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Evolution of ADAS and Autonomous Driving Car Technologies
Application examples in Automated Driving Toolbox™
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Traffic Jam Assist with ACC and Lane Following Control MAC 2018

Automated Driving Toolbox™
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Auto Pilot: Lane Following plus Lane Change MAC 2019

Automated Driving Toolbox™
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Single Lane Change Example
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Case Study for Lane Following plus Lane Change

Design lane following +
lane change controller

= Review baseline LF example

= Design sensor configuration

= Design additional MIO detectors
= Design safety zone calculation

= Design lane change logic

= Design trajectory planner



Learn about developing a lane following controller

Lane Following Control with
Sensor Fusion
= Specify scenario and sensors

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

= Integrate sensor fusion
= Generate C/C++ code

= Test with software in the loop
(SIL) simulation

Model Predictive Control Toolbox™
Automated Driving Toolbox™
Embedded Coder®
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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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Review lane following test bench model architecture
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Review lane following test bench model architecture

Lane Following with Spacing Control
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Review vehicle and environment components

Model Buttons
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Lane Following with Spacing Control
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Review lane following test bench model architecture

Lane Following with Spacing Control
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Review lane following controller components
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Partition design to enable inserting lane change functionality

Lane Following + Lane Change Control Test Bench |
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Partition design to enable inserting lane change functionality

| Lane Following_; + Lane Change Control Test Bench

Tracking and Senser Fusion

LCRefMdl Vision '—J
Vision ‘ Racar
Accelerai ego_acceleration Accelerall
celeration cceleration Clock
- ) ego_veld
Longitudinal Velocity
¥ Radar =
St
P System Clock
—=
Lane Datections Lane Center =
Ego Lane
Longitudinal Velocity
Estimate Lane Center La
» Ego Lane
»{ Next Lane Vision
Vision
Radar Tracks :‘
Radar
Later]
¥ EgoActor ()] system ciock
N System Clock
LF and LC Contr .
Ego Lane2 Mios ==
NexiLane

Detect lane center

>| Sat valocity
(5)| (sy

Curvature
31
31
Previewed Curvature|

Longitudinal Velocity
m's)| (mis)

Longitudinal velocity
(m's))
Longituginal Velocity2

[m) lateral_deviation
Lateral Deviation

Lateral deviation
(™) (m)

Lateral Deviation

== Lane Center

relative_yaw_angle

Relative Yaw Angle === | Relative yaw angls
rad) (rad)f rad)

\ | (m)

(
Acceleration

(mis?)

Steering angl
(rad)

Preview curvature

(rad)
T i

roller

m's?)

accel
Acceleration

Steering Angle

4\ MathWorks

14



4\ MathWorks

Partition design to enable inserting lane change functionality

| Lane Following + Lane Change Control Test Bench |
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Add lane change functionality to lane following controller

| Lane Following_; + Lane Change Control Test Bench
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Add lane change functionality to lane following controller

| Lane Following + Lane Change Control Test Bench |

1. Add more
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Add lane change functionality to lane following controller

1. Add more
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System requirements for lane change

Adjacent zones
for Blind Spot Detection

left
adjacent zone

adjacent zone

Typically implemented with
Short Range Radar

&\ MathWorks
/LR

ISO

Intelligent transport systems - Lane change decision aid systems (LCDAS) p\g
17387

Rear zones

for closing vehicle warning

Typically implemented with
Mid Range Radar

19
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Explore sensor placement with Driving Scenario Designer
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Review sensor configuration for lane following example

FrontLRR
FoV =20°x 175m

150

Camera
FoV =43.6° x 150m

* SRR: Short-Range Radar
* MRR: Mid-Range Radar
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FrontMRR
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50 e
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-50 F _

80 60 40 20 0 20 40 -60 80
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Add rear looking sensors to support left lane change

FrontLRR
FoV =20° x 175m
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Overall sensor configuration for lane following plus lane change

FrontLRR x1 front camera
POV =207 x 1rom 150} | " _ =8 radars
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Review sensor models for traffic jam assist

'Actors and Sensor Simulation
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LaneFollowingTestBenchExample - Bird's-Eye Scope

BIRD'S-EYE SCOPE
~ Ground Truth
Road Boundaries
Lane Markings
~ Actors
Actor 1 (ego vehicle)
Actor 1
Actor 2
Actor 3
Actor 4
Actor 5
Actor 6
Actor 7
Actor 8
Actor 9
Actor 10
Actor 11
Actor 12
Actor 13
Actor 14
~ Sensor Coverage
¥ Vision
1 Vision Detection Generator:1
+ Radar
2 Radar Detection Generator
~ Detections
¥ Vision
Vision Detection Generator:1
Vision Detection Generator.2
+ Radar
Radar Detection Generator
~ Tracks
mio_track
Lane Follexsiig Controller:3

o Applicable Signals

@ Radar Detections ——Lane Detections

Road Boundaries [ |Vision Coverage [ |Radar Coverage w Vision Detections
0 O Tracks

Longitudinal Distance (m

Lateral Distance (m)

