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ACC and Lane Following Control for Traffic Jam Assist

Automated Driving System Toolbox™

R2017b R2018a

Crufsn Contrel Using Sensor Fusion Test Bench
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Traffic Jam Assist

Longitudinal control with

= It helps drivers to follow the preceding vehicle
ACC with stop & go

automatically with a predefined time interval
In a dense traffic condition

Lateral control with

... while controlling steering for keeping current lane. } lane following

= Partial/conditional automation at level 2/3
— Speed limit < 60~65 km/h
— Dense traffic condition in highway




Automated Driving System Toolbox™
Design and Test Traffic Jam Assist, A Case study
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Design ACC and Lane
Following Controller

Create driving scenario
Synthesize sensor detection
Include Vehicle Dynamics
Design sensor fusion algorithm
Design controller using MPC
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. LN
ACC Performance Requirements ISO
v, g
| 15622
= Ego velocity control ;| v < v,
where, v : ego velocity, v, : set velocity —
v
. < ¢ >
= Time gap control: T 2 Tin ” @)
her T—E't'm =15. 2.2sec @):
where, — 5, -umegap=21.0..2. Subject vehicle Forward vehicle
Tmin - MIN time gap = 0.8 sec (host vehicle, ego vehicle) (lead vehicle)

- ACC operation limits
— Minimum operational speed, v,,;;, = 5m/s
— Average automatic|deceleration of ACC < 3.5 m/s?| (average over 25)
— Average automatic|acceleration of ACC < 2.0 m/s?
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Lane Following Performance Requirements

= Vehicle should follow the lane center with allowable lateral deviation.

|(dleft + dright)/2| = €max d Lane Center _
Lane Marking “left \E Lane Width
where, Vehicle Widthl— —eeC e Imzem .
diere - lateral offset of left lane w.rt.egocar = === === —— e

drign: - lateral offset of right lane w.r.t. ego car
emax . allowable lateral deviation
For example, e, 4 = (LaneWidth — VehicleWidth)/2 = (3.6-1.8)/2=0.9 m
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Automated Driving System Toolbox™

Create Test Scenario using Driving Scenario Designer R2018a

Test Description
Lead car cut in and out in curved highway
(curvature of road = 1/500 m)

Host car

initial velocity = 20.6m/s

HWT(Headway Time) to lead car = 4sec
HW(Headway) to lead car = ~80m
v_set(set velocity for ego car) = 21.5m/s

Lead Car
Initially, fast moving car (orange) at 19.4m/s

Passing car (yellow) at 19.6m/s cut in the ego
path with HWT=2.3s, then cut out

Third Car
Slow moving car (purple) at 11.1m/s
in the 2"d lane

DESIGNER

v oHE® CErEN =

B RGEBE s &

il
(o)
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I | Roads

4.7

' Bank Angle (deg): 0

[€
|

| Ego Centric View

Number of lanes: (2 2]
Lane Width (m): |3.6

» Marking [1:Solid
' ¥ Road Centers

x(m | ym) |
] 0 500
2 34,8782 -498.7820
3 69.5866 -495.1340
4 103.9558 -489.0738
5 137.8187  -480.6308
6 | 1710101 -469.8463
7 203.3683  -456.7727
8 | 2347358 4414738
9 | 2649596 -424.0240
10 | 293.8926 -404.5085




Simulation with Simulink Model for Traffic Jam Assist

Test Description
Lead car cut in and out in curved highway
(curvature of road = 1/500 m)

Host car

initial velocity = 20.6m/s

HWT(Headway Time) to lead car = 4sec
HW(Headway) to lead car = ~80m
v_set(set velocity for ego car) = 21.5m/s

Lead Car
Initially, fast moving car (orange) at 19.4m/s

Passing car (yellow) at 19.6m/s cut in the ego
path with HWT=2.3s, then cut out

Third Car
Slow moving car (purple) at 11.1m/s
in the 2"d lane

4\ MathWorks
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File Edit View Display Diagram Simulation Analysis Code Tocls Help
v v = - - v simStopTime Normal v v
LaneFollowingTestBenchExample
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Simulation with Simulink Model for Traffic Jam Assist

Test Description
Lead car cut in and out in curved highway
(curvature of road = 1/500 m)

Host car

initial velocity = 20.6m/s

HWT(Headway Time) to lead car = 4sec
HW(Headway) to lead car = ~80m
v_set(set velocity for ego car) = 21.5m/s

Lead Car
Initially, fast moving car (orange) at 19.4m/s

Passing car (yellow) at 19.6m/s cut in the ego
path with HWT=2.3s, then cut out

Third Car
Slow moving car (purple) at 11.1m/s
in the 279 lane

.‘ Simulation Data Inspector - untitled*

Q ®

Inspect Compare

——
Filter Signals
MAME LINE

Run 3: LaneFollowingTestB. ..

