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Voyage Develops longitudinal controls for self-driving taxis

Designed longitudinal model predictive controller,
generated ROS node, and integrated with their open
source software framework for perception and planning

“We were searching for a prototyping solution
that was fast for development and robust for
production. We decided to go with Simulink for
controller development and code generation,
while using MATLAB to automate development

tasks.”
- Alan Mond, Voyage

Voyage’s self driving car in San Jose, California.

MATLAB ExPO 2018 Voyage user story, 2017 ,



https://www.mathworks.com/content/dam/mathworks/mathworks-dot-com/solutions/robotics/Voyage.pdf

| 4\ MathWorks
Scania Re-simulation workflow to develop AEB sensor fusion algorithm

50 km/h - sudden brake

Scania presentation recording from 2015 MathWorks Automotive Conference, Germany

MATLAB EXPO 2018 Source: Model-Based Design Approach to Resource Efficient Object Fusion for an Autonomous Braking System, Jonny Andersson, Scania
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https://www.mathworks.com/videos/model-based-approach-to-resource-efficient-object-fusion-for-an-autonomous-braking-system-108103.html
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How can | make a forward collision warning system?

/ Classification
(Dee

Sensor detection
visualization

Control and Vehicle \

N
3 : E -
Road and driver path Lateral deviation
—— e coviion
0
400 ,\
350[ 5 0] s 20 25 ) ) r
time (sec)
300, Feative yaw sage
250
200
150| 5 0] 5 20 25 ) ) r
- time (sec)
Perception
50

[ Scenario testing

0 e s108173 angle|
200 150 100 SO 0 50
Y (m) 5 10 5 20 28 30 35 an
tirme (s6c)

/ Path planning

[Sensor fusion and tracking

e Sensarfusion

[T Tl T TT Tl

] Doy P

Planning

SLAM [




| &\ MathWorks
Sensor Development in MATLAB and Simulink

Radar Vision Wireless Communications

™

B ol [ [ ][ %]

= ,\fA : \
7 -l
Ay 1\ R

* Antenna Modelling
* Antenna Array Design

 Extract DSRC + C-V2X performance metrics

« Beamforming and Direction Finding Algorithms « PHY Communications Modelling
« Detect and Track objects * Feature detection, extraction and matching «  Pre-built standards based functions
« Develop RF component architectures and model | * Image segmentation, registration, enhancement | . RF propagation models and visualisations
imperfections * Detect and Track objects «  Prototype with Software Defined Radio
« Radar control * Image overlay
+ Feedto deep learning algorithms
MATLAB EXPO 2018  Deploy to processor / GPU / FPGA
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How can | make a forward collision warning system?
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Classification (Deep Learning)

Deep Learning approach

Car v/

End-to-end learning Truck

o
Feature learning + Classification PS

Bicycle

MATLAB EXPO 2018
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o
Semantic Segmentation
Using Deep Learning

Train free space
detection network using
deep learning

MATLAB EXPO 2018 Computer Vision
System Toolbox™ 11
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Ground Truth Labeling App for labelling Training Data
automatically

