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Case Study: Highway Lane Following + Lane Change

Design and test decision making, path planning, and control modules in traffic scenarios
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SAE Levels of Driving Automation vs. Automated Driving Technologies

L5 | FullAutomation Self-Driving Car

L4  High Automation Self-Driving & Human-Driven Car

Auto Pilot; Road Train

Auto Pilot: Parking
Auto Pilot (LF+LC)
L2 PRartialFAutomation R20]8b i | aNE Change
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Traffic Jam Assist with ACC and Lane Following Control

Automated Driving Toolbox™

R2017b

Cruise Control Using Sensor Fusion Test Bench

Adaptive Cruise Control
with Sensor Fusion

ACC
(Longitudinal Control)

R2018a
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Lane Keeping Assist with
Lane Detection

Lane Centering
(Lateral Control)
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Lane Following Control
with Sensor Fusion and
Lane Detection

Traffic Jam Assist

(Longitudinal
+ Lateral Control)



Auto Pilot: Lane Following plus Lane Change

Automated Driving Toolbox™

R2018b

I T

AT & ema i

nhﬁrM

Lane Following Control
with Sensor Fusion and
Lane Detection

Traffic Jam Assist Auto Lane Change
(Longitudinal (LC DecisionLogic
+ Lateral Control) + Planning)

Baseline example
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Example for Single Lane Change in dense traffic conditions
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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
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Learn about developing a lane following controller R2018b
Automated Driving Toolbox™
Lane Following with Spacing Control e ==
Edit Setup ’ @
Test Bench Script
Lane Following Control with Sensor Fusion
‘ = Specify scenario and sensors
T S v} - Design lateral (lane keeping) and longitudinal
o | S— (lane spacing) model predictive controllers
S —_— A - Integrate sensor fusion
o Steering Angle - e lg:olwvhlw
ot S O Sy e =  Generate C/C++ code
e Hw—— e 1 - Test with software in the loop (SIL) simulation
s L Actors —
i ! S s s Model Predictive Control Toolbox™
A = |l o = Automated Driving Toolbox™
B Embedded Coder®

Baseline example



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

Lane Following with Spacing Control Mo:::tasu‘:om Lane fOI |0W| n g
Test Bench Scrlpt. - 0] controller

\

Inf

Vehicle and
s / ‘ L environment
LFRefMd| Vision }— "]
Vision ago_acceleraion [ j
Bus\idon 2 (m'e?) |m\‘\- . RM’:
. 0go_valocily
Lengitudinal Vekocity
Busnacw] oo
N wosnng_anche Larw Sermor
Over_setvalodty  l iiver Sat Velocity it e - Actors

J Collision
- detection
— |

Vehicle and Environment
——————f Langitudinal Velocity
double (sl 0y Trocks BushutiOogect Tracker 1
Actors
r-—/‘_“

Lang Sensor L —
— Tracks ——

—

B Lane Sensar

12:34 o n'_. Clock MIO Track index MIO index
doubla
Sysiem Clock o 2 MIO Track Caliision Detaction
Lane Following Controlior

Baseline example
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Review lane following test bench model architecture

T Model Butt

Lane Following with Spacing Control e —_—

Edit Setup @
Test Bench Script
info
- Vehicle and
environment
. <
LFRefMd| = |
' Eus‘-'m: — Accederation eqn_xn:ﬂmw::“] :A:i):ﬂsslrxv g
! Nalncih, B = 990 Veochy

[Vehicle and Environment }

v_set Eg 0 Ve h |CI e Actors and Sensor Simulation
dynamics

Radar detection
sensor model

m) = P \ /
X POSI“?L‘\S) position l]ll]i [m (m) :’:)Slhbﬂ ! i e Radar e
» Detection 3 =
— Actors Geheratdr Detections » 2 )
@ >/ Y (] [Sensor Index: 2] Radar
: y (mis?) (mis?) i e » > >
Acceleration XY e 7 Il Veioclty 2 vel
System Latency (o) [ ity LFACC_04_Curve_CutinOut
12:34 (Acceleration) a » Ego Vehicle
ckEgo
System Cig deg) jus] pa » Object S
Yaw Angle » ——- gady|Yaw Angle 3 yaw 1 Actars D;/t':g;n Detections »(1)
(deg) I [ (deo) Generator o
Lane Lane [Sensor Index: 1] Lane > in out
Boundaries Boundaries Detections
deg/s) O AN Lane Sensor
ad Yaw Rate P —— P Yaw Rate 4 yawR Pack to Custom
f\/ (deg's) m mo| (9e9s)|(gegs) Sensor Data Format
! (rad)
Steering Angle fr=d) - 4
System Latency O t SAE J670E to ISO 8855 Pack : Scenario Reader
(Steering angle) Longitudinal velocity - . . .
Vision detection

Vi ymares Driving scenario reader sensor model
(Other vehicle poses)

Baseline example
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Review lane following test bench model architecture

Lane Following with Spacing Control Mo:::ta:t:ons —— Lan e fOI l OWin g
etu
Test Bench Script . ’ @ controller
Estimate lane center
—e * Detect lane center
— Preview curvature
BusRadar Rraday
Orrver et VRIS sd Driver Set Vilocity 5 - e D
e T A = e S ] NN N e ) Model predictive controller
R S | ] s » Lateral: Follow lane center
' D e b, Longitudinal: Adaptive cruise control
System Clock &« ~:) = ——: 4 A
REE T Tracking and sensor fusion