24




| 4\ MathWorks

Ad d d I f I h [#] LaneChangeTestBenchExample - Bird's-Eye Scope - O >
Sensor modadeis 10r lane cnange o
Aeters * | ——Road Boundaries [ _|Vision Coverage [ |Radar Coverage
Actor s ¥ Vision Detections @ Radar Detections ——Lane Detections
= . Actor 6
Actors and Sensor Simulation AC o . O m W B O Tracks
tor
> 3 ) ¢
EaoAct 8 d . @ Actor 8
goActor X ra ar - Actor 9
Actors
Actor 10
V4 Actor 11
— pos ~ Sensor Coverage
- Vision
. -
Actors L P actors radarDets '( 2 ) 1 Vision Detection Generato
Radar - Radar
2 FrontMRR
> vel RadarSensors 5 FrontLRR
06_DoubleLaneChange 4 Lot rontSRR
4\ a=@=>|Ego Venicle crren
packEgo 9 5 RightFrontSRR
Actors Visi Object > ( 1 ) 6 LeftiRearSRR
—pf yaw 1glon Detections ‘ —_
Detection Vision 7 LeftRearMRR =
Generator 8 RightRearSRR -~
ane Lane  [Sensor Index: 1] Lane N @
Boundaries Boundaries Detections 9 RightRearlRR e
EqoL. ~ Detections ..g
olLane === : )
——»| yawRate g ~ Vision o
Ego Lane Vision Detection Generator ©
o P A , M laneDets g
Generator - -
actors [Sensor Index: 2] Vision Detection Generator:; =
x1 front camera packLanes 3
NextLane :b@) ~ Radar £
. es Next Lane FronthRR 2
[sEr::;‘\C:: 3 FrontLRR S
- LeftFrontSRR
[SS;M Y RightFrontSRR
LeftFrontSRR CefiRearSRR
Fasw e LeftRearMRR
[Senser nox 5 o RightRearSRR
R aeR =T S RightRearMRR
-~ radarDets _
Detecton oo ~ Tracks

Generator -
[Sensor Index: 6]

EgoFrontMIOTrack

Visual ize With EgoRearlIOTrack

e LeftFrontMIOTrack

T B | rd S Eye S CcO pe LeftRearMIOTrack
e RightFrontMIOTrack

[Sensor Index: 8] RightRearMIOTrack

RightRearSRR

LefiRearSRR

Radar
Detection

Tracks -

R )(8 radar ‘ > Lateral Distance (m)
[Sensor Index: 9]

RightRearMRR
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Add lane change functionality to lane following controller

|
1. Add more

L Vision LCRefMdl N :::}:Jg/”’_l S e n S O r S

Clock

| Lane Following + Lane Change Control Test Bench |

ego_acceleration

Acceleration Acceleration

ego_velocity

ngitudinal Velocity

2. Identify most important S — 3. Identify safety
objects in adjacent lanes zones

=) Lane Center Detected f(ms) ~
Ego Lane Gl st (m's) (E:f‘s‘)mmy
) X . (m's)
Longitudinal Velocity (mis) i
(Ca)——»|cunr velociy LCRef
i Longitudinal Velacity { Pl
an Lane Cha~~
() Ego Lane Land
»Ego Lane Ego Lanet

Ve
f Next Lane L 4 EgoActor i
= o 4. Decide when to
.

p R AT vision MIOs.EgoFront @——————————xpp{ EgoFrontMIO

Vision C) B Ego Actor X a e a e

ke EgoAcor MIOs EgoRear @ g 0 LCStatus C n n S
@}:. Radar h
L Radar &) /_—l
ater| Tracks SO MIOs.LeftFront @=============J»{ LeftFrontMIO B
»EgoActor (3 )—»{system ciockc
Plan Lane Change
- System Clock MIOs. LeftRear @==============3p| LeftRearMIO
[1000x3] (m)
LF and LC Contr EgoLane {

i

> Ego Actor RefPosesRr| =)
Ego Lane2 wios == MIOs.RightFront RightFrontMIO (m) [1000x3] = sath
. . 44}
plens MIOs RightRear (@f=====mmaip| RightRearMIO anet NMiaianeensy E.‘ e
Next Lane ﬂ_ane Center
Tracking and Sensor Fusion
Egolane

LCrefVel

LCParam LC ReferenceEgoVelocity
Ego Lane m's)
.
Next Lane CurrVelo .
g e 5. Plan trajector
\J / Lane Change Planning .
LC Decision Logic
LGActiveDelay | .4

-
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ldentify Most Important Objects (MIO) to detect

LeftFront —
MIO

Ego Car —

LeftRear —]
MIO

= Lane following — one EgoFront MIO is enough

= Lane change — needs more MIOs
surrounding ego car

— EgoFront
MIO

— RightFront
MIO

—RightRear
MIO

— EgoRear
MIO

27
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Review baseline MIO detector architecture for traffic jam assist

Sensor Fusion

One MIO
Tracks
(EgoFront)

(2 ) P In1 5

- etection .

Vision | Detection ou o Concatenation Out — Detections -
.—DC:) n . ut——pIn ulti

Clustering ; Confirmed
RO Object Tracks P confirmedTracks X 4D~.

Tracker

Prediction Relative Distance
Ca4 y——>0

System Clock

3 P lane ‘ VX
Lane

findLeadCar Relative Velocity

Ego Iane posSelector ———» positionSelector mioTrackindex

MIO Track Index

Position Selector

Find Lead Car

28
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Add MIO detectors for lane change

Sensor Fusion

> In1 5
— etection » .
Vision Detection Concatenation Out P Detections . EgoFront EgoFront
1 J===PIn ClusteringOut P In2 Muli Confirmed R
Radar Object Tracks P tracks
- Tracker
P ?irne-lcélctlon EgoRear s
oRear
System Clock 2
LeftFront
LeftFront
(3 ) P egolane
EgolLane findMIOs
LeftRea
EgO |ane ear LeftRear
RightFront
RightFront
. @4 P nextLane
Adjacent NextLane
RightRear =
Iane RightRear

29
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Add lane change functionality to lane following controller

|
1. Add more

L Vision LCRefMdl N ::;;Jg///"l S e n S O r S

. ego_acceleration
Acceleration

| Lane Following + Lane Change Control Test Bench |

>

Acceleration
cceleratior Clock

ego_velocity

ngitudinal Velocity

2. Identify most important S — 3. Identify safety
objects in adjacent lanes zones

rr Lane Genter Detected |(m's) ~

Ego Lane et s Petiand
. - > . (m's)
Longitudinal Velocity — ) e vetosty o A=)
i Longitudinal Velocit
¢ Y [Plan Lane Cha~
G =P g Lare Land
» Ego Lane Egolanet