« @ B @

Properties -
Name Run 3: LaneF ...
Description
Tag

Date 23-Apr-20181...
Model LaneFollowin...

Simulation Mode normal

@ &P »

Start Time 0

Stop Time 22.800000000...
Simulink Version Simulink 9.1 (...
Model Version 1.719

User ID spark

20

18

05

— O .
NE | mBE | Qe 3R_RN OB
W driver_set _velocity M ego_velocity
_"_'_,_-""F'H x | ‘Lh‘u.‘_‘ HJ_,_H"'_"H_—F‘—_'_—’ ™
[ Ego Velocity
0 2 4 6 8 10 12 14 16 18 20 22
W time_gap

| Time Gap | /

0 2 4 6 8 10 12 14 16 18 20 22

W Acceleration:1

W |ateral_deviation

Lateral Deviation
2

4 6
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Architecture for ACC and Lane Following Controller

Radar
Detection

Vision
Detection

Sensor Fusion
and Tracking

Lane
Detection

Estimate

Lane Center

Preview
Curvature

Lane
Following

Acceleration
(Longitudinal)

Steering
(Lateral)

Vehicle and Environment

Driving Scenario

7‘ ___._.@m\k_
Ego 5

Vehicle
Dynamics

Ego
Longitudinal
Velocity

Radar, Vision,

Lane Detection
Generator

4\ MathWorks
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Architecture for ACC and Lane Following Controller

Radar
Detection

Vision
Detection

Sensor Fusion
and Tracking

Lane
Detection

Estimate

Lane Center

Preview
Curvature

Model
Predictive
Control
(MPC)

Acceleration
(Longitudinal)

Steering
(Lateral)

Vehicle and Environment

Driving Scenario

7‘ ___._.@m\k_
Ego 5

Vehicle
Dynamics

Ego
Longitudinal
Velocity

Radar, Vision,

Lane Detection
Generator
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What is model predictive control (MPC)?

Multi-variable
control strategy
leveraging an internal
model to predict plant
behavior in the near
future

Optimizes for the
current timeslot while
keeping future
timeslots in account

Optimizer
l Plant

MPC controller

Mature control solution
used In industrial
applications

Gaining popularity in
automated driving
applications to improve
vehicle responsiveness
while maintaining
passenger comfort

&\ MathWorks:
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What is model predi

ctive control (MPC)?

4\ MathWorks

Measured outputs

References =—

Optimizer

Manipulated variables

MPC controller

Model Predictive Control Toolbox™

Ego

Vehicle

Measured disturbances

14



How can MPC be applied to ACC?

References
» Ego velocity set point (Vget)

Measured disturbances
* MIO velocity (Vinio)

4\ MathWorks

Measured outputs
* Relative distance (D,.;qtive)
» Ego velocity (V. 4,)

Optimizer

Ego Vehicle
Model

MPC controller

Manipulated variables
» Acceleration (a)

Model Predictive Control Toolbox™

Ego

Vehicle

Vego’ a

Vmio

—

g_) ‘ Drelative | E

15
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How can MPC be applied to ACC and lane following control?

— Measured outputs
minimize: * Relative distance (D,.;4tive)
» Ego velocity (V,4,)

* Lateral deviation (Ejgteral)

2
2
W1|Vego - Vsetl + W2|Elateral|

-> * Relative yaw angle (E, )
References Optimizer
» Ego velocity set point (Vget) Ego
« Target lateral deviation (=0) = ) ) :
J (=0) Ego Vehicle Manipulated variables Vehicle

Model  Acceleration (a)
 Steering angle (8)

Measured disturbances MPC controller

* MIO velocity (Vinio) Model Predictive Control Toolbox™
 Previewed road curvature (p)

subject to:
Drelative =3 Dsafe

D .
Anin <a< amax relative

6min <4< 8max

E lateral

16




Internal MPC model for ACC and Lane Following Controller

Measured outputs (OV)

* Relative distance (D, ,;4tive)
* Ego velocity (Vzg40)

« Lateral deviation (E;gteral)

* Relative yaw angle (Eyqy)