« Cluster and track detections
 |dentify most important object (MIO) ahead

Baseline example
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Add lane change functionality to lane following controller

| Lane Following + Lane Change Control Test

Bench

|

' 1. Add more
| sensors
—

+ Lane Change

Vison
Radr]
B0 _acoskaraton
Clock
5 #Q0_velocty
—— & Racyr Ego Lane
Steenng Angle LEno Nest Lane |
Steering Angle
Clock EgoAcior
Tracks Lanes b——
Tracks ]
Vehicle and Envwronment
—————»{Longitudina! Velooty
» Tracks
[ i
LCStatus LCStatus egoActor
MIO Tracks 110N
i 11 11 ks
TN
Re! Path " refPath
| et Lane Ackons 19 1 Piot Lane Change Status
Ewm‘ﬁ?
=.F¢.l Latecal D
E Vi Assessment
LF and LC Controlier

4\ MathWorks
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Add lane change functionality to lane following controller

|

| Lane Following + Lane Change Control Test Bench |
- - 1. Add more
L.Cw = = é//___‘ sensors
- - w::, — . [
2. ldentify most important S

objects in adjacent lanes

+ Lane Change

12
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Add lane change functionality to lane following controller

l

1. Add more
sSensors

2. Identify most important B 3. Calculate safety
objects in adjacent lanes zones

| Lane Following + Lane Change Control Test Bench |

L “@ LCReMd N
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Vision
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Add lane change functionality to lane following controller

|

| Lane Following + Lane Change Control Test Bench |

LCReMat

L

A
Acc

2. Identify most important
objects in adjacent lanes

+ Lane Change

1. Add more
sensors

L

Lane Following + Lane Change Control |

T e ettt e

Swe wooly

4\ MathWorks:

3. Calculate safety
zones

[Py RARE e
ot cochuding R s i
[Plan Lane Cha~
————#{EgoLane
-
A > o i
\/ e Lasa! Ego Actor / ‘ 4. DeCIde When to
x Next Lane L=t e MIOs. EgoFront (=—=======fp{ EgoF rontMIO
| = [em e g
@ S e | Bdchx MIOs EgoRear @F LCStatus J/l Ch an g e I an e
Late| el o 1 MiOs LefFront @t LetFronMIO ]
EgoAcion ()] v 2
: Spobrs Gt v MIOs LeftRear @ty LefIROAIMIO m-l s
{m)
LFand1CCony D,GLE,—. f— ] MIOs.RightFront @@= RightFroniMIO L i W
S e MIOs.Rigk [ = o) VirtualLaneCenter| ﬁ)_‘ﬁgm
Tinining ool Sennw Funas
& I imrind LCParam c M
Ego Lane =
— { NoxtLa
Next Lane T .
i e Curr Veloc
(g j o 5. Plan trajectory
LC Decision Logic
LCActiveDetay z |,
7

-
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System requirements for lane change I1ISO
Intelligent transport systems - Lane change decision aid systems (LCDAS) NS

Adjacent zones
for Blind Spot Detection

—

Typically implemented with
Short Range Radar

17387

Rear zones
for closing vehicle warning

2

P .
:
| 1 \

Typically | implerﬁehted with
Mid Range Radar

15



Explore sensor placement with Driving Scenario Designer
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4 Driving Scenaric Designer - exploreSensorPlacernent - Sensors - et
- o, l'-ll =
DESIGNER H & NG )
— .
YO Ha ®F 0 b b esws [ ¢
[ Repeat
New Open Save Add Add Add Add Goto Step Run Step Default  Export
- - - Road Actor~ Camera Radar Start Back Forward Layout -
FILE | scENaRIO | SEMSORS | SIMULATE | VIEW | EXPORT | -
|- Roads | Actors J Sensors l | Scenario Canvas | Sensor Canvas | Ego-Centric View | Bird's-Eye Plot |
3: FrontMRR | [#] Enabled
Name: FrontMRR = = =
Update Interval (ms). |100 120
Type: Radar
¥ Sensor Placement 6 100
Xm)y |37 Y (m): |0 Height (m): |0.2
Roll |0 Pitch: |0 Yaw: 0 e
¥ Detection Parameters 4r =
— 60
Detection Probabiity: 0.9 ¢ o
} =
False Alarm Rate: 1e-05 L] : % 40 F
—_— 2 - =
Field of View Azimuth: |90 Elevation: |5 . §_, m (]
i m
Max Range (m): a0 > e NI N N AR SPNSN 1 111 111 1 SO AN AR EAN R AR AN SO £ 20
| h=]
Range Rate Min:  |-100 Wax: 100 ok m |I| il -an ol
[] Has Elevation ! i
] g )
Has Occlusion E {
> Advanced Parameters 5t 20
¥ Accuracy & Noise Settings
i 40 r
Resolution: Bias Fraction:
Azimuth: |12 0.1 4l o b
Elevation: { || |Vision | IRadarl
’ | I i I | | I | L I 1 1
Range: 123 0.05 6 4 2 0 -2 60 40 20 0 20 40 60
Range Rate: 0.5 0.05 3 Y (m) o Lateral Distance (m)
[l Has Nnize
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Review sensor configuration for lane following example

FrontLRR
FoV=20°x175m

150 -

Camera * SRR: Short-Range Radar
FoV =43.6°x 150m * MRR: Mid-Range Radar
0ol | * LRR: Long-Range Radar
FrontMRR
FoV =90°x60m
50 - -

Longitudinal Distance (m}

-50 n

80 60 40 20 0 -20 -40 -60 -80
Lateral Distance (m)

17
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Add rear looking sensors to support left lane change

