data

omainANE | - . . pounaanes
Use HERE HD Live Map Data HESHERT | —— tane Group comecors
. . . ' — Lane Groups
to Verify Lane Configurations ' . —6—Route
= Load camera and GPS data 3
= Retrieve speed limit
_ _ _ 37°23'02"'N |
= Retrieve lane configurations
= Visualize composite data
P Red lines
represent lane
Automated Driving Toolbox™ , 8 . grotEs
R2 O] 90 8 A | EsiHERE, Garmin USGS,
INCREM'ENT P: NRCAN,
! any"ﬂav )
: el ‘ Esri (Japan, China (H
Esri, HERE, Garmin USGS, Intermap, 2 mmwa)p ol User

55
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Visualize HERE HD Live Map recorded data

4\ MathWorks'

4\ MATLAB R2019a

Use HERE HD Live Map Data

PLOTS APPS

. . . Mm £ = meott 1 fe [7 - | EF |
to Verify Lane Configurations & i Kk X L
= ne T _|BREAKPOINT:
= Load Camera and G PS data L=l it | Eyﬁ I %Igovk » userpath » Examples » R2019a » driving » UseHEREHDLiveMapDataToVerifylaneConfigurationsExa
FurrentFolder WDerace ’ E Figures-HEBEHD Live Map ExanIe
- R etrl eve Speed Ilmlt E 13 :seHEREHDLNeMapDataToVTenny] - | HEREHD Live Map Example
. . . 287 %% Visu
= Retrieve lane configurations 288 % Them
. . . 289 $ lane ;
= Visualize composite data 200 % coord
291 $ link .
292 % confidi=
293 %
Automated Driving Toolbox™ iy .
296 % Helpe
20] 9 297 % a rec
' 298 % HD Li
200 — hdlmUT :
300
301 $ Synch
302 = synchro:
303 % videoRe v

>

<
"“‘1 BUSy

=ik
Lane Group

20 m
50 ft

Esfi, HERE, Garmin USGS, Intermap, MET],
INCREMENT P, NRCAN, Mapmylndia,

Esfi (Japan, China (Hong Kong),

Thailand),

©O0penStreethap, GIS User Comm.

i Timestamp

22:11:25

i Speed Limit

35

Lane Types and Boundaries —

o

1|

[Ln 287 Col 1
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Design path planner

Automated Parking Valet

= Create cost map of environment
= Inflate cost map for collision

checking
= Specify goal poses

= Plan path using rapidly exploring

random tree (RRT¥)

Automated Driving Toolbox™

2018¢

4\ MATLAB R2019a

‘P HQ A

FIGURE

Current Folder

[ ParkingValetExample.m ‘*31 +]

721
722
123
224
A5 =
726
727
T2 o
29| =
730
731 — %
7
733
734
735
736
737
738
739
740
7 =

1<

‘ Workspace HZ Editor - ParkingValetExamplem & X
sl
$ Get current pose and velocity of t
currentPose = getVehiclePose (vehicl
currentvel = getvVehicleVelocity (ve

-end
% Show vehicle simulation figure
closeFigures;

showFigure (vehicleSim) ;

keyboard % Pause in debugger

%%

$ An alternative way to park the vehicle
$ spot. When the vehicle needs to back t
% needs to use the Reeds-Shepp connectic
% path. The Reeds-Shepp connection allow
$ planning.

% Specify a parking pose corresponding t
parkPose = [49 47 -90]1;

v
>

“"~| Waiting for input

» C: » work » userpath » Examples » R2019a » driving » ParkingValetExample
il B Figures - Automated Valet Parking

‘ Automated Valet Parking ¢

Search Documentation pel &

4@\ MathWorks:

Signin

SRR RFINERC R

NN N N AN
T T T T T T
10 20 30 40 50 60

X

70

Command Window

Jx k>>

<>

S7


https://www.mathworks.com/help/driving/examples/automated-parking-valet.html

Design path planner and controller

4\ MathWorks:

SIMULATION MODELING FORMAT

Automated Parking Valet with Ch Clomn - gm |- =

5]

S ESave =

54 { Normal

Stop Time <m w

[

Simulink o EEEEEEECE oo - o EEEERe 1,
= Integrate path planner [ r——r— : gj
= Design lateral controller (based - e

on vehicle kinematics) 5
= Design longitudinal controller ! I [ ]

(PID) e @ HH — Hm il
- Simulate closed loop with T e i e T cul

vehicle dynamics [ _ e | a= e

’’’’’’’’ ) [ o

Visualize Automated Parking -
Valet Using 3D Simulation =

Automated Driving Toolbox™

R2018b R2019

58


https://www.mathworks.com/help/driving/examples/automated-parking-valet-in-simulink.html
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Some common questions from automated driving engineers

How can |
discover and design
In multiple domains?