MATLAB EXPO 2018

4\ Ground Truth Labeler - gtlCustomizations - O
LABEL Lawéwu:a@@@
r H & &, Zoom In [T Default Layout Algorithm: = &/
R L el
Q Z0omOM 1 Spow ROl Labels = o1t ABErM ,
Load Save Import . Automate  View Label Export
4 v  Labels ¥ @ Pan Show Scene Labels @ Configure Automation Summary  Labels ¥
FILE MODE VIEW AUTOMATE LABELING SUMMARY EXPORT s
ROI Label Definition \ 01_city_c2s_fcw_10s.mp4 \
I ! i 4\ Ground Truth Label - o X
E‘I:Il] Define new ROl label i/ 3 e
2, ZoomIn
b Car I Q = i [T Defautt Layout O ) D = PR
—{ Zoom Ouf
) \:} i Show ROiLabes Seftings Run  Stop UndoRun Accept Cancel
P Pedestrian <7 Pan 7 Show Scene Labels .
MODE VIEW SETTINGS RUN CLOSE A
13 Stopl_|gh‘[ l 1 | ROI Label Definition [ rawData.avi | RoadAndSkySegmentation
EL ;:-, Automation algorithms are a way to automate
b Lane I L manual labeling tasks. This AutomationAlgorithm
automatically creates pixel level annotations for
< 4 I o road and sky.
Scene Label Definition | Bz
Review and Modify: Review automated labels
5 over the interval using playback controls.
EE:I Define New Scene Label Modify/delete/add ROIs that were not
satisfactorily automated at this stage. If the
results are satisfactory, click Accept to accept
the automated labels.
Current Frame Add Label Accept/Cancel: If results of automation are
satisfactory, click Accept to accept all automated
N q labels and return to manual labeling. If results of
Time Interval Remove Label automation are not satisfactory, click Cancel to
1 — — | return to manual labeling without saving
| Scene Label Definition avtomated abeky,
. 00.00000 09.00000 10.20000 10.20000 E E = Sl
Before you can label a scene, begin by defining o]
a Scene Label. Start Time Current End Time Max Time =
=
0.00000 00.10000 12.40000 12.40000 NN W
Start Time Current End Time Max Time
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Generate CUDA Code for Embedded Deployment

% Save network to MAT file

save ('SegNet.mat',

'net’)

function out

end

persistent mynet;
1f isempty (mynet)
mynet = coder.loadDeeplLearningNetwork ('SegNet.mat');

out = predict (mynet,in);

segnet predict (in) 3%#codegen

MATLAB EXPO 2018

4\ MathWorks

% Generate CUDA code
cfg = coder.config('lib');
cfg.TargetLang = 'C++"';

codegen -config cfg segnet predict -args
{ones (360,480,3, 'uint8')} -report

13
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Automated Driving System Toolbox introduced examples to:
Accelerate the process of Ground Truth Labeling

Lo
I CIHCINIED)

LOAD DEFINE SET LABEL
Video, Image Sequence, ROls and Scene Label Definitions Interval and Controls  Rectangles & Lines
or Custom Reader

Define Ground Truth Data for Automate Ground Truth driving.connector.Connector class
- Labeling of Lane Connect Lidar Display to
LRt Rl Felae Rk Boundaries Ground Truth Labeler
« Label detections with = Add your own automation « Extend connectivity of
Ground Truth Labeler App algorithm to Ground Truth Ground Truth Labeler App
Labeler App to visualize lidar data

MATLAB EXPO 2018
14



&\ MathWorks

Learn more about developing deep learning perception algorithms

with these examples

Automate Ground Truth
Labeling for Semantic

Segmentation

Add semantic segmentation

automation algorithm to

Ground Truth Labeler App
Automated Driving
System Toolbox™

Semantic Segmentation
Using Deep Learning

Train free space .
detection network using
deep learning

Computer Vision

System Toolbox™

RRRRRR

Code Generation for
Semantic Segmentation
Network

Generate CUDA® code to
execute directed acyclic graph
network on an NVIDIA GPU

GPU Coder™

15
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How can | make a forward collision warning system?
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Example: Synthesizing scenarios to test sensor fusion

algorithms
0@ d & & Ke il QI I @sews [T & _ _ _
. - " programmatically or interactively

4\ Driving Scenario Designer - untitled* - Scenario Canvas - O X
aad PO Build scenarios
New Open Save Add  Add Add  Add  Goto Step  Pause e D Ecp=at
FILE SCENARIO SEMSORS SIMULATE VIEW | EXFORT L d b 1 It 1
|. Roads Actors Sensors | _| Scenaric Canvas | Sensor Canvas | Ego Centric View | Bird's Eye Plot | Oa p re u I Sce n arlos (e " g "

Default  Export

»l

Nz:i:':estrianPedeetrian : . N CA P)

A58 edestrian 2 | ] ! | | / - i I H -
ElActurPrup:'ties : Export to MATLAB / SImUIInk
» Radar Cross Section 45
¥ Trajectory |;‘J:| &