FrontLRR
FoV=20°x175m

160

Camera
FoV=43.6°x 150m

* SRR: Short-Range Radar
* MRR: Mid-Range Radar

100 - * LRR: Long-Range Radar

FrontMRR
FoV =90°x 60m

50

T

Longitudinal Distaince (m)

LeftRearSRR
FoV =140°x40m -50

LeftRearMRR /
FoV =30°x80m el

| | | | | | Il Il |

80 60 40 20 0 20 40 60 -80
Lateral Distance (m)
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Overall sensor configuration for lane following plus lane change

FrontLRR
FoV=20°x175m

Camera
FoV=43.6°x 150m

FrontMRR
FoV =90°x 60m

LeftFrontSRR
FoV=140°x40m

LeftRearSRR
FoV=140°x40m

LeftRearMRR
FoV=30°x80m

150

100

Longitudinal Distance (m)
(93]
o

-50

T

80 60 40 20 0 20 40 60 -80
Lateral Distance (m)

x1 front camera
x8 radars

* SRR: Short-Range Radar
* MRR: Mid-Range Radar
* LRR: Long-Range Radar

RightFrontSRR
FoV=140°x40m

RightRearSRR
FoV=140°x40m

RightRearMRR
FoV =30°x80m

19
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Review sensor models for lane following controller

[ B8 Lanef olowngtestBenchisampre - Sy £re Scope - o
Actors and Sensor Simulation
nd Tish ——Rond Boondses [ Mision Covernge [ |Radar Coverage  w Vimon Detectors
Hna Swuntoey @ Radar Detections  —— Lana Detoctons 12 0 Tracks
x1 radar >(5)
Actors * Actors
Actor | (890 i) "\ \
| 7 /— s k.
pos Rw 1 Aovx 2 \\\ \
af A
. Bighdorst Detection . BusRadar A \ .
Actors Actors Generator  Detections P@ Y \ -
[Sensor Index: 2] Radar \

\ \ |

S
A
Act
Ac
A
S

~ BugActorsiActorsScenario
‘ 8 pm=Ppl Eqo Actor  Reader

packEgo . ; ey ¥
o oors pVision betosti ’%) “ § 7
e i ol e, S o et RN
o P 7 Pack o Custom oy IR | - \ //
Sensor Data Format o 'g« /x
x1 front camera 13
Pack Ego Actor Scenario Reader 3 /
VISU&“ZG Wlth Lateral Distance (m)
Birds Eye Scope

Baseline example 20
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Add sensor models for lane change S —o

S a Road Boundaries [ |Vision Coverage [ JRadar Coverage
ror & R
:” o > w Vision Detections @ Radar Datections —— Lane Dotections
) ctor S
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’ Actor B
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Aztor 10 '1
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* Vision
Actors =.‘=.' aclors radarDets > 2 1 Vision Detecton Generata
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—p el 2 FrontMRR
RadarSensors
3 From RR
06_DoubleLaneChange 4 :p g
a - . l E Vehldo e rones
pﬂcféw 9 & RightF rom SRR
Objed . 5 B 2 1S
el yaw Actors Vision Detections » @ ? LeftRearSRR R
Detection Vision 7 LetReaRR £ ‘
> e lSer(\;s.gelm;' 1l Lane I8 B RightRearSRR ~
::_-'n n es ' Detections B RightRearkRR §
=t s oo v Detections =
golane @
V—_— / & » Vision 5
G Ego Lane Vision Detection Generator § N
et § f Vigicn Detection Genesator | = \‘\
=3 \
= x1 frontcamera | pecianes | - R : : X
= FromMaR 2 VA s ~\\
1B - '} 7
Te FraelRR 3 / N . 7
i LeNFrontSAR :
o ter
e id RightFrontSRR
Rl o O ot TT) %.snﬁ
-
s LefReardfiR \
o RigMRea o
i QMReSRR \ :
i RightRearMRR 7
rews .
] - Tracks ~
[Sempn v 1|
T AT EQoFrontMIOTrack
carMIOTeacH
= 1 Visualize with EQoReanOTrack |
LefE rontIO Track
Birds Eye Scope p— B L
RigheFtontMIOTrack B = L ="
RighiRear N OTrack
Tracks v : ;
s Lateral Distance (m)
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Add lane change functionality to lane following controller

|

| Lane Following + Lane Change Control Test Bench

LCReMat

L/
Vision

Acceleration

AN

2. ldentify most important
objects in adjacent lanes

pgtona

|

]

Velooty

ﬂ(‘]
Clock

#g0_velocty

1. Add more

Sensors

!

L

4\ MathWorks'

{Lane Following + Lane Change Control |

S ooty

3. Calculate safety
zones

oy
[Plan Lane Cha~
-
(@», EgoActor
Ego Actor
MIOs. EgoFront (=—=======fp{ EgoF rontMIO

4. Decide when to

- - e —t— change lane
MIOs LeftFront @=——======pp{ LeftFrontMIO I
MIOs. LeftiRear (===l L efiRearMIO
1000x3] {m)
= Ego Actor RefPosesRr —!000@
MIOs, RightFront @F==—======={ RightFrontMIO = 1000 Path
VirtualLaneC ——M 2)
MIO.Ri o enter]
" [ 2 ‘Ume Center
@=-=====’ Egol.ane LCParam L
Ego Lane L
@z:’ NextLane P
Next Lane 1 .
g e 5. Plan trajector
L% & Lane Change Planning . J y
LC Decision Logic
LoActveDelay | g ]

-
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ldentify Most Important Objects (MIO) to detect