4{d)
ﬂ_ane Center
Tracking and Sensor Fusion

Ve
| Next Lane L @ EgoActor .
Ego Acor 4. Decide when to
.
»| Next Lane Vision MIOs.EgoFront @@===========p{ EgoFrontMIO
Vision | Ego Actor 1
EgoActor
o S MIOS EgoRear @ S— Lostmus . change lanes
=i /H/
Radar &) /_I
Later Tracks =] MIOS LeftFront @f=====——======p{ LeftFrontMIO JE—
»EgoActor (3 )—»|system Ciock
Plan Lane Change
N System Clock MIOs. LeftRear @=============fp| LeftRearMIO
[1000x3] (m)
LF and LC Contr EgoLane - :(mb) Ego Actor RefPosesRr| m@
Ego Lane2 MIO: MIOs RightFront @@= RightFrontMIO (m) RefPath
. . 44}
et St MIOs RightRear (@f=====mmaip| RightRearMIO laneC VirtualLaneCenter
Next Lane

Egolane LCrefvel

LCParam LGy ReferenceEgoVeloctty|
Ego Lane m's)

NextLane
(m/s)
Next Lane Curtvelo

P LCActive Curr Velocity

5. Plan trajectory

2 J Lane Change Planning

LC Decision Logic
LGActiveDelay | .4

—
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|dentify safety zones to calculate

Lane following is U nsafe

|

I | EgoFront

@ T MIO if ego front MIO is detected
Safety Zone 4 b 5 within the safety zone

for lane following I

6.8

i
Uf6 " 2abrake

or, V¢eTT Crew

Ego Car

q—>

s
s

s

31
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|dentify safety zones to calculate

I
LeftFront I
MIO =N
Safety Zone '
for lane following T

Safe Zone
for left lane change

2
vlf

EgoFront
MIO

V1edf +
rer 2abrake
or, v TTCyc

—Ego Car

2
Vir

Vir 61‘ +
2abrake
or, v, TTCy

Left lane change is safe é

within the safety zone MIO

32



|dentify safety zones to calculate

LeftFront
MIO

LeftRear —|

s

Safe Zone :
for lane following
Safe Zone
for left lane change

MIO

n

]

1
.

EgoFront
MIO

- RightFront
MIO

—Ego Car

—RightRear
MIO

|

|

|

: Safe Zone

| for right lane change
|

|

[

|

|

|

|

|

|

|

~EgoRear

MIO

Right lane change is uUnsafe

if MIOs are detected
within the safety zone

4\ MathWorks
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|dentify safety zones to calculate

LeftFront
MIO

LeftRear —|

Safe Zone
for left lane change
Trigger lane change
to safe side

L

Safe Zone '
for lane following | |
i/ RightFront

MIO

I I
I | EgoFront
I I

I

MIO

MIO
Safe Zone
for right lane change
—Ego Car

—RightRear
MIO

~EgoRear
MIO

4\ MathWorks
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Visualize safety zones : |
| |
I | EgoFront
| |
I

LeftFront i
MIO \ MIO
Safe Zone '
.
a8k i/ RightFront 20 - n 1

MIO
Safe Zone %
for left lane change ' = !
Safe Zone < T |
for right lane change

Trigger lane change 1
to safe side —Ego Car

-20

—RightRear
MIO 40} i
LeftRear — ~EgoRear
MIO MIO o) | | |

20 10 0 -10 20
Y (m) 35
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Add lane change functionality to lane following controller

|
1. Add more

L Vision LCRefMdl N ::;;Jg///"l S e n S O r S

. ego_acceleration
Acceleration

| Lane Following + Lane Change Control Test Bench |

>

Acceleration
cceleratior Clock

ego_velocity

ngitudinal Velocity

2. Identify most important S — 3. Identify safety
objects in adjacent lanes zones

rr Lane Genter Detected |(m's) ~

Ego Lane et s Petiand
. - > . (m's)
Longitudinal Velocity — ) e vetosty o A=)
i Longitudinal Velocit
¢ Y [Plan Lane Cha~—
G =P g Lare Land
» Ego Lane Egolanet

Ve
) | Next Lane L .
Nertianer &D, Egohctor
g icer . peciae wnen to
»{ Next Lane Vision MIOs.EgoFront @@===========p{ EgoFrontMIO
Vision | Ego Actor 1
& . . change lanes
o =>{Rader o :‘ MIOs EgoRear @ g o LCStatus J/

Y

L Radar &) //—l
ater| Tracks Pt [ MIOS. LeftFront @f===========pp{ LeflFrontMIO e
¥ EgoActor System Clock
Plan Lane Change
N System Clock MIOs. LeftRear @==============3p| LeftRearMIO

1000x3]
LF and LC Contr EgoLane [1000x3] (m)

§

y

g

> Ego Actor RefPosesRr| =)
Ego Lane2 wios == MIOs.RightFront @@z RightFrontMIO (m) [1000x3] = sath
. . 44}
Pt MIOs RightRear (@f=====mmaip| RightRearMIO laneG VirtualLaneCenter
Next Lane

a{d)
ﬂ_ane Center
Tracking and Sensor Fusion
Egolane LCrefvel

LCParam LGy ReferenceEgoVeloctty|
Ego Lane m's)

NextLane
(m/s)
Next Lane Curtvelo

P LCActive Curr Velocity

5. Plan trajectory

2 J Lane Change Planning

LC Decision Logic
LGActiveDelay | .4

—
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Lane change decision logic and planning

[Plan Lane Change|

e N

EgoActor

G

Ego Actor

N
MIOs.EgoFront EgoFrontMIO

LCStatus .