Vx’ a Vmio
—>

[.5 | Drelative | | E

Longitudinal model for ACC

D relative a
Vego — ovs Vimio

Elateral — 0
Eyaw P

Lateral model for Lane Following

Manipulated variables (MV)
 Acceleration (a)
* Steering angle (6)

Measured disturbance (MD)
* MIO velocity (V,,,i0)
* Previewed road curvature (p)

4\ MathWorks
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Longitudinal and Lateral Model for MPC

: Longltudlnal Model for ACC

relative

[Drelative] —

Ve

W

dl ¢
dt E lateral
Eyaw

[Elateral

E yaw

1
I
0

0 0 1
0 1 0

0 0
OO

1 O]
0 1 Elateral

yaw
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- omy S ml
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1 O

1
0O O Vx -
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Vs
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Lateral Model for Lane Following

o O O
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W

@
E lateral
Eyaw

+
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Vx’ a Vmio
X D relative —>
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X
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Automated Driving System Toolbox™
Design and Test Traffic Jam Assist, A Case study

Test casel:> Run test I:> result
l | J VL

L T 71

L T\ 71

Automate Regression
Test

Define performance
evaluation metrics

Develop test cases
Build test suites
Verification and validation

19



Simulation result assessment

Test Description
Lead car cut in and out in curved highway
(curvature of road = 1/500 m)

Host car

initial velocity = 20.6m/s

HWT(Headway Time) to lead car = 4sec
HW(Headway) to lead car = ~80m
v_set(set velocity for ego car) = 21.5m/s

Lead Car
Initially, fast moving car (orange) at 19.4m/s

Passing car (yellow) at 19.6m/s cut in the ego
path with HWT=2.3s, then cut out

Third Car
Slow moving car (purple) at 11.1m/s
in the 279 lane

4\ MathWorks

.‘ Simulation Data Inspector - untitled*

Q

Inspect

Filter Signals
MAME

« @ B @

Properties
Name
Description
Tag

Date

Model

@ &P »

Start Time

Stop Time
Simulink Version
Model Version

User ID

Simulation Mode

~ <

Compare

LINE

Run 3: LaneFollowingTestB. ..

W

Run 3: LaneF ...

23-Apr-20181...
LaneFollowin...
normal

0
22.800000000...
Simulink 9.1 (...
1.719

spark

20

18

— O .
NE | mBE | Qe 3R_RN OB
W driver_set _velocity M ego_velocity
_"_'_,_-""F'HJ — | ‘Lh‘u.‘_‘ HJ_,_H"'_"H_—F‘—_'_—’ ™
[ Ego Velocity
0 2 4 6 8 10 12 14 16 18 20 22
W time_gap

Lateral Deviation

2 4 6
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Performance Indicator

Lane Following
vuth lateral deviafi performance indicator
Lane Lateral Deviation ruth tafera’_deviation » |u| ——Pp off lane o
Lane Truth o o [ > |lateral deviation| > e gy
Truth Lane Center Offset lateral error _max e OffLane
emax
C
T=—
headway C % . .
" f > X time_gap ACC performance indicator
(3 ) > p = too_close
Ego Speed —» < T < Tmin
. min_time_gap TooClose
min_time_gap
Tmin = 0.8sec
collision
lane headway
Lane Sensor ‘

actors collisionDetect collision @
Actors

Collision
Collision Detection

21



Performance Indicator

Lane Lateral Deviation

Lane Truth

truth_lateral_deviation

Truth Lane Center Offset

D

Ego Speed

lateral_error_max

g

u| ——>

lateral_error_max

4\ MathWorks

Lane Following
performance indicator

ff_| . .
= |lateral deviation| > epqy

headway C

emax

T =

Lane Sensor

Actors

lane headway

actors collisionDetect collision

min_time_gap

K3

min_time _gap

P X time_gap
P

Chatter Suppression

C
v

OffLane

in

out

| ACC performance indicator
t
T < Tin

—»

Tmin = 0.8sec

collision

TooClose

Collision Detection

J STOP

Collision

s
result C
OverallPassFail
\

Pass Criteria:

1. Lane following capability
2. ACC space control capability
3. No collision detected

22



Performance indicator anc

dashboard in Simulink model

Lane Following with Spacing Control

Display Pannel

Test Bench

Model Buttons

Edit Setup |

Info

InLane

| T TTIT | L I T T 17T I
1 |2 3 4
Time Gap

Clearance TooClose Collision

Ego Velocity (m/s)