= Lane following

» one EgoFront MIO is enough

= Lane change
» needs more MIOs
surrounding ego car

LeftFront—
MIO

Ego Car —

LeftRear—
MIO

— EgoFront
MIO

— RightFront
MIO

—RightRear
MIO

— EgoRear
MIO

A MathWorks:
4

Bird’s-Eye Scope

Ground —
truth

e Radar |
detections

vVision -
detections

| Lane—
detections

LeftRear

|

MIO

o Track
history |

— EgoFront
- MIO

O track

£

|_—3 RightFront
MIO

1 Ego Car

{
{

k RightRear
MIO

Lo
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Review baseline MIO detector architecture for lane following controller

Sensor Fusion

One MIO
Tracks
(EgoFront)
(& )} P In1 o
- etection :
Vision ' — - - Concateriation Qut |——p Detections i
.——’CD n : utF——=mm In u
Clustering Object Confirmed ———&—p| confirmedTracks xp—— >
Radar Tracker Tracks
Prediction Relative Distance
€D e
System Clock
@ P lane VX
Lane findLeadCar Relative Velocity
EgO Iane posSelector ——— positionSelector mioTrackindex -—@
MIO Track Ind
Position Selector frex

Find Lead Car

Baseline example
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Add MIO detectors for lane change

Sensor Fusion

/1—\' —— I Detection
- Clustering

Out

In1

In2

Coagmﬁonom ———f Detections

+ Lane Change

4\ MathWorks'

Multi Confirmed |
_I%ch; Track s‘m.—-——-—-’—th tracks
Prediction
4 Time
System Clock
(3) ] egoLane
EgolLane
Ego lane
. | nextLane
Adjacent NextLane
lane

findMIOs

EgoFront

EgoRear

LeftFront

LeftRear

RightFront

RightRear

EgoFront

EgoRear

LeftFront

LefiRear

RightFront

RightRear

6 MIOs

6{6}

(L1 )

Tracks

6{6)

MIOs

25
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Add lane change functionality to lane following controller

a
| Lane Following + Lane Change Control Test Bench |
1. Add more
L, I sensors
2. Identify most important S 3. Calculate safety
objects in adjacent lanes zones
e - ot I
[Plan Lane Cha>
o i
= ] &2 0 / 4. Decide when to
e Next Lane: 9—-»»—. \/ Lo . MO EQof 1t (@ sc o Cgrlhrre V0]
lll M 2 R (o  —— change lane
S Later ;_’wm Yy 1 wioeceFie @t Latrerisro Dw __4—————'—*/_]
I : Syvho ot v 08 LeMRn a0 B LoD
LF ana LC Contnl DSE:.._,. = -
= — "mamD_—..—“m tD
Tiasnig oni Sennw Funas E‘):u"; e o
—— o e
Tna Y 5. Plan trajectory
- Dacaan Logo wm’@
=
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Calculate safety zones

Lane followingis U nsafe

EgoFront
MIO If ego front MIO is detected

Y within the safety zone

Safety Zone @ I
for lane following

@ v? Longitudinal safe distance
Ufp + _ . . )
} = travel distance during response time(p)
+ braking distance with ap,4xe

20prake

or, vy TTCpew TTCgcy - Time-to-Contact

A 4

Ego Car

s

27
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Calculate safety zones

LeftFront\\ : : EgoFront
MIO : | MIO
Safety Zone [ )I/
for lane following : Lie
el
1 =1
Safety Zone | I
for left lane change : :
2

Vir I I

viep +
lfp 2abrake I |
or, v TTCy¢ : :

v ; l‘I\—Ego Car

, 1
Vir I |

VP +
il 2abrake I I
or, v, TTCy ¢ : :
Left lane change is Safe : é I
. |
if no MIOs are detected LeftRear— | BR 1 — |
within the safety zone MIO 1

28



Calculate safety zones

LeftFront-_

MIO R

Safety Zone I
for lane following —

Safety Zone
for left lane change

LeftRear\i
MIO

4\ MathWorks:

EgoFront
MIO

|
_—————

()8

Right lane change is U nsafe

(@)=

| RightFront If MIOs are detected
MIO within the safety zone

Safety Zone
for right lane change

— 1 Ego Car

F

[

—RightRear
MIO

~EgoRear
MIO

29



Calculate safety zones

LeftFront-_
MIO

Safety Zone I
for lane following :
|
|
Safety Zone
for left lane change
Trigger lane change
to safe side

LeftRear —|

\ﬁ.

{

MIO

EgoFront
MIO

i//RightFront
MIO
Safety Zone
for right lane change

—Ego Car

—RightRear
MIO

~EgoRear
MIO

4\ MathWorks:
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Visualize safety zones

LeftFront-_
MIO

Safety Zone I
for lane following :
|
|
Safety Zone
for left lane change

Trigger lane change
to safe side

LeftRear —|

N

.