Constant Speed (mis): (1.5 &Y
Waypoints »
x (m]) y (m) z(m) =1 ]
1 20 -21 6000 0
ﬂ 29 5000 ~15.6000 0 301 | i
3 29,7000 155000 0 . ‘
4 29,7000 155000 0 525 i
20 1
i |
107 <
| @
Sensor Fusion Using
" Synthetic Radar and Vision
o Data

Synthesize driving
scenario to test multi-
object tracker 17

MATLAB EXPO 2018



Example: Stelvio Pass GPX Data Import

4\ MathWorks

Complex paths overlaid on maps
can be imported from external
logs and then simulated with
models of cars and sensors

MATLAB EXPO 2018

flatearth pos = 1lla2flat ([ p.Longitude' p.Latitude' p.Elevation'],...

[p.Longitude (1), p.Latitude(1l)],0,p.Elevation(l));

s=drivingScenario;
roadWidth = 4;

vl
"Yaw', 140);

spe

= vehicle(s, 'Position', flatearth pos(1l,:), '"Velocity’,[0 0 0],

ed = 50;

cha
pla

res
whi

end

sePlot (vl, 'Centerline', 'on');

yer = geoplayer (p.Longitude(l), p.Latitude(l)):;

tart (s)

le advance (s)

t = targetPoses (vl);

a = flat2lla(s.Actors.Position, roadCentres(1l,1:2),...

0, roadCentres (1,3));
plotPosition (player,a(2),a(l));

18
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Example: Stelvio Pass GPX Data Import

1 GeoPlayer

[ Chase Plot

Esri, HERE, Garmin USGS, Intermap, METI,
INCREMENT P, NRCAN, Mapmyindia,
Esri (Japan, China (Hong Kong), Thailand),
@0penStreetMap, GIS User Comm.

MATLAB EXPO 2018



How can | make a forward collision warning system?
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Multi-object tracker to develop sensor fusion algorithms

Multi-Object Tracker

Track Tracking
Manager Filter

Detections

Predicts and

updates state of
» Assigns detections to tracks track
« Creates new tracks * Supports linear,
» Updates existing tracks extended, and
 Removes old tracks unscented Kalman
filters

MATLAB EXPO 2018

21



Tracking Filter: Kalman Filter Basics

External
Force
Equations

e.g. Breaking

Sensor
Readings

e.g. Position / Velocity
MATLAB EXPO 2018

and filter internals

Initial Estimates of unknowns

Predict

predict (filter,T)

Next Time
Step

Current
Time Step

Update

correct (filter, pos (k,

1))

e.g. Position / Velocity

A priori
estimate of
unknowns

A posteriori
estimate of
unknowns

4\ MathWorks

22



Constant Velocity Kalman Fi

4\ MathWorks

initialState = [5.3;0;3.6;07];
filter = trackingKF ('MotionModel', '2D Constant..
Velocity', 'State',initialState);

v = 0.2;
vy = 0.1,
T = 0.5;

pos = [linspace(0,4,42); linspace(5,12,42)]1.';

for k = l:size(pos,1)
pstates(k,:) = predict(filter,T);
cstates(k,:) = correct(filter,pos(k,:));

end

plotResults

File Edit View Insert Tools Desktop Window Help

Odde | | ARKXODEL- 2|0 aO

+ Last position .
-+

Ohject position
Predicted position | |
Corrected position

y [m]

MATLAB EXPO 2018

+ First meagurement

5 6

23
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Fuse and track multiple detections from different sensors

Time

State
Covariance
Track ID
Age

Is Confirmed
|Is Coasted

Multi-Object Tracker

Radar
Detections

Kalman
Filter

Track
Manager

Time
Position
Velocity

19)9ed U0119919Q

Detections Forward Collision
Time Warning Using Sensor
Vision Measurement Fusion
Detections Measurement Noise ) !Dackmg =ensor d.ata
into object detections
* |nitializing Kalman

Time filter
Position  Configuring multi- - _
Velocity object tracker Forward Collision Warning