(4 )

LCStatus

MIOs.EgoRear EgoRearMIO
MIOs.LeftFront LeftFrontMIO

MIOs —

MIOs.LeftRear LeftRearMIO
[1000%3] (m)

(I_r'f) Ego Actor RefPosesRr ol
(m) (10003 efPath
I »
= #| laneChangeTrigger VirtualLaneCenter
LC Tr'gger (Lane Center

LCrefVel
ReferenceEgoVelocity 4@
(m/s)

MIOs.RightFront @==============pp| RightFrontMIO Reference

trajectory
~ for lane

MIOs.RightRear RightRearMIO
—
Eg O & EgolLane

LCParam | LCparameter

) Ego Lane LC param eters ) LCRef Velocity
Adjacent L Cr=——ppeua o | change
Next Lane (1 )>——»{curvelo LCActive »(3)
Curr Velocity LC Active

eDelay

|an eS / ve //1 ) Lane Change Planning ‘\\
A / I\

Safety zone
calculations

Lane Change
Decision Logic

Lane Change
Planning
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Design lane change decision logic

_____________________________________________________________________________________________________________________________________

- \J
Lane following Qe Lane change PSereTE ~

mode { mode en:
LFMode = true; LCTrigger = true;
% monitor leading & following cars in the ego lane LFMode = false;

[FCW,ZoneFront] = checkEgoFront();
[RCW,ZoneRear] = checkEgoRear();

G

Ego Actor
MIOs.EgoFront EgoFrontMIO

EgoActor

v

StartDelay
% check if left lane change is safe
[SafeLF, SafeLR, ZonelLF, ZonelLR, LCParamLeft] = checkLCALeft();

MIOs.EgoRear EgoRearMIO

[after(5, tick)] \J}

% check if right lane is safe

M I O MIOs. L eftF ront @] LetFrontMIO [SafeRF, SafeRR, ZoneRF, ZoneRR, LCParamRight] = checkLCARight(); rg:-eilg__ﬁg(ggi e
S — | FCW = false;
MIOs.LeftRear LeftRearMIO [duration(FCW) > 0.9] > ) -
~ [LCActive==false] J_}
; % lane change to left : : ;
MIOs.RightFront RightFrontMIO ! [gafeLF && SafelR] WaitLCSettleDelay
i {LCParam = LCParamLeft} \
MIOs.RightRear RightRearMIO i 1
B ! 2 % lane change to right
: [SafeRF && SafeRR]
Ego & (2 )iy Egolane i ér\ é {LCParam = LCParamRight} .
Ego Lane | < 201 Right lane change
\

AdJ ace nt NextLane )

Next Lane

|an es oL Cactive AV e | LC Actve
¥ Lane Change Planning

LC Decision Logic

LCActiveDelay

Lane Change
Decision Logic
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Add lane change functionality to lane following controller

|
1. Add more

L Vision LCRefMdl N :::%Jg/——”‘l S e n S O r S

. ego_acceleration
Acceleration

| Lane Following + Lane Change Control Test Bench |

o .
Acceleration Clock

ego_velocity

ngitudinal Velocity

2. Identify most important S — 3. Identify safety
objects in adjacent lanes zones

rr Lane Genter Detected |(m's) ~

Ego Lane et s Petiand
0 - . . (m's)
Longitudinal Velocity — ) e vetosty o A=)
i Longitudinal Velocit
¢ Y [Plan Lane Cha~—
G =P g Lare Land
» Ego Lane Egolanet

Tracking and Senser Fusion

Ve
(b Next Lane L D Egoctor .
EgoAcr 4. Decide when to
.
- ision MIOs.EgoFront @——————————xpp{ EgoFrontMIO
»{Next Lane byt \/ »| Egocer N
ke . change lanes
ac ! ) LCStat »
- MICs.EgoRear @ 9 4B J/
Radar H:’ D) —___—/——l
Later] Tracks Pt [ MIOs LeftFront @@===—=======p{LeftFrontMIO ——
»EgoActor (3 )—»|system Ciock
Plan Lane Change
K System Clock MIOs. LeftRear @====—===—==0{ LeftRearMIO
[1000x3] (m)
LF and LC Contr Bt 0 T F90 Acter RefPoseskt [1000x3] @
Ego Lane2 MIO: MIOs RightFront @@=y RightFrontMIO (m) RefPath
) ) 414}
i MIOs RightRear @mmmmmmmmmmmmmip| RightRearMIO aneC VT TRy a{d) )
Next Lane ﬂ_ane Center

b LCrefVel

LG ReferenceEgoVeloctty|
Ego Lane m's)

NextLane
(m/s)
Next Lane Curtvelo

| LCActive Curr Velocity

5. Plan trajectory

2 J Lane Change Planning

LC Decision Logic
LGActiveDelay | .4

-
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Design lane change planning

[1000x3] (m) > 1)

RefPosesRr
[1000)(3: u P&xis}Flag » PIanE)ﬁist .
fen PlanExist LCActive
P PlanEnd LCActive
L LCActiveLogic
(m) 3
egoActor ‘ CurrPose PlanExist
currentPose y
Ego Actor fen T
l ExtractCurrPose
<Trigger 1 CurrPoseRr EndOfPlan
IaneChangeTngger I ¢ »( 4 )
£ 1x3
NumPlanningCalls NumPlanningCalls (3] Calcu I ate —> LCStatus
DeVl ation VirtualLaneCenter
[1000x3] (m) N (1/m)
[1 OOOx?ﬁ G ener ate Curvature w —
Reference
1000x1 de R
Generate [1000x1] (de0) »{ Headingangle ) ]

TTo00eT Point il r— " refPatn Reference

VirtualLaneCreation

LCparameter Traj eCtory

1000x1 A4
(1000x1] »| RefSpeedProfile RefVelocity - B E’. |
[1000x1) RefVelocity | PlanExist 4 4ane Center an e
(mis) (mis) —
[1000x1] R CurrVelo ReEgoVelocity LCrefVel h
RelCialies [1000x1] RefGunaties Index f———-—] CurrVelo ol poasaio Re ere)nceEgo\felocity ) M C ange
TrajGeneration HCRet Velodly i
MyPathAnalyzer ra.J e C O ry
> 3 )
arics LCActive WS LC Active
L Lane Change Planning —

LC Decision Logic

LCActiveDelay

Z-1

Lane Change
Planning
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Generate trajectory