\

MIO

EgoFront
MIO

i/RightFront
MIO
Safety Zone
for right lane change

—Ego Car

—RightRear
MIO

~EgoRear
MIO

‘ MathWorks:

X (m)

-20

-40

60

40

20

——

20

10

Y (m)

-10

-20
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Visualize safety zones and trajectory

4\ MathWorks

[ Lane Following + Lane Change Control Test Bench ]

N Vison
acoskmraton
Accsierstion |-~ Clock
e *g0_veloctty
 Racar EgoLane
Steernng Angle L. Next Lane
Actors
System Clock Fagsing fogie EgoActor
T = Teacks Lanes F——
Vehide and Envwonment
———— 9 Longitusinal Velocty
» Tk
LCStatus| ® $+ LCStatus
{90 Lane MIO Tracks B 1A
i NTTHNIN ®
TN
Re!f Patn
| Next Lane Damo—:—l
&mﬂ
Ego Velocity

X (m)

60 T T l T
40 il
20 - . i
ol ! !
-20 I~ = — ]
-40 - -
)
60 | | |
20 10 0 -10
Y (m)

-20
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Create custom visualization for safety zones and trajectory

- actors
—| egoActor ‘\
—lanes PlotLaneChangeStatus )
—{ status SYStem
—»{ refPath
MATLAB System

Plot Lane Change Status

[T PlotlaneChangestatusm | + | i -« The MATLAB System block brings

1 classdef PlotLaneChangeStatus < matlab.System . . .
2 % Custom helper visualization to show status of MIOs, safety zones, and 1 eXIStIng SyStem ObJeCtS (based On
3 % ego trajectory during lane change - - .
) 70 Tresscrony dumne ’ \ matlab.System) into Simulink®
5 properties (Access = private) {
6 — Figure )
7= BEP
8 — OutlinePlotter
9 — LaneBoundaryPlotter
10 — SafeMIOPlotter
11 — UnSafeMIOPlotter
12 — ActorPatches
13 — ZoneFront
14 — Zoneleft
15 — ZoneRight
le — EgoTrace
17 — EgoPath
18 — LCPath

. . NP N 33



Create birds eye plot with utilities from
Automated Driving Toolbox

actors
egoActor
lanes PlotLaneChangeStatus
status

refPath

YVYVVY

Plot Lane Change Status

]

obj].BEP =

% create birds eye plot

birdsEgePlctl'Parent', hax, ...

'XLimits', [-60, 60],...
'YLimits', [-20, 20]):

et

o

Rl R ST W T B

% create lane plotter

obj.LaneBoundaryPlotter = laneBoundargPlottefhcbj.BEP,...

'DisplayName', 'Lane boundaries');

o,

% create outline plotter for target actors
outlinePlotter|(ob]j.BEP) ;

obj.OutlinePlotter

X (m)

-20

-40

40

20

T

10

Y (m)

-10

-20

4\ MathWorks
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Plot safety zones and trajectory with MATLAB

actors
egoActor
lanes PlotLaneChangeStatus
status
refPath

YVYVVY

Plot Lane Change Status

% create patches for safety zones

obj.ZoneFront =:patch.hax,0,0,[0 0 0]1):
set (obj.ZoneFront, 'XData',[], 'YData',[],...

'FaceColor', 'green', 'FaceAlpha',0.1);

% create line for trajectory path
obj.LCPath =:linekhax, 0, O0,...
'Color', 'blue’, ...
'LineWidth',2,...
'LineStyle','-"):;

4\ MathWorks

T

10
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-10
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Add lane change functionality to lane following controller

ke f
| Lane Following + Lane Change Control Test Bench |
| - , 1. Add more
L, — ""‘;J___—r/‘”l Sensors
2. Identify most important ¥ [ J—— 3. Calculate safety
objects in adjacent lanes zones
—— > Longeudinal Vislocity o (s £
[Plan Lane Cha~
] Ego Lane
=\ (S / ‘ 4. Decide when to
e Nt Lo “l‘ S L . M0 Egef nurt (et Lol mesind)
..... LS ——— | I o change lane
o B 5 - . ——
G Later| T boso o - ~ j O e Dw |
— Dpuiers G s 08 LeMRn a0 B LoD
E.” —~ Y —— e )
E S==S
B ST e
—— o e
§= y 5. Plan trajectory
 Dacann Logo wm’m
¥

—
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Lane change decision logic and planning

|Plan Lane Change |

Ego Actor

-
MIOs EgoFront (==t

MIOs.EgoRear @

MiOs LeftFront @@=t

MIOs —<

MIOs.LeftRear (=g
MIOs RightFront @fF=—=—

MIOs. RightRear ‘m’
—

Ego &
Adjacent L Co——

Next Lane

lanes .
/

/

EgoActor

EgoFrontMIO

EgoRearMIO

LeftFrontMIO

LefiRearMIO

RightFrontMIO

RightRearMIO

Egolane

NextLane

-
NG

LCStatys e e — —(1)

LCStatus

| Ego Actor RePomRrM@x
r o " ™ | Reference
;"‘"*""‘“—"'"""“, laneChangaTrigger VirtualLaneCenter __._"<4(4) : ) H
LC Trigger . N oo | Lrajectory

>—
LCParam LCparamet ReferenceEgoVolocity —LS'GNS'—@ fOI‘ Iane

LC parameters B e change

2

Safety zone
calculations

(mis)
O D——»cunveio LCActive »(3)
o Curr Velocity k LC Active
=) Lane Change Planning —
LC Decision Logic
CAcleDeatay

z! \

Lane Change
Decision Logic

Lane Change
Planning
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Design lane change decision logic using Stateflow ™

....................................