<

A 01704

02 " 0.2
E .03 0.3

Steering Angle (rad)

4 2|0 2 4
Acceleration (m/s*2)

/ LFRefMdl

P \Vision

Acceleration

Radar

ego_acceleration
-

Acceleration
(m/'s®)

sleering_angle

Actors

Vision

Radar

Lane Detections

Lane Markings

Longitudinal Velocity

Actors

¥ \ision

Radar
Tracks

MIO

Bird's-Eye
Plot

Lane Boundaries

Steering Angle
(ra) ‘S;Z'?}'"”g Angle Lane Sensor Lane Markings
driver_set_velocit L -
| v_set i[mf ] Y| Driver set Velocity CAleT === Bird's-Eye Plot
s ‘
Vehicle and Environment
TI'EICkS ................................................................................................................................
{W" Longitudinal Velocity h
3
(m's) Actore OffLane ——»—]
clearance ————@—]
(sec)
MIO Track Loee e TimeGap ———»—]
| Lane Sensor (sac)
Lane Sensor TaoCiosa -—
Collision ————=
Lane Following Controller ofision =
Ego Spoad Pass or Fail ——»—]
Performance Indicator pass/F Eﬁ

4\ MathWorks
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Test scenarios (1/4)

ACC_01_ISO
_TargetDiscriminationTest

Target Discrimination Test

I (O] @) __
@

ACC 02 _1SO Automatic Deceleration Test

_ AutoDecelTest

ACC_03_ISO
_AutoRetargetTest

Automatic Retargeting Capability Test
HWT=3s

initial velocity = 30m/s

HWT = 2.2sec
(HW = 66m)

v_set = 30m/s

initial velocity = 15m/s

HWT = 2.2sec
(HW = 33m)

v_set = 15m/s

initial velocity = 15m/s

HWT = 2.2sec
(HW = 33m)

v_set = 15m/s

&\ MathWorks:
HW : Headway

HWT : Headway time

v_set : set velocity for ego car

ISO 15622
ISO 22178

constant accel 24m/s — 24m/s
27m/s @ 2m/s?

Veng = 27mls (97.2kph)

initial velocity = 13.9m/s none ISO 22178

decelerates to full stop with
2.5m/s?

vvvvvvvv

ccccccccccccc

initial velocity = 13.9m/s constant
speed =

Lead car changes lane @ 2.1m/s

HWT=3s to overtake slow

moving car

ISO 22178

24
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HW : Headway
HWT : Headway time

TeSt scen a” 0S (2/4) v_set : set velocity for ego car

ACC 04 _ISO Curve Capability Test initial velocity = 31.6m/sinitial velocity = 31.6m/s none ISO 15622
_CurveTest (curvature of test track = 1/500 m) ISO 22178
HWT = 1.5sec Drive at a constant speed for
(HW = 47.4m) 10s,
decrease speed by 3.5m/s in
v_set = 31.6m/s 2s, and keep it constant.
U -1.75m/s?
ACC_05_StopnGo Stop and Go in highway initial velocity = 27m/s initial velocity = 27m/s 8 slow moving Real-world
cars at 12m/s scenario
o - - = HWT=1.5sec Lead car slows down to in the second
(HW = 40.5m) 15m/s at -3m/s? and stay lane
constant for 7s, then speed
§ v_set =27m/s up to 25m/s at 2.5m/s?
L
\\ S\ —
: T +2.5mis?
L] -3m/s2

15
Time (sec)

25



Test scenarios (3/4)

LFACC_01_DoubleCurve
_DecelTarget

(Similar with ACC_04_1SO
_CurveTest)

LFACC_02_DoubleCurve
_AutoRetarget _TooSlow

(Similar with ACC_03_ISO
_AutoRetargetTest)

LFACC_03_DoubleCurve
_AutoRetarget

(Similar with ACC_03_ISO
_AutoRetargetTest)

Automatic Deceleration Test

Automatic Retargeting Capability Test

e

= -

\\\
. \\

Automatic Retargeting Capability Test

initial velocity = 22m/s

HWT = 2sec
(HW = 44m)

v_set = 22m/s

initial velocity = 15m/s

HWT = 2.8sec
(HW = 43m)

v_set = 15m/s

initial velocity = 15m/s

HWT = 2.8sec
(HW = 43m)

v_set = 15m/s

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

Real-world
scenario

initial velocity = 22m/s none
Drive at a constant speed for
about 11s,

decrease speed by 3.5m/s in

2s (deceleration: -1.8 m/s?)

and keep it const.