= Quintic polynomial

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

where s = longitudinal or lateral distance

= Start boundary conditions _
Ao = Sstart
A1 = Sstart
2ay = Ssare

« End boundary conditions

astp + autf + azt? + apti+ a;ty + g = Sena

Sastf + dauti+ 3azti+ 2atp+ 1= Seng
20ast; + 12a,tf+ 6astet+ 2a; = Seng

A
V(6

dlat
41



Example of trajectory generation for lane change

Longitudinal trajectory

= Traj Long
E T T
c 100
2
™
in 50
L
cC
Q i i i i i
- 0
L] 0.5 1 1.5 2 25 3 3.5 4.5
Time (s5)
w30
E,
o
=
=y
c
_ID 25 1 1 1 1 1
L] 0.5 1 1.5 2 25 3 35 4.5
Time (s)
% 0
E
Bt
]
€L
L
E_z 1 1 1 1 1 1
= 0 05 1 1.5 2 25 3 35 4.5
Time (5)

Lateral trajectory

Traj Late

=

Late Dist (m}
ra

=]
=]

0.5

1 1 1 1 1
1 1.5 2 25 3 3.5 4 4.5
Time (s5)

P2

Late Velo (mis}

SRR,

=]

2 25 3 3.5 4 4.5

Late Accel [rns'sz]-
[ —

Time (s)

L
=]

0.5

1 1 1
2 25 3 35 4 4.5
Time (5)

1 1
1 1.5

4\ MathWorks
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Generate reference point

= Find a point for the vehicle to follow

| u
Trajectory /\
P / \

'

-1

Reference
Point

A
~ i

-
‘/:1

I+1
% Normalized distance between current position and section starting point

u = (RXY.*DeltaXY)/ (DeltaXY.*DeltaXY):;
Incremental
$ Find section ending point projection

indeﬂIncrement = ceil (u-1):

43
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Calculate deviations from reference point

x A

1 J Heading
| deviation

l
dlong

.

Reference k
point

[x(D), y(©),0(0), kD), v(i)] —
I Lateral
deviation

Reference
trajectory

<

dlat 44
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Create custom visualization for safety zones and trajectory

—P» actors
—» egoActor
- lanes PlotLaneChangeStatus
—-» status
—» refPath
Plot Lane Change Status
_| PlotLaneChangeStatus.m | + |
1 Iclassdef PlotLaneChangeStatus « matlab.System
2 % Custom helper wisualization to show status of MIOs,
3 % safety zones, and trajectory during lane change
4
5 properties (Access = private)
6 — Figure
T = BEP
8 — OutlinePlotter
9 — LaneBoundaryPlotter
10| = SafeMICPlotter
11 — UnSafeMICFPlotter
12 — ActorPatches
1% |= ZoneFront
14 — Zoneleft
1E|= ZoneRight

45



Create birds eye plot with utilities from
Automated Driving Toolbox

actors
egohctor
lanes PlotLaneChangeStatus

status

YVYVVY

refPath

Plot Lane Change Status

[¢]

% create birds eye plot

obj].BEP = birdsEyePlot ('Parent', hax,...
'"XLimits', [-60, 60]

'"YLimits', [-20, 201);

% create lane plotter

obj.LaneBoundaryPlotter = laneBoundaryPlotter (obj.BEP, ...

'DisplayName', 'Lane boundaries');

% create outline plotter for target actors
obj.OutlinePlotter = outlinePlotter (obj.BEP);

X (m)

-20

-40

4\ MathWorks

40

20

20

10

Y (m)

-10

-20
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Plot safety zones and trajectory with MATLAB T

40

actors

egohctor

T

lanes PlotLaneChangeStatus D

status 20

YVYVVY

refPath

Plot Lane Change Status

X (m)
o
= |

o

% create patches for safety zones

obj.ZoneFront = patch (hax,0,0,[0 0 0]);
set (obj.ZoneFront, 'XData', [], 'YData', [], ... 50
'FaceColor', 'green', 'FaceAlpha',0.1);

o

% create line for trajectory path 40
obj.LCPath = line (hax, 0, 0,...
'"Color', "blue', ...
'LineWidth', 2, ...
'LineStyle','-"); e — 0 0 2

Y (m) 47



Visualize safety zones and trajectory

Lane Following + Lane Change Control Test Bench

A A

A J

A J

LCRefMdl N Vision
Vision . Radar
) ego_acceleration »! Accelerati
Acceleration P Acc l Clock
oci
Longitudinal Velocity ego_velocity
Rader Ego Lane
. steering_angle
Steering Angle Next Lane
Actors
Steering Angle
System Clock " EqoActor
Tracks Tracks Lanes
Vehicle and Environment
Longitudinal Velocity
| Tracks ® >
LCStatus ° »| LCStatus 1NN
MIO Tracks T [11A
Ego Lane 2
WeElll -
S T,
Next Lane Actors | t
Ego Lane [« F [‘T
Lateral Deviation Ego Velocky
EgoActor Lateral Deviation
N Z Assessment

LF and LC Controller

actors

egoActor

lanes PlotLaneChangeStatus
status

refPath

Plot Lane Change Status

‘ MathWorks:

60

40 -

20 -

20

10

Y (m)
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Case Study for Lane Following plus Lane Change

Sensors = Algorithm
under test

Test Manager

Automate
regression testing
= Define assessment metrics

= Add predefined scenarios
* Run Simulink test

49



Manage testing against scenarios

Scenarios

T

System simulation

Sensors Algorithm Vehicles
under test

Metrics

Test Manager

4\ MathWorks
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‘ MathWorks:

HW : Headway
Create test scenarios ooy e
v_set : set velocity for ego car
No [Test Name ___[Test Description ______ Hostcar  Jeadcar 60 . :
‘ 01_SlowMoving Passing for slow moving lead car initial velocity = 20m/s  constant veloci T
10m/s
HWT = 6.5sec

______ Ve (HW = 130m) ol I )
(@) (@)

Slow moving v_set = 20m/s

X (m)
o
T
L

20 10 0 -10 -20
Y (m)
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Create test scenarios

02_SlowMoving
WithPassingCar

Passing for slow moving Lead car
With rapidly approaching car in adjacent lane

Slow moving

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

60 T T

40 - 1

initial velocity = 20m/s  constant velocity
10m/s

HWT = 6.5sec

(HW = 130m)