/DecisionLogic

Lane following Lanechange

LaneFollowing LaneChange )
mode mode en:
LFMode = true; LCTrigger = true;
% monitor leading & following cars in the ego lane LFMode = false;
EgoActor [FCW,ZoneFront] = checkEgoFront()
Ego Actor [RCW,.ZoneRear] = checkEgoRear(). 0
MIOs.EgoFront @f=——=—=—===9{ EgoFrontMIO _ StartDelay
% check if left lane change Is safe
[SafelF, Safel R, ZonelF, ZonelR, LCParamLeaft] = checkLCALeft() ‘ ;
MIOs.EgoRear EgoRearMIO [after(5, tick)) ‘
% check if right iane is safe -~ - - ~
MIO MIOS LeftF font (@t L sAFrontMIO [SafeRF, SafeRR, ZoneRF, ZoneRR, LCParamRight] = checkLCARight() g:.e?é%;ggi .
S 3 \ A & FCW = false;
MIOs.LeftRear (=== | efRearMIiO 1 obii 0l bt > ') [LCActi false] [ ’
re ctive==false] |
% lane change to left p -
MIOs RightFront #.._-—_.—-——._’. RightFroniMIO 1 [SafeLF && SafelR] WaltLCSemeDelay A
b4 {LCParam = LCParamLeft} i
MIOs.RightRear (=——=————pp! RightRearMIO A
— 2 % lane change to right
Eaiace |SafeRF && SafeRR]
jel
A {(LCParam = LCParamRight} .
Ego & O 201 Right lane change

Adj acent (3 == NestLane

Next Lane

lanes / e

P \
Safety zone Lane Change Lane Change
calculations Decision Logic Planning

Lane Change Planning
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Design lane change planning

o )
RefPosesRr
@ u P*x-stﬁag — PlanExist
(1000x3) fon_PlanExist LCActive -—@
I PlanEnd LCActive
) LCActiveLogc
(mp 3 | ’ PlanExi
=i 8gOACIOn ‘ CurrPose e v 151
Ego Actor fen n
ExtractCurrPose
: CurmPoseRr EnoOfPlan
taneChangeTrigger ‘ --------------- (4]
¥
NumPanningCalls NumPlannngCals 3] Cal C u Iate ‘r‘) -
Deviation VirtualLaneCenter
1000x3 tim
p et ] Generate T .
1000x3] (m)
Generate RAEEE . 110003
. [1000x4] Point HeadingAngle RefPath
LCparameter Tr ajec {e]§ Yy VirtuaiLaneCreation | 414)
»> dProfile RefVel e——( 2 )
[1000x1) oisa o RefVelocity PlanExist I dune Center
el Curves RafEgoVelocity =
_ J11000x1] o 1A _’. LCrefVel
prafouy 11000x1] fisiCurstros Index f————] CurVelo ol oonolo Re‘frgrgbceEgoVelocity 4 ';:—@
TrajGenecation LCRef Velocity
MyPathAnalyzer
an e S LC Active
Lane Change Planning —
LC Decision Logic
/ e it z1
Safety zone Lane Change ~ Chanae
calculations Decision Logic D4 .
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Reference
trajectory
for lane
change
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Generate trajectory

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

where s = longitudinal or lateral distance d
long

= Start boundary conditions _
Ao = Sstart

A1 = Sstart
2a, = Sstart

= End boundary conditions
a5t]§ + a4t]§L + a3t]§ + azt]?+ a1ty + Ao = Sena
56151:}L + 4a4tf3+ 3a3t]?+ 2a,tr+ a1= Seng
20astf + 12a,tf+ 6astet 2a, = Seng
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Example of trajectory generation for lane change

Longitudinal trajectory

= Traj Long
E T T
< 100
2
m
in S0
(=
=
(w] i i i i i
o 0
1] 0.5 1 1.5 2 25 3 35 4.5
Time (s)
w30
E
o
=
[
c
_ID 25 i i i i i
L] 0.5 1 1.5 2 25 3 3.5 4.5
Time (s5)
T 0
E
8
]
oL
(=
E_z 1 1 1 1 1
= 0 0.5 1 1.5 2 25 3 35 4.5
Time (s)

Lateral trajectory

Traj Late

Late Dist (m}
P

=]

0.5

i i i i i
1 1.5 2 25 3 35 4 4.5
Time (s)

5]

Late Velo (mis}

e SR RERN

=]

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

Late Accel [ms'sz]-
[} —

L
(=]

0.5

1 1 1 1 1
1 1.5 2 25 3 3.5 4 4.5

Time (s)

4\ MathWorks:
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Calculate deviations from reference point

x A
J Heading
i deviation
Reference L dlolng
point T
|
[x(D),y(@),00),k(@),v(@)] — ~J
- Lateral
deviation
NN
\ Reference
! trajectory
y ‘
< j

dlat 43



Case Study for Lane Following plus Lane Change

4\ MathWorks:
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Manage testing against scenarios

Scenario

System simulation

Sensors

§ oorithig Vehicles
under test

Metrics

Test Manager

4\ MathWorks:
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Create test scenarios

{=901_SlowMoving

Passing for slow moving lead car

Slow moving

initial velocity = 20m/s

HWT = 6.5sec
(HW = 130m)

v_set =20m/s

HW : Headway
HWT : Headway time
v_set: setvelocity for ego car

constant velocity
10m/s

4\ MathWorks'

X (m)

-20 |-

-40

60

40

T

l

20

10

Y (m)

1
-10

-20
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Create test scenarios

initial velocity = 20m/s

04 CutinwithBrake

Passing for cut-in car with brake

Slow moving

v_set =20m/s

Soead (i)

HW : Headway
HWT : Headway time
v_set: setvelocity for ego car

initial velocity = 1
Cut-in with brake
(18m/s—10m/s)

4\ MathWorks'

X (m)

-20

-40

60

40 -

T

I

20

10

Y (m)