22 ¥
2l
220
ol
s
o B 20 2
o

U-1.8m/s2

5
Time (sec)

initial velocity = 13.9m/s

Lead car changes lane @
HWT=3s to overtake slow
moving car

initial velocity = 13.9m/s

Lead car changes lane @
HWT=3s to overtake slow
moving car

Slow moving ~ISO 22178
car at

constant

speed =

2.1m/s

Slow moving ~ISO 22178
car at

constant

speed =

10m/s

&\ MathWorks

26



&\ MathWorks’

Test scenarios (4/4)

LFACC_04_DoubleCurve
_StopnGo

(Similar with
ACC_05_StopnGo)

Stop and Go in curved highway

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

initial velocity = 14m/s initial velocity = 14m/s 10 slow Real-world
moving cars scenario
HWT = 3.6sec Lead car slows down to 8m/s at 8m/s in the
(HW = 50m) at -1.7m/s? and stay constant 3 lane
for 10s, then speed up to
v_set = 14m/s 13m/s at 1. 3m/s2 3 fast moving

cars at 15m/s

\ / in the 1st lane
. L 3m/s2
-L7mfsz

S0 55
—

LFACC 05 Curve Lead car cut in and out in curved highway initial velocity = 20. 6m/s|n|t|ally, fast moving car Slow moving Real-world )y
_CutIinOut (curvature of road = 1/500 m) (orange) at 19.4m/s car (purple) at scenario
TN o BB HWT = 4sec 11.1m/s in the
e . - \\ (HW = ~80m) Passing car (yellow) at 2nd Jane
4 S \ 19.6m/s cut in the ego path
e v_set = 21.5m/s with HWT=2.3s,
\ \ then cut out
Representative test scenario|

LFACC_06_Curve Lead car cut in and out in curved highway initial velocity = 20.6m/slnitially, fast moving car Slow moving Real-world
_CutIinOut_TooClose (curvature of road = 1/500 m) (orange) at 19.4m/s car (purple) at scenario
e Y HWT = 4sec 11.1m/s in the
/// | ' "'\\\ \ (HW = ~80m) Passing car (yellow) at 2nd Jane
' SN 19.6m/s cut in the ego path
Be v_set = 21.5m/s with HWT=1.5s,

then cut out

27



Test Manager in Simulink® Test™

4\ MathWorks

= Automate Simulink model testing using test cases with pass-fail criteria

4 <
.Slmx

Requirements
links

(

Test file

Test suite

4 .mldatx

L

Test case

Test case

Test suite

p
p

~

~

Load test
case

N

Run test

U

Process
results

\_

_J

Simulation  Generate
Data Inspector  Report

28
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Requirements Editor

l& Requirements Editor — O X
File Edit Display Analysis Report Help Req u I remen tS d esc rl ptl on
' ~ Properties
Custom ID: |10 |
. 1N . Syummang
‘. E ACCTestRequirements Summary: |LFACC_Curve_OJt[n0ut |
E'[ 1 1 ACC_ISO_TargetDiscriminationTest Description Rationale
E‘ 2 2 ACC_ISO_AutoDecelTest | Arial v" a v| B 7 U@ =E=== I:I @
BE 3 ACC_ISO_AutoRetargetTest —— -
=P 4 Acc150 CuneTes est Description Hostcar  |Leadcar
E s 5 ACC_StopnGo Lead car cut in and out in curved highway initial velocity = 20.6m/slInitially, fast moving car
6 6 LFACC DoubleCurveDecelTarget (curvature of road = 1/500 m) (orange) at 19.4m/s
15 7 7  LFACC_DoubleCurve_AutoRetarget_Too.. _
E'[ 8 8 LFACC_DoubleCurve_futoRetarget HWT - 4380
_T—.‘ 9 9 LFACC_DoubleCurveStopnGo \d (HW = ~80m) Passing car (yellow) at
B 107 LPACE Curve Cuthnoue . - 19.6m/s cut in the ego
E n 11 LFACC_Curve _CutInOut_TooClose .
\ v_set = 21.5m/s path with HWT=2.3s,
List of Requirements 1 G .
< >
\
Keywords: |

} Revision information:
¥ Links

Bl 4= verified by:
= Lracc 05 curve Cutinout @ =

Test result status reflected
in Requirements Editor

29



Test Report with baseline parameter set for 11 test cases

4\ MathWorks

Report Generated by Test Manager

Title: ACCAndLaneFollowing !baseline)
Author: Seo-Wook Park
Date: 21-Apr-2018 16:01:50

Test Environment

PCWING64
(R2018a)

Platform:
MATLAB:

Note) Baseline parameter set was tuned

based on a single test scenario.