X (m)
=]
[

v_set = 20m/s

40 |

20 10 0 -10 -20
Y (m)

52



Create test scenarios

03_DisabledCar Passing for disabled lead car
I ()]s (6)] R
Disabled

initial velocity = 20m/s Stationary

HWT = 12sec
(HW = 240m)

v_set = 20m/s

&\ MathWorks’
HW : Headway

HWT : Headway time

v_set : set velocity for ego car

none

53



Create test scenarios

04 _CutinWithBrake

Passing for cut-in car with brake

05_SingleLaneChange Single lane change with dense traffic

condition

&\ MathWorks

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

initial velocity = 20m/s initial velocity = 18m/s
Cut-in with brake @ 6m/s?
v_set = 20m/s (18m/s—10m/s)

initial velocity = 15m/s Slow moving

v_set = 15m/s

06_DoubleLaneChange Double lane change with dense traffic

condition

initial velocity = 15m/s Slow moving

v_set = 15m/s

constant
velocity =
10m/s

Dense traffic

Dense traffic

54



4\ MathWorks

HW : Headway
: HWT : Headway time
Create teSt scenarios v_set : set velocity for ego car
l 60 T T
07_RightLaneChange Passing for slow moving lead car initial velocity = 20m/s constant velocity = 10m/s
to right lane

HWT = 6.5sec -

(HW = 130m)

40 - §

v_set = 20m/s

20 - n

X (m)
o
E

40 ! 2

Y (m)
55



Add assessments

Model Buttons

Edit Setup I
Scrint @

(1 y——0>

Actors

actor_Profiles

Constant

P

actors

collisionDetect
actorProfile

collision

- collision

Step

GlobalAssessments

% Verify that no collision was detected —
| collision |

verify(~collision);

% Ensure that the time gap between the ego vehicle and lead vehicle does not dip below

% 0.8s for more than 5*Ts at a time. . -
verify(duration(timeGap < 0.8, sec) < 5*Ts); | safe distance again st lead car |

% Verify that the absolute value of lateral deviation from the lane centerline does not exceed 0.2m

% for more than 5*Ts at a time. ——
verify(duration(abs(lateralDeviation) > 0.5, sec) < 5*Ts); | lateral deviation I

N

LCLeft FCW  LCRight

® @
\r_/'l l\_T_/

LCTrigger LCActive

4\ MathWorks

STOP

Stop Simulation

Next Lane

i i i
Lateral Deviation
P EgoActor
N Z
LF and LC Controller

Assessment

P collision
. | 1
time
Tz
P! latera Dg’ation +
Ts —pls
Constant1

Test Assessment1

lanes PlotLaneChangeStatus

status

LALRN

refPath

t Plot Lane Change Status

56



Review report generated by Test Manager test cases

&\ MathWorks

Report Generated by Test Manager ‘ @
)
Title: Lane Following + Lane Change Con i
trol Test TestReport
Author: Seo-Wook Park
Date: 04-Apr-2019 12:03:36
Test Environment Summary Duration
Platform:  PCWIN64 name OUIEOME  (seconds) f
MATLAB: (R2019a) =1 LCTestCases 7% 2059 {
[ StraightPath 79 2059 ‘
S Y NP AU S S = 01 _SlowMoving © 304
= 02 SlowMovingWithPassingCar © 224 1
=l 03 DisabledCar o 330 ‘!
5 04 CutInWithBrake ° 235 i
=l 05 SingleLaneChange ° 314
= 06 DoubleLaneChange ° 420
=1 07 RightLaneChange o 228
WS P U S —

57
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Case Study for Lane Following plus Lane Change

Test robustness
with traffic agents

= Specify driver logic for traffic agents

= Randomize scenarios using traffic
agents

= |dentify and assess unexpected
behavior

58



Simulate interaction between driver agents

Proof of Concept

= Graphically define driver
decision logic

= Integrate into cuboid driving
scenario

= Visualize and debug

4\ MathWorks

—_— Ty
3B stateflow (chart) SimpleDriver ) O X
File Edit View Display Chart Help
Ao -B|ew 0@ @
t i} s 5] -
SimpleDriver
Visualize driver -
d A I - . % Craats Biatafiow Charts for Expeution s MATLAS Objects
ecision logic — +
= = i (Eloutar =
IsLanaChangaDona = falsa;
o 1
Koep
o [ —
“a a0 = N
LaneChangeDone = false:
BFCW = falsa;
WLCA = fakw B —
@ | | [ | s e
oot b1 T %% ehack ¥ ot ana change i sate
‘ Ll 3 | llsLCA stk anai = .
MyLana = gutlane|positions|me. 2 ) laneCentars lanaWidh) [sMO==trua] G‘GL' CAlpOsitons vekodtes me, .
uxum|$ = 5 -3, myLana JaneCanlers, BAidh, heLCA, minGap 11}
® ‘cSate minGap aLane JansCamins MnGHEN), é JsLCA==tug] % ne change 1o
=. % chock if MIO caris ddactsd in o my an $ -0
=] 2 3 chosk it ight lans change is safa
(BLCA dedtalane] =
checkL CApositons, vakootis 7o,
l:] 4, myLana JaneCaniers, Bna¥idth 1eLCA, minGan, 11y
l F5LCA==tnu0] e ans change ta right 5
2
1 ehock oaliicn agaiat MO
Gt = thackEvise{poutons, o oCar}
\ 1 7 J
o~ l f
[—
[mi'—] (sanachargaenasseu
[Fresa Foreien P
(mio, k] = e, lanaCurs, width) 2“‘- = -WWML w‘f’x e
o s o 7 . ; e e o e e minGap 5K
e g e pa o 2 % ehock ot land is 401 3ate duving 1ane change
|mvue Funcion calsion = ChackCATHonpoa egojdr)  (dotaLane==1 AL antane><0) .. -
188 enLane<=0) | msLca==tuse)
uuuuu %% chack — 1
= velago.dLanasgel - ”
daltad ane = -Gakalane;
tagetLane = BneCanters(myLans), % back W my ane
Ready 56%
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Scenario Reader