Using Sensor Fusion

MATLAB EXPO 2018
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More complex tracking: Extended Object Tracking

El Figure 2: Sensor Fusion with Synthetic Data Example

File Edit View Insert Tools Desktop Window Help

D@ae |2 0E|rE

~Chase Camera View Pazsing Vehicle Ego Vehicle
A vison ® radar Wlane [ tack o (history) | A vison ® radar I lane [ track o (history) |
/"ii 26 T ﬂ T T T 25 T T T
= 30 ¢ | 1 20 ll
adar M lane (] tack o (history) | 357 ) 151
60 401 l 10
45 5 |
40
E 50 = 0 I
= =
20
55 l 5 |
Eo
= 60 F b -10
“ | ‘ | ‘ Enhanced
701 1 20 1
“0 5 Trackers and
75 — - L : L L - 25 - L L -
60 15 10 5 0 5 10 -15 15 10 5 0 5 10 -5 d I

MATLAB EXPO 2018
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How can | make a forward collision warning system?

/ Classification
I(Deep learning)

QRS
,\ ‘\‘ .:I‘AJ 7 ;

Control and Vehicle \
Dynamics

Road and driver path Lateral deviation

Perception

[ Sensor development

[ Scenario testing

J

Path planning

/Sensor fusion and tracking
e —— [T Tl T TT ]

Planning

SLAM [

26



Sensor detection Visualisation

4\ MathWorks

Camera (540 x 480 x 3)
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I |
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Vision Detector

SensorID = 1;

Timestamp

NumDetections = 6;

Dete
Tr
Cl
Po
Ve
S1

Detec
Tr
Cl
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Ve

Q91

? Radar Detector

Lane Detector

Left
IsValid:
Confidence:
BoundaryType:

.68
.002
.000

Offset:

HeadingAngle:

Curvature:
Right

IsValid:

SO o P W wH

H

SensorID = 27
Timestamp = 1461634696407521;
NumDetections = 23;
Jé Detection .
— 1461634696379742; 253 rrackrp Lldar (47197 x 3
53 TrackSt| -12.2911 1.4790  -0.5!
5§ Positio| -14.8852 1.7755 -0.6
o3 Velocit| -18.8020 2.2231  -0.7
53 Amplitul -25.7033 3.0119  -0.09:
24 Detection ~0.0632 0.0815 1.2
- TrackID|  -0.0978 0.0855 1.2
I253 TrackSt -0.2814 0.1004 1.2!
= 1.2
Inertial Measurement Unit |[:1.2
Timestamp: 1461634696379742 1.2
Velocity:  9.2795 1.2
YawRate: 0.0040 -8-3‘



4\ MathWorks
Example: Explore Logged Vehicle Data

4 Figure 1

File Edit View Insert Tools

- O X
60 T : —
Desktop Window Help ~ | (Fl}‘ ?Vlsnn Coverage Area
=R N & = 7 P ~
DEde | | RRODL K-S |06 oD I

Vision Detections

Lane Boundaries
O Radar Detections

) . ':f Lidar Detections
50 [ | .,
|I .
.

40 -

Bring in sensor detection data and build up a visualisation using this example:

web(fullfile(docroot, 'driving/examples/visualize-sensor-coverage-detections-and-tracks.html'))
MATLAB EXPO 2018
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Learn more about visualizing vehicle data
by exploring examples in the Automated Driving System Toolbox

.

1IJHO KBINNOPIVL- Q08 D

(m

Birds-Eye Plot

Visualize Sensor Coverage,
Detections, and Tracks

Annotate Video Using
Detections in Vehicle
Coordinates

Segmented Point Cloud

'
1

-

P # e il
k) " 2 . 2

L

.