4@\ MathWorks:
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Train reinforcement learning networks for ADAS controllers

Train Deep Deterministic Policy
Gradient (DDPG) Agent for
Adaptive Cruise Control

= Create environment interface
= Create agent

= Train agent

= Simulate trained agent

Reinforcement Learning Toolbox™

2019

4 Reinforcement Learning Episode Manager

500 -

—&— EpisodeReward
—— AverageReward
— - — EpisodeQ

0

Episode Reward for TACCMdI with rIDDPGAgent

500 o Bm

m 3
-1000

Episode Reward
o
8

ra
=
=2
=

= e

-2500 f

-3000

-3500

-4000
0

Training Progress ( 07-Jan-2019 12:19:41 )

Episode Information
Episode Number 189
Episode Reward -73.7726
Episode Steps 600
Episode Q0 -39.4411
Total Number of Steps 111086

Average Results

Average Reward -252.5519
Average Steps 600

Window Length for Averaging 5

Training Options
Hardware Resources for Actor and Critic CPU CPU

Flodoo for B o - nonmna oonns

4\ MathWorks:

=

i 1 i
20 40 60

intisl vmlocity

Lead Car

)

= -
Ego Car

Signal Procassing for A
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‘ MathWorks'

Simulate lane detection and lane following system
with MATLAB and Simulink

Simulation Environment

Monocular
camera lane
detector

Lane following
controller

61



Lane Following Controller Algorithm

Lane Following with Mono Camera Detector

Test Bench

Lane

following
controller

Vision Processing Algorithm
Frame

Vehicles

Time

Lanas

Lane Boundarias

camera_forward_facing

4 LFMonoCameraRefMd|

Vision Detector Variant

radar_detections

—

Radar

Camera

Eqgo Systemn Time

Actors

Lane Boundarias

Simulation 3D Scenario

BusVision misZ
hicle_d i P Vision Acceleration ¢ s"! Acceleration Pose
vehicle_detections. ego_accalaration figic
] Radar
BusRadar
Steering Angl P Stearin Weloci
) . ering Ang'e steering_angle {raqﬁ (rad} g ty
-—b - Driver Set Velocity
set_velocity
Set Velocity
double {mis) Wehicle Dynamics
# Longitudinal Velocit
ago_wvelocity cm.'s? Y Tracks BusMultiOhjeriT:aqker'l
tracks tracks = —
>
lane_detections SalR SanEar Longitudinal Velocity
Actors
MIO Track Index - |
double SEEEEIc. mio Lane Boundaries
k. |
[Ny Metrics Assessment

Contral Algorithm

ago_velocity

lane_boundaries

actors

system_time

4\ MathWorks:
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Components of lane following with spacing control algorithm

Lane Following with Mono Camera Detector
Test Bench

Lane Following with Spacing Cnntml'

Vision Processing Algorithm 2
o Frams / LEManoCal Drriver Set Velocity
, Bus\ision
‘Vehicles - - ] Vision
vehicle_detections ; .
»Ti —_—
ime o e Estimate Jo-—"t
I Actors BusRadar Radar Ian e oral_clewiati Longlu.mloclnu Pat h
o Ol - center following
— I%‘m Boundarias Driver Set Velocit] Longitudinal Yelacity C O n t ro I
Set Velocity
Vision Detector Variant
double {mis) block
— Longitudina| Velo
ago_wvelocity (mfs)
Stearing Angle
lane_detections PiLane Sencgy E t t
- Stimate
Systern Clock I ead
double o
i vehicle

Control

MO Track Index

Tracking and Senzor Fusion

actors

system_time
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Goal

= Maintain the driver-set velocity and keep a safe distance from lead vehicle.