1
-10

-20
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HW : Headway
: HWT : Headway time
Create teSt scenarios v_set: setvelocity for ego car
60 . —
7/ 07_RightLaneChange Passing for slow moving lead car initial velocity = 20m/s constant velocity = 10m/s m
to right lane
HWT = 6.5sec y |
— — (HW = 130m) B |
@y G :
(@)~ (@) v_set = 20m/s
_________ S Ew_mavin_g -
201 g
€ of i i
% !
z
:
-20 |- ; .
¢
o0 1 I L
20 10 0 -10 -20
Y (m)
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Add assessments

actors
Actors
Model Buttons collisionDetect
actor_Profiles | actorProfile
Edit Setu
Scrint P I @ Constant
Step
GlobalAssessments

% Verify that no collision was detected S—
verify(~collision); I collision l

% 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); | longitudinal safe distance

% 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); I lateral deviation l

LCleft  FCW  LCRight ‘ »{Next Lane

. P
— L )
-7 N
S b Lateral Deviation
LCTrigger LCActi
e »{EgoActor
N Z

LF and LC Controller

Ego Lane
Ego Velocity
Lateral Deviation

Assessment

- ~ collision
collision

Stop Simulation

P collision
» timecgapj'—
P lat albgau] 2 i
ater: —
l
Ts —p{Ts
Constant1 Test Assessment1

lanes  PlotLaneChangeStatus

status

refPath

Plot Lane Change Status

4\ MathWorks:
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Review report generated by Test Manager test cases

Report Generated by Test Manager

@
I »

Title: Lane Following + Lane Change Con
trol Test TestReport
Author: Seo-Wook Park
Date: 04-Apr-2019 12:03:36 <
Test Environment SUMOREY bikaiion 1
Name Outcome (Saconds) ‘,
Platform: PCWING64
MATLAB:  (R2019a) = LCTestCases o 2059 4
- StraightPath % 2059
La ~ S —— PO S e e = 01 SlowMaoving © 304
= 02 _SlowMovingWithPassingCar © 224 s
=l 03 DisabledCar © 330 l
04 CutinWithBrake © 235 '
= 05_SingleLaneChange © 31 b
=l 06 DoubleLaneChange o 420 1
I 07 RightLaneChange o 228 1
s
o\ s, T PSR BOSS ——

4\ MathWorks:
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Case Study for Lane Following plus Lane Change

4\ MathWorks:
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Assign traffic agents to all vehicles except ego car

M e b T -

S
|
[T “~ i .
(W e i O - o =
Moecnel ¢ ) =] d
- u F
- = T 2 |8
 — = : =
= = e — |
u 8 —_ e E
~ = — -
® = - N emmm— - |
- = i
g !
- {
- )
Is
b—2

b
[Pama
ey R Voo e o
o B s
e

Traffic agent with driver
logic state machine

Ego car with
LF/LC controller
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Simulate interaction between traffic agents

Proof of Concept

Driver decision logic
implemented by Stateflow™

Rules are based on ground
truths

Integrate into cuboid driving
scenario

Visualize and debug

4\ MathWorks:

A
L.
L * )
()
(o]
“a
&l e pt o~ e n—]
é
1O
B | | m—— t
= e 88
N

i

BN
\ ==

R
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Scenario Reader

Vehicle dynamics

4\ MathWorks:

o

Acceleration

System Latency
(Acceleration)

f\/

System Latency
(Steering angle)

Steering Angle

Driving scenario Is ="
£ o it e L AR B G| e kil ot
pre— e Ine y o w e e Aexe Gy Aew =S e e
i e oy iy - x|
o ' Ak TR S— viw Fpo-Crrr Yew i e
1 g s i i}
rasw ‘
S If
> At Prrget e a0
» Radw Couns Senr :
¥ Tipectar 4 0 .‘1‘: |
] J
- i
: a0 I’\ i - _—
60 il :
"
[Vehicle and Environment } 240}
i
Actors and Sensor Simulation A0 |
o T e T
EgoActor 16 Y (m) ,
ZOH
XY Positions = : P Position 1 pos ‘
position ™| e
Actors * actors radarDets @
P Acceleration ZOH Radar
XY Velocities P Velocity 2 vel RadarSensors
[ _ [ ; 06_DoubleLaneChange
‘ a T Ego Vehicle
ZOH packEgo Obi
A ject S
Yaw Angle | P Yaw Angle 3 yaw == Actors DZtl::gﬂ)n Detections V®
[ [ Generator el
Lanel Lane [Sensor Index: 1] Lanel .
Boundaries Boundaries Detections B
ZOH
Yaw Rate »l YawRate 4 »yawRat Egolane
| Steering [0 [ laneDets
- — packLanes
ZOH SAE J670E to ISO 8855 Pack Ego Actor NextLane
Longitudinal velocity _E]_ Next Lane
I M| Longitudinal Velocity
Vehicle Dynamics
- -
Ego car is controlled by the closed-loop Scenario Reader

controller including ego vehicle dynamics

Block
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Traffic agent

Vehicle dynamics

[Vehicle and Environment }

State machine
implementing driver logic

‘ MathWorks:

a

ZOH
XY Positions — P Position 1
position
Acceleration ZOH
Acceleration \/ XY Velocities & P Velocity 2
System Latency [ 0o ez
(Acceleration) —
ZOH
Yaw Angle P Yaw Angle 3
ZOH
O
Yaw Rate &l P| Yaw Rate 4
| Steering [ |]|][]
Steering Angle
System Latency SAE JB70E to ISO 8855
(Steering angle) | ongitudinal ity
Longitudinal Velocity