Vehicle dynamics

ot

Acceleration

System Latency
(Acceleration)

o,

Steering Angle

System Latency
(Steering angle)

40 0 er - 06_DoublelaneChange - Actors — (] X
Driving scenario is L —
g e JHd de & K d W b asws [J ¢
. 1 Repeat
New Open Sawe Add Add  Add  Add  Goto Step Continue Step Default  Export
pre_defmed by DSD oo S AL Ch LS Em o 2 e
FILE SCENARIO SENSORS SIMULATE VEW EXPORT z
*J | Roads | Actors | || Scenario Canvas | Sensor Canvas | | | Ego-Centric View |_Bird's-Eye Plot |
1: egoCar (2go vehicle) - .
Name:  |egoCar | |SetAs Ego Vehicle
Class- Car
» Actor Properties 340
» Radar Crass Section
¥ Trajectory {IJ 4 120
Constant Speed (m/s)
Waypoints
300
x (m) y (m) z (m)
1 200 1.8000 0| ’E‘
2 | 2405000 13000 o] % 280 - LR ™
3 267 1.8000 0 - 1 E‘\
4 %8 18000 0 [H -
5 297 54000 0 260 N
6 28 54000 0
[Vehicle and Environment } Ll % e o a0
) 400 9 0 1
X X 10 401 9 0 220
Actors and Sensor Simulation 1| 1400 9 0
"""" 60 40 20 0 20 40 60
EgoActor‘ 15 Y (m) =35
[
Z0H |
XY Positions P T P Position 1 P pos
position
[ [
Actors == 3| actors radarDets b »
| Acceleration 20H Radar
XY Velocities > _ | Velocity 2 wel RadarSensors
[ [ - 06_DoubleLaneChange
4 = Ego Vehicle
ZOH packEgo Object
Ya'wmgle = i = YawAngle 3 yaw Actors Dv{gloﬁn Delectlons .................................................................................
etection
{Im_ [ Generator
Lanef Lane  [Sensor Index: 1] Lane
Boundaries Boundaries Detections
ZoH
Yaw Rate > _ | Yaw Rate 4 P yawRate EgoLane fr==
; Ego Lane
P Steering [ [ laneDets ‘ g
packLanes
>0H SAE JBT0E to ISO 8855 Pack Ego Actor NextLane f==p( 6 )
Longitudinal velacity p o () Next Lane
MM M0} Longitudinal Velocity

Vehicle Dynamics

Ego car is controlled by the closed-loop
controller including ego vehicle dynamics

Scenario Reader

System Clock

Clock

Block
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Traffic agent

Vehicle dynamics

Acceleration

A

v

Systemn Latency
(Acceleration)

Steering Angle

)

v

Systemn Latency
(Steering angle)

XY Positions
Acceleration
XY Velocities
Yaw Angle
Yaw Rate
Steering

[Vehicle and Environment |

position 1

# Fosition 1

State machine

implementing driver logic

Actors and Sensor Simulation

| Velocity 2

| Yaw Angle 3

Longitudinal velocity

Vehicle Dynamics

P Yaw Rate 4

SAE JB70E to ISO 8855

Longitudinal Velocity

pos
Actors pr——=r—] @ actors radarDets f=
a1 d !l p————— RadarSensors
10_HighwayTrafficScenario
Ego Vehicle
» Object _
> = Actors VISIO!‘\ Deteclions P »{ 1 )
Detection
Generator
'-3_”‘9 Lane ~ [Sensor Index: 1] L_ane
Boundaries Boundaries Detections
| yawRate EgolLane
laneDets
ackLanes
Pack EgoActer == @ P

HighwayTrafficScenario

actors|

4\ MathWorks

B statefiow (char) SimpleDriver

File Edit View Display Chart Help

%®-o-8 ®

SimpieDriver

5. Com Sanebon Crars o Exscution m MATLAS e
X o = ks oot e SO s ]

P

FEe+EHL, DD B S

e

erane = et - postanaira. i

Ready

St » ot s
et - e Canara . s 12 s
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MNextLane

Next Lane

Systern Clock
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Implement driver logic for traffic agent

Lane Keep
mode

Maintain
set velocity

% Create Stateflow Charts for Execution as MATLAB Objects
% code = matlab.internal getcode sfxfile("SimpleDriver.sfi’ true)

(la neKeep
en:
isLaneChangeDone = false;

en:
isMIO = false;
isLaneChangeDone = false;
isFCW = false,;
isLCA = false;
isCollision = false;
deltaLane = 0;
mioCar = (;
du:

Front MIO
:l;)'llr:ﬁgi :u?ﬁ:;dl: © é positions(me,2) laneCd d etecte d

[isMIO, mioCar] = checkMIO(positions, velocities,me, ...
tteSafe, minGap.myLane laneCenters, laneWidth);
% check if MIO car is detected in the my lane

(VelKeep ™

ollowCar | ¢

[isMIO==false] ) }

[isMIO==true]

| /

front MIO

FCW
detected

b [isLCA==true] % lane change to right
O >
% check collision against MIO
{isCollision = checkCollision(positions,me,miaCar)
A 4
Follow
}a—_z \‘)

mylLane = getLane(positions(me, 2), laneCenters laneWidth);
[isMIO, mioCar] = checkMIO(positions,velocities,me,...
tteSafe, minGap, myLane laneCenters laneWidth);
% check if MIO car is detected in the my lane

{isFCW = checkFCW(positions,velocities, me,mioCar,ttcFCW, minGap);}

[isFCW==true] % Forward Collision Warning detected?