Vego , a Vmio

— —>

. D relative
‘E‘\
(o) 0,

= Keep the ego vehicle in the middle of the lane.

E lateral

= Slow down the ego vehicle when road is curvy.

64



Model predictive control (MPC)

4\ MathWorks:

References —

Optimizer

MPC controller

Measured outputs

Manipulated variables

Ego

Vehicle

Measured disturbances
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MPC for Lane Following Control

4\ MathWorks

minimize:

2
Wllvego u Vset| + WzlElaterall2

References
» Ego velocity set point (Vs,.t)
» Target lateral deviation (=0) =

Measured disturbances
« MIO velocity (Vinio)

Optimizer

Ego Vehicle
Model

MPC controller

Measured outputs

* Relative distance (D, ¢;qtive)
» Ego velocity (V4,)

* Lateral deviation (Ejgterqr)

- Relative yaw angle (E,4)

Manipulated variables
» Acceleration (a)
 Steering angle (§)

Ego

Vehicle

* Previewed road curvature (p)

subject to:
Drelative = Dsafe

Amin =a<s Amax
6min < o < 6max

Look ahead

Previewed lane curvature

X

- 'yﬂ‘//ans centerline ~ Right lane - ACt early!
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Components

= Estimate lane center

Freviewed Curvature

Lane Detections

Lateral Deviation

|Longitudinal Velocity

v

— Inputs to MPC:

Relative Yaw Angle

Estimate Lane Center

Four cases are considered:
1)
2)
3)
4)

Left lane is detected
Right lane is detected
No lane is detected

Both left and right lanes are detected

For lateral control

- Estimate MIO (lead vehicle)

Radar

Vision

Lane

System Clock

Relative Distance

Relative Velocity

Tracks

MIO Track Index

Inputs to MPC:
For longitudinal control

Tracking and Sensor Fusion

- MPC: Path following controller
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Path Following Control Block Model Predictive Control Tooloox™ [29()]9

Block Parameters: Path Following Control System X
Sat velocity Path following control (PFC) system (mask) (link)
. . Keep the ego vehicle traveling along the center of a straight or curved road, track a set velocity and maintain a safe distance from a
D rlver Settl n g lead vehicle by adjusting the longitudinal acceleration and the front steering angle of the ego vehicle.
Parameters ~ Controller  Block I
. Bicycle model parameters
Time gap Ego Vehicle

Linear model from [longitudinal acceleration (m/s#2) and front steering angle (rag)] to [longitudinal velocity (m/s), lateral velocity
(m/s) and yaw angle rate (rad/s)]

Longitudinal acceleration
¥ Vehicle parameters
—Relative distance
Total mass (kg) |1575 B
Yaw moment of inertia (mNs~2) | 2875 :
{® Use vehicle parameters ( ) | |
Relative velocity Longitudinal distance from center of gravity to front tires (m) :
M eaS u re m e nt Longitudinal distance from center of gravity to rear tires (m) :
() Use vehicle model Cornering stiffness of front tires (N/rad) |1900[] | :
Longitudinal velocity Cornering stiffness of rear tires (N/rad) |3300Cl | :
Longitudinal acceleration tracking time constant (s) :
Y Curvature Initial longitudinal velocity (m/s) |15 | :

Transport lag between model inputs and outputs (s) |0 | :

Steering angle

Spacing Control

| Lateral deviation

/ Maintain safe distance between lead vehicle and ego vehicle  Default spacing (m) |1{] | :

Virtual Ian'e\\

Relative yaw angle -
For lane changel———— Cancel | | e || Apoly

Path Following Control System

Delay or latency in the system Disable distance keeping 68



Path Following Control B

Set velocty

Time gap

Longitudinal acceleration

Relative distance

Relative velocity

Longitudinal velocity

Curvature

Steering angle

Lateral deviation

Relative yaw angle

Path Following Control System

ock

Block Parameters: Path Following Control System . .
Actuator limits

Keep the ego vehicle traveling along the center of a straight or curved road, track a sef velocity and maintain a safe distance from a
lead vehicle by adjusting the longitudinal acceleration and the frent steering angle of/the ego vehicle.