Vehicle Dynamics

I3
Actors and Sensor Simulation
> 8
EgoActor \
ego HighwayTrafficScenario  actors| - - — :
- -
»{ 7
Actors
pos
Actors ’=’5 P actors radarDets f————————r
Radar
vel RadarSensors
2 10_HighwayTrafficS
‘ af==P 0 Vehice
packEgo Object] -
yaw Aclars Vision Detecli{)ns < &
Detection Vision
Generator
Lane Lane rsensor Index: 1] Lane
Boundaries Boundaries Detections
yawRate EgolLane
laneDets
packLanes
Pack Ego Actor NextLane »{ 6
Lanes Next Lane
>
Clock

System Clock
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Implement driver logic for traffic agent using Stateflow ™

Lane Keep
mode

Maintain
setvelocity

(LaneKeep
en:
isLaneChangeDone = false;

(‘VeIKeep

en:
IsMIO = false;
isLaneChangeDone = false;
isFCW = false;
IsSLCA = false;
isCollision = false:
deltaLane = 0;
mioCar = 0;
du:

FrontMIO
Lzﬁtggz Z‘?:l;z:::éposiﬁons(me,z),lanec d et ec t e d

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

I % Create State
% code = matl3
Follow Car

? mode

L4 >

Charts for Execution as MATLAB Objects
pal.getcode.sfxfile('SimpleDriver.sfx’ true)

detected

[isMIO==true]

Follow

front MIO

{
mylLane = getLane(positions(me,2) laneCenters, laneWidth);
[IsMIO, mioCar] = checkMIO(positions;velocities,me....
tcSafe, minGap, myLane laneCenters laneWidth);
% check if MIO car is detected in the my lane
é)
1

2

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

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

% check if left lane change is safe
{lisLCA deltaLane] = ...
checkLCA(positions,velocities,me, ...
-1,myLane laneCenters laneWidth tcLCA,minGap,1);}
v
Cr v [isLCA==true] % lane change to left

A 4

2 9, check if right lane change is safe
{lisLCA deltaLane] = ...
checkLCA(positions, velocities, me....
1,myLane laneCenters laneWidth ttcLCA minGap, 1);)

54 [isLCA==true] % lane change to right

5

Y

% check collision against MIO
{isCollision = checkCollision(positions,me,mioCar)

3

Lanechange

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

|MAT|J\B Function fow = checkFCW(pos,vel,ego,

|MATLAB Function collision = checkCollision(pos.ego,idx)

MATLAB Function
[lca,Ic] = checkLCA(pos,vel.ego,dLane.egoLane laneCtrs,width, ttc, minSpace, factor)

Collision
detected

du:

isLaneChangeDone = false;

errLane = targetLane - positions(me,2);
% lateral deviation to target lane
if (deltaLane==1 && errLane>=0) ||...

ollision==true]

[isLaneChangeDone==true]

(Continue
[iSLCA~] = ...
®o— checkLCA(positions,velocities,me, ...

% check if target lane is still safe during lane change
o

deltaLane,myLane laneCenters laneWidth,ttcLCA minGap,0.5);

(deftaLane==-1 && errLane<=0) [isLCA==false]
% check if car reached target lane
isLaneChangeDone=true; (Abort
end en:

- - deltaLane = -deltalLane;
| MATLAB Function myLane = getLane(yPos laneClrs width) |  targetLane = laneCenters(myLane}; % back to my lane
o
L B s e S e S v~

4\ MathWorks:
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Simulate with traffic agents

& Lane Change Status Plot

r Edit Vew Display Diagram  Semilation

3 TrafficTestBanchEsampin - Simeline

’J_o ~N . "\‘."ig'wa$>

3 Ego-cemnc Vies

| <
i

Q834030380 ‘ OTs313G409

4‘ MathWorks:

E o}
x
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1 flanes ]
al oo R SO
carn in e age
o : m-m‘#
40 - 7 . 1 W chck el e charegn (s sk i
1 [BuheLI oA, ZooeiF, Zonei R, LCPwmmd ] = chechLCALEN |
a :  ctmck 1 gy lare v
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Analyze results for near coII|S|on situation

Ql"" hange Status ot ol x BB nathicTeaBenenEvarmgie - Bird's-Eye Scop = i : ];E'-_-‘:"Lz"ﬂhl View = 0

w Ground Truth - ——Road Bes ¥ Vision Detections
: Road Bourdanes . @Radar Detectons -~ Lane Detections
40+ : Lane Markings - owmm 0 Tracks

 Actors 00— . R .
Actor 1 (ego vehicle) 3 1'

Actor 2
l w Sensor Coverage
20 h - Vision
Fw 1 Vision Delectian Gener:
v Rada
2 FrontMRR
3 FroMLRR
l 4 LeFrontSRR
5 RIghtFron(SRR
I 5 LeftRearSRR
7 LefiReaMaR
8 RightRearSRR
20+ N I H 8 RightRearMRR
« Detections
I » Vigion
Vision Detection Generator
Vsion Detection Generator.,
- R.d'
FrontMRR
FrontLRR
LefifrontSRR
RightFrantSRR I
-m L ) LefiReaSRR
L LefiReaMRR |
¥ (m) RightRearSAR 80|
W’MRR 20 i /n
e g Lateral Distance (m)

40

X (m)
o

‘qnm’
-
-

&
Longitudinal Distance (m)

40}
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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

System simulation

Algorithm .
r Sensors Sndir ok 4 Vehicles -I..‘

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
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Contact us to learn more

Simulation Integration

g L)

‘_

4\ MathWorks:

Would you like to discuss any of
these topics in more detail?

Contact your local team or
reach out to me at
spark@mathworks.com
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