0 {‘(.\3

N ’ I 40
0 »
0 -

Y 20 A0 A

P
Ground Plane and Obstacle
Detection Using Lidar

Plot object detectors

In vehicle coordinates
— Vision & radar detector

— Lane detectors

— Detector coverage areas

MATLAB EXPO 2018

= Transform between
vehicle and image
coordinates

= Plot lidar point cloud

29
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Testing perception algorithms with live data

Radar

Read
E— sensor data stream

R mm———,
| and video stream

Video frame
TCP/IP Ethernet TCP/IP

Algorithm I

¥

Visualization

https://uk.mathworks.com/help/vnt/examples/forward-
collision-warning-can-fd.html 30

MATLAB EXPO 2018



https://uk.mathworks.com/help/vnt/examples/forward-collision-warning-can-fd.html

How can | make a forward collision warning system?
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What is Path Planning?

- : L
...... ‘ | |l|l| | | I | ‘.‘ e

Wl Goal 1 -

45 Goal 2

B Ceal 3 -

40 § : Goal 4 :

35 | :

g

- 25 :

C oy

15 : /J

"'1'{:'" _~\———-————ﬂ‘

0
Ii] ﬂ .

https://uk.mathworks.com/help/releases/R2018a/driving/e

&\ MathWorks
Parking Valet Example

xamples/automated-parking-valet.html

MATLAB EXPO 2018

= Grid-based search
— Split the area into a grid

— Move between adjacent grid squares by
solving an optimization problem

=  Motion planning — use Rapidly exploring
Random Tree (RRT)

= Path smoothing — so a controller can
execute

- Trajectory generation — create speed
profile

= Vehicle control — get steering angle and
generate acceleration commands

- Goal checking

= May also need to derive map

= May also be dynamic obstacles
32


https://uk.mathworks.com/help/releases/R2018a/driving/examples/automated-parking-valet.html
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How can | make a forward collision warning system?
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What about when there is no map?

4\ SLAM Map Builder - Map (Overlasd Scans)

[« Figure 2: Map

4\ MathWorks

S

File Edit View Insert Tools Desktop Window Help ¥

UAP BULDER
26 k :
< .
20 -
B
M *
15+ - -
‘ b
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5t 3 G y
<18 ‘> c-'
of, -
-—J L ] ‘ N (
5 (
10 }ee 8 '
’ ‘e i ol )
A5 et pladly " -
20— Robot Yrucm.‘ \ T S
mewarv, . 2 B RGN
25 * | Scars 2 \‘
a5 30 25 20 5 10 S5 0 & 10 18
X
ez

MATLAB EXPO 2018

20
|y
1 degs i
— oan > — ==
<o 4| Figure 1: Robot Simulator (= f&]=]
s L ][ SaS
& File Edit View Insert Tools Desktop Window Help »
-10 DEede | hRRAVDLL- 2|08 ad
Scan 243
=0 Scan 244
20 10 0 10 20
Y
Loop Closure
20
| S
11 —_
10 Jegs =L ek 7
¢ [}
— =
@
x 0 ~ . E.
> >
-10
Scand
20 Scan 244
2 10 0 10 20
Y
- —0 2 4 6 8 10 12 - -
Reset Simulation X [meters] | Randomize Location

NEde b RRUPEL- G008 aO

OccupancyGrid: Update 550

Y [meters]

0 2 < 6 8 10 12 14

X [meters]

MATLAB has SLAM algorithms which can be used to derive maps
during the localisation process

34



Learn about developing path planning algorithms

with these examples

& i M i i n

0

L w1
10 20 30 40 60 B0
X

Automated Parking Valet

Plan path for automobile
given pre-defined map
Automated Driving

System Toolbox™

MATLAB EXPO 2018

Jardif

«©

¥

o )

T

2 sri, HERE, Garmi , Intermap, METI,
s0m e < INCREMENT P, NRCAN, Mapmylindia,
2001 SLCYIAn LAY 5 Esri (Japan, China (Hong Kong), Thailand),

] ©OpenStreetMap, GIS User Comm.