Path following confrol (PFC) system (mask) (link)

Parameters  Confroller Block

Path Following Controller Constraints

Minimum steering angle (rad) |-[].26 |E| [] Use external source

|E| [ Use external source

Minimum longitudinal acceleration (m/s"2) E| [ use external source
Maximum longitudinal acceleration (m/s*2) E| [ Use external source

Maximum steering angle (rad) |D.2E-

Model Predictive Controller Settings

Sample time (s) |0.1 |B

Prediction horizon (steps) |3CI |E| Contrel horizon (steps) |3 |B

Controller Behavior

Weight on velocity tracking |0.1

|E| Weight on change of longitudinal acceleration B

||E| Weight on change of steering angle |0.1 |B

Weight on lateral error |1

Tune MPC performance

| OK || Cancel || Help | Apply

4\ MathWorks
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Path Following Control B

ock

4\ MathWorks

Set velocty

Time gap

Longitudinal acceleration

Relative distance

Relative velocity

Longitudinal velocity

Curvature

Steering angle

Lateral deviation

Relative yaw angle

Path Following Control System

Block Parameters: Path Following Control System
Path following control (PFC) system (mask) (link)

Keep the ego vehicle traveling along the center of a straight or curved road, track a set velocity and maintain a safe distance from a
lead vehicle by adjusting the longitudinal acceleration and the front steering angle of the ego vehicle.

Parameters  Confroller Block

Optimization

[] Use suboptimal solution Maximum iteration number |10
Data Type

® double O single

Optional Inports
[] Use external signal to enable or disable optimization

[] Use external contral signal for bumpless transfer between PFC and other controllers

Customization

To customize your controller, generate an PFC subsystem from
this block and medify it. The controller configuration data is Create PFC subsystem
exported as a structure in the MATLAB workspace.

Change MPC design

Cancel Help Apply

70



Simulate controls with perception

L ane-Following Control with
Monocular Camera Perception
= Author target vehicle trajectories

= Synthesize monocular camera
and probabilistic radar sensors

= Model lane following and spacing
control in Simulink

= Model lane boundary and vehicle
detectors in MATLAB code

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Vehicle Dynamics Blockset™

Updated R2019

Camera
sensor

MODLLING

® | am i | W~

Lanef
© |[%a] LaneFoliowingwithMonoCameraTestiench b \ v 3'
@ . = .
Metric B\ Feo Time
. - ¢/ o@® 3

b indicators ee series
- = i ﬁD
0 e —

4__ ’;@"—:““m | e ..::: 100

g L | O ‘—_'_—:"r_

- R~ o
=
» N =5
Running View diagnostics s51% T=23800 [EEN autofodeds) |

‘ set_velocity ™ ego_velocity

\n
\
\

\
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/ ===
y

mio_relative_long_distance_truth

L

4\ MathWorks:

71


https://www.mathworks.com/help/mpc/ug/lane-following-control-with-monocular-camera-perception.html
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Design lateral and longitudinal Model Predictive Controllers

Longitudinal Control

Wodel Buttons

St R T e
(e
e v
L affnc
Seript
P——
curvtu
:| [
oo

Adaptive Cruise Control
with Sensor Fusion

Automated Driving Toolbox™

Model Predictive Control
Toolbox™

Embedded Coder®

R2017b

Lateral Control

LKAReMM!

e
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Safe Lateral Ofiset [
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Lane Keeping Assist with
| ane Detection

Automated Driving Toolbox™

Model Predictive Control
Toolbox™

Embedded Coder®

R2018a

Longitudinal + Lateral

Lane Following Control with
Sensor Fusion and Lane
Detection

Automated Driving Toolbox™
Model Predictive Control Toolbox™
Embedded Coder®

R2018b
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https://www.mathworks.com/help/mpc/ug/adaptive-cruise-control-with-sensor-fusion.html
https://www.mathworks.com/help/mpc/ug/lane-keeping-assist-with-lane-detection.html
https://www.mathworks.com/help/mpc/ug/lane-following-control-with-sensor-fusion-and-lane-detection.html
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Some common questions from automated driving engineers

Simulation Integration

ROS CAN
ezl Vo

Cross Third
Release Party

How can |
Integrate
with other environments?
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ROS Toolbox - NEW!