% check if left lane change is safe
{isLCA deltalane] = ...
checkLCA(positions, velocities, me, ...
-1, mylLane laneCenters laneWidth, tcLCA minGap,1):}
v
Q ) [isLCA==true] % lane change to left e
1

2 o4 check if right lane change is safe
{[isLCA, deltaLane] = ...
checkLCA(positions velocities,me, ...
1,myLane laneCenters, laneWidth, ttcl CA minGap,1);}

Lane change
mode

|MATLAB Function fow = checkFCW(pos, vel ego,idx the, minSpace

MATLAB Function
[mio,idx] = checkMIO(pos,vel ego,ttc

|MAT LAB Function collision = checkCollision{pos,ego,idx) | if (deltalane==1 && errL ane>=0) ||.. \ /
(deltaLane==-1 && errLane<=0) [lsLCA==false]
MATLAB Function % check if car reached target lane
[lea,le] = checklL CA(pos.vel ego,dLane egolane laneCtrs, width, tte, minSpace factor)| EndnsLaneChangeDone:true; ‘::””
" . deltaLane = -deltaLane;

| MATLAB Function mylLane = getLane(yPos,laneClrs,width) | targetane = laneCenters(myLane}: % back to my lane

. >
p
Prrey e o — F R —— o e —

ollision==true] v

Collision
detected

Left LC

Right LC

[isLaneChangeDone==true]

isLaneChangeDone = false;
du:

errLane = targetLane - positions(me,2);
% lateral deviation to target lane

(Continue
isLCA -] = ..

._E, checkLCA(positions, velocities,me, ...

deltal ane, mylLane laneCenters laneWidth tteL CA minGap,0.5);
% check if target lane is still safe during lane change

4\ MathWorks
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‘ MathWorks:

Assign traffic agents to all vehicles except ego car

5 Statefow (car) SimpleDrver

Fie Edt View Display Chart Help

%W o @

e B Sttefiow chart SimpleDrver - o «x

5 o @ et View Diplay Chart Help
B Statefiow (chart SimpieDiiver - x o
Fle Edt View Disply Chart Help ®-o-8 G Stotefiow (char) SimpleDriver o x
%-o-8 a =2 le Edt View Dispay Crart Help
‘SimpleDriver o EE} -=-8 ® =
@ & Sleoer
a o
o ) rEa
o [} ~
~ @
@ = o

®
¢ 5l

=
C] N
=
=

Lane Following + Lane Change Control

5 Statflow chary) SimpleDrver

Fie Edt View Display Chart Help

%-o-8

mpieDrver

gs

Longana

aaaaa

lelelele

EEeeEL 00

uuuuuuu

MMMMMMMMMMM

Traffic agent with driver
logic state machine

Ego car with
LF/LC controller
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Simulate with traffic agents

4\ MathWorks

[4 Lane Change Status Plot | ’i TrafficTest hExample - Simulink c Viev E
File Edit Wiew Display Diagram Simulation
- - ® i
60 T T T F
= TrafficTestBenchExample
g (C] TrafficTestBenchExample P
@
B L]
— -}
E @ Dashboard Panel Display /%
- i =]
T
a0t : & 25
2p 30
— /(\ &
10 40
& 5 45
|:| 0 50
=¥
20+ - D egoCar Velecity (m/s
€ of A .
x &
]
« <
=20 1 N q B S ————
Running 100% T=0.200 0% auto(oded5) ""1
‘ 1 1
1 (CaneFaliowing N ;nechange
en:
D I LFMode = true; LCTrigger = true;
| % monitor leading & following cars in the ego lane LFMode = false;
1 [FCW.ZoneFront] = checkEgoFrant();
:O,‘-_ 1 [RCW ZoneRear] = checkEgoRear();
-40 7 \Q I % check if left lane change is safe
1 [SafelF, Safel R, ZonelF, ZonelR, LCParamLeft] = checkLCALeft();
O ! % check if right lane is safe
: [SafeRF, SafeRR, ZoneRF, ZoneRR, LCParamRight] = checkLCARight():
}
® I [duration(FCW) > 0 5] FOW = false;
wi 1 ?1 [LCActive==Tfalse]
1 % lane change to left fler(LCSettleDelay. tick - =
-60 ' : ' | [SafeLF 8& SafeLR] [afteriLCSetteDe 2y, Wek)|_ (Watl CSeffioDelay
20 10 0 -10 -20 | {LCParam = LCParamLeft}
Y (m) é I 2 % lane change to right
] [SafeRF && SafeRR] )(4
m 1 0~ - {LCParam = LCParamRight}
I\ J \ /1
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results for near collision scenario

i

T
'
(axl

BIRD'S-EYE SCOPE

)
2 g Add Group @

P
[l
a
5

\ @/I L E/I

Find j Delete Group | Settings | Stepping Pause Siep  Stop
Signals Options Forward
SIGNALS .SETT\NGSI SIMULATE |
~ Ground Truth “ | ——Road Boundaries W Vision Detections
Road Boundaries @ Radar Detections ——Lane Detections

Lane Markings
« Actors
Actor 1 (ego vehicle)
Actar 2
~ Sensor Coverage
- Vision
1 Vision Detection Generato!
~ Radar
2 FrontMRR
3 FrontLRR
4 LeftFrontSRR
5 RightFrontSRR.
6 LeftRearSRR
T LeftRearMRR
& RightRearSRR
9 RightRearMRR
« Detections
+ Vision
Vision Detection Generator:
Vision Detection Generator:
w Radar
FrontMRR
FrontLRR
LeftFrontSRR
RightFrontSRR.
LeftRearSRR
LeftRearMRR
RightRearSRR
RightRearMRR

= Tracks

[ Ty TPt SRR

O | m | 0O Tracks

f

Longitudinal Distance (m)
|

a9

x10

- Lateral Distance (m)
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Recap: Case Study for Lane Following plus Lane Change

Design lane following +
lane change controller

= Review baseline LF example

= Design sensor configuration

= Design additional MIO detectors
= Design safety zone calculation

= Design lane change logic

= Design trajectory planner

Sensors = Algorithm =P Vehicles
under test

Test Manager

Automate
regression testing
= Define assessment metrics

= Add predefined scenarios
* Run Simulink test

Test robustness
with traffic agents

= Specify driver logic for traffic agents

= Randomize scenarios using traffic
agents

= |dentify and assess unexpected
behavior

66