Animate Sequence of Latitude
and Longitude Coordinates

Plot map tiles using
World Street Map (Esri)

Automated Driving
System Toolbox™

&\ MathWorks

35
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ROS is important in Automated Driving

MATLAB
code

AN

Simulink®

Networking
(messages, services, etc.)

r 1

ROS

\ /

[\

C++ code
generation

models

MATLAB EXPO 2018

4\ MathWorks
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How can | make a forward collision warning system?
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visualization

[ Sensor development Perception

[ Scenario testing

Control
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Path planning
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N
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Developing Forward Collision Warning using Model Predictive
Control

L
wion | * .
lseration 2 * .
" y Feference . : g Blant
Reference PID Controller-1 : ’ , . § an

II"-.III II."-,III s lbaration 32 . v’
I",I I"II Reference PID Controller-lI & L > PG Conksia
'.II '.II | ‘ State
| | Estimatar
Traditional Control Model Predictive Control

MPC is good for:

« Complex Nonlinear Systems (e.g. MIMO) — outputs and non-linearities are all considered
together and there are fewer parameters

« Constraints — changing hard and soft constraints (e.g. speed) can be considered within the
optimisation

* Preview - it is forward looking

MATLAB EXPO 2018
39
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Model Predictive Control —the basics

| | Past 4 Future Parameters:
. : | > Period
N L= ‘ > Prediction horizon

v

_ / /Kyﬁf » Control horizon
5 | ‘ » Constraints

Prediction horizon, p

b 4

x=
=
+

-
=
+

N
~
+

w
3
x=
+
C

Main Goal: Try iterations to get to the final position with
the minimum cost

MATLAB EXPO 2018
40
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Example: Developing a Cruise Control Algorithm

Measured outputs

1. Relative distance (D, oiqtive)
2. Ego velocity (Veg0)
Optimizer
References P
1. Safe distance (Dgq ) > Ego
2. Ego velocity set point Ego vehicle Control variable vehicle
(Vset) model Acceleration (u)
A
MPC controller
Disturbances
Most Important Object velocity
Most
minimize: |Vego — Vsetl2 Impqrtant
subjectto: Dyeigtive = Dsase Object

Umin T US U
min max Safe distance (Dgqre)

o
|

MATLAB EXPO 2018
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Model Vehicle Dynamics using Vehicle Dynamics Blockset

Pre-built reference applications

Library: vdynlib - Simulink prerelease use — O *
Py Library: vy P
File Edit View Display Diagram Analysis Help
L =

@: -3~ (= EE ME R
vdynlib X Vehicle Scenarios
@
ey —
=== Q]| @] | I
E3
Powertrain Wheels and Tires Steering Suspension
1

,KL\?\
- Vehicle Body Vehicle Scenarios Utilities
= Library of blocks
pod
Ready 145%

: Game engine

¥4 Simulink Start Page

SIMULINK

3 Open...

Recent

2 vdynlib sl

‘bi DLCReferenceApplication sk
‘bi SCRReferenceApplication slx
‘bi SiDynoReferenceApplication.shx
1 SiMappedEngine sk

1, SiMappedEngine sk

‘“’i SiDynoReferenceApplication.shx

1 SiMappedEngine skx

[5] DblLaneChange.prj

E| SceneCameraRay.prj

Examples

v Vehicle Dynamics Blockset

Double Lane Change Reference ...
L5

=L

Scene Interrogation with Camera...

— | >

View All =~

Swept Sine Steering Reference ...

Increasing Steering Reference A...

42




Chassis Controls Study: Braking Test with ABS

4\ MathWorks

43
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Model Vehicle Dynamics using Vehicle Dynamics Blockset

N
s

N

Y

|

I

'
)

i

e
c
c
Vo .
0030 Acton Trasatorm Gt I
o e ——
L 1 et [0S
e — 9. L) L | 551 ool
; e e Vhbalias
Predictve Drrver ; i soand

e Ly Fubica Terain Sermar et s Tt Traritass
> = >
b o Bassenger Vehics Camiciue s a
| e
e o— L

Caontroliers

o ¥\ oot

o Scene Interrogation with
Double Lane Change Camera and Ray Tracing
Reference Application Reference Application

= Simulate vehicle « Co-simulate with Unreal
dynamics for closed Engine to set actor positions
loop design and get camera image
Vehicle Dynamics Blockset™ Vehicle Dynamics Blockset™

MATLAB EXPO 2018
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