= Communicate with ROS and ROS 2

nodes
= Multiplatform support
= Connect to live ROS data
» Replay logged data

= Generate standalone ROS nodes
through code generation

R2019b

4\ MathWorks'

( Simulators \

Hardware
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https://uk.mathworks.com/help/ros/ug/connect-to-a-ros-network.html
https://uk.mathworks.com/help/ros/ug/connect-to-a-ros-2-network.html
https://www.mathworks.com/help/robotics/examples/exchange-data-with-ros-publishers.html
https://www.mathworks.com/help/robotics/examples/work-with-rosbag-logfiles.html
https://www.mathworks.com/help/robotics/examples/generate-a-standalone-ros-node-in-simulink.html

Call C++, Python, and OpenCV from MATLAB

Call C++ Call Python

tw = ...

[N N PY . textwrap.TextWrapper (...
pyargs (...
'initial indent', 'S, ...
'subsequent indent','S$ '

J o o o

'width', int32(30)))

Import C++ Library Call Python from MATLAB
Functionality into MATLAB MATLAB®

MATLAB® RZ 14
R2019a S

4\ MathWorks:

Call OpenCV &
OpenCV GPU

cv: :Rect

cv::KgyP01nt N
Cv::S1lze
cv: :Mat

cv::Ptr

Install and Use Computer Vision

Toolbox OpenCV Interface

Computer Vision System Toolbox™
OpenCV Interface Support Package

Updated R2018b
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https://www.mathworks.com/help/vision/ug/opencv-interface.html
https://www.mathworks.com/help/matlab/matlab_external/what-you-need-to-import-cpp-library-functions-into-matlab.html
https://www.mathworks.com/help/matlab/matlab_external/call-python-from-matlab.html
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Call C code from Simulink

Create buses from C

Call C code Test and verify C code
structs

typedef struct {

double coeff;
. —P CoastSetSwIN CoastSetSwOUT
double 1init;

fault T fault;

RejectDoublePress

} params T; —P| AccelResSwIN  AccelResSwOUT |-

Y src mean filter dst ,
' C Function Caller

C Caller v [ Base Workspace |—23ae:1fe ESJZLVPG v AGGREGATED COVERAGE RESULTS
’ -p_arams_T _Inlt dOUble ANALYZED MODEL DECISION CONDITIO CDC
_quﬁ —fault  Enum: fault_T I I Rei = = =
init (2] RejectDoublePress.c 100 %mmm 100%m—100%m—
—fault
Bring Custom Image Filter Import Structure and Custom C_Code Verification
Algorithms as Reusable Enumerated Types with Simulink Test
Blocks in Simulink Simulink® Simulink Test™

Simulink Coverage™

R2017b R2017a 2019¢



https://www.mathworks.com/help/simulink/slref/simulink.importexternalctypes.html
https://www.mathworks.com/help/simulink/slref/bring-custom-image-filter-algorithms-as-reusable-blocks-in-simulink.html
https://www.mathworks.com/help/sltest/examples/custom-c-code-verification-with-simulink-test.html

Cross-release simulation through code generation

Previous Release

Integrate Generated Code by

Using Cross-Release Workflow o)
Generate code from previous =

release (R2010a or later)

Import generated code as a —

uuuuu

block in current release
Tune parameters
= Access internal signals

Embedded Coder

4\ MathWorks

crossReleaseImport

R2016a
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https://www.mathworks.com/help/ecoder/examples/integrate-generated-code-using-cross-release-wWorkflow-ed7ac5629629.html

Connect to third party tools

rd N e -
[GTA}[DeIfETyreJ() ‘ J{)C++>} f .J {'”T"J §IPG
s A Gl VA S 3
\ Vs ~
Slmullnk ey
e e - fm —
Q& E. ROS%
- J

MathWorks

o

Partner

152 Interfaces to 3 Party

Modeling and Simulation Tools
(as of March 2019)

4\ MathWorks
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4@\ MathWorks:

Some common questions from automated driving engineers

/_

Perception Simulation Integration

Planning

Cross Third
Release Party

Synthesize scenarios Discover and design Integrate
to test my designs in multiple domains with other environments

Control
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Thank Youl!