# io/ B

-

=)

Summary 3
Name Outcome (I;gisillg:) ]
=] TestScenarios Baseline 8930 565 i
™3 ACCTest 3020 210 ]
5 ACC 01 ISO TargetDiscriminationTest o 35
[Tg ACC 02 ISO AutoDecelTest o ] 22 |
5 ACC 03 ISO AutoRetargetTest t 32 ;
El ACC 04 ISO CurveTest ® 43 ¢
5] ACC 05 StopnGo o 73
[ LFACCTest 5910 354
=l LFACC 01 DoubleCurve DecelTarget o 43
[ =l LFACC 02 DoubleCurve AutoRetarget TooS ) ] 36
low
5l LEFACC 03 DoubleCurve AutoRetarget o 65
5l LFACC 04 DoubleCurve StopnGo o 111
= LEACC 05 Curve CutInOut o 48
& 49

l=l LFACC 06 Curve CutInOQut TooClose

. e, 30



Fine-tune control parameters

(1/3)

inti File Edit View Display Diagram Simulation Analysis Code Tools Hel
Test Description play Diag alys p

Automatic Retargeting Capability Test

HWT=3s

(@]

initial velocity = 15m/s
HWT = 2.2sec (HW = 33m)
_set =15m/s

initial velocity = 13.9m/s

Lead car changes lane @ HWT=3s to
overtake slow moving car

Third Car
constant speed = 2.1m/s

ISO 22178

’i LanefollowingTestBenchExample - Simu O
v - SRS = g . w v smStopTime Normal o v ¥
LaneFollowingTestBenchExample
C] EuneFollowngTestBenchExample 4 v
Q Lane Following with Spacing Control |  Display Pannel
T
3 Test Bench ; 2 30 ﬁ/"}ji 0 !: :
== = F T TR— 1 | 21 <A
=2 & gure 1: LanefollowinglestBench O 1] 1] 2: |8 4 10\ 403 Lo.s 03-
1114 Time Gap i le
B@re s E i w/ Steering Angle (rad)
ca . . . . SR SR
D 100 : - InLane Clearance TooClose Callision Ego Velocity (m/s) Acceleration (mis*2)
|
90
|
80 1 Actors L2 P Actors
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70 (mvef) Radar & | Radar
60 Lane D Toacki— TCye
Lane Marking: MIO
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Vehicle and Environment
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20+ 5
=P Actors L e08
clearance ———]
10r ane Truth TimeGap &’,3
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] 0r [ ane Sensor >
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10 . : ! . " I e Pass or Fail ——»—] .
30 20 10 0 -0 -20 -30 Performance Indicator $
» v (m) Pass/Fail
Pauseu Paused auto(oded5)
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Fine-tune control parameters (1/3)

Test Description

Automatic Retargeting Capability Test

HWT=3s
@ @ @D

initial velocity = 15m/s
HWT = 2.2sec (HW = 33m)
_set =15m/s

initial velocity = 13.9m/s

Lead car changes lane @ HWT=3s to
overtake slow moving car

Q@ 4 P

Third Car
constant speed = 2.1m/s

ISO 22178

‘ Simulation Data Inspector - SDI_format_1.mldatx*

<
Q &
Inspect Compare
Filter Signals
NAME LINE o

» Run 11: LaneFollowi...

Run 12: LaneFollowi...

l« 0 B @

| =

Properties

50

B driver_set_velocity M ego_velocity M ego_velocity

@\ a Q)]

h O

L4 |

ILEgo Velocity

0 1 2 &S 4 5 6 7

W relative_distance M relative_distance

10

1 12
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Relative Distance
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B time_gap M result M ioo_close M time_gap
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1 12
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Time Gap

After

0 1 2 3 4 % ] 7

W ego_acceleration M ego_acceleration

1 12

Before

' 1 15
N

16

Ego Acceleration
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Fine-tune control parameters (2/3)

Test Description
Stop and Go in highway

initial velocity = 27m/s
HWT = 1.5sec (HW = 40.5m)
v_set =27m/s

initial velocity = 27m/s

Veloci
30 i
B
£
20}
s 1

2
o o

2

2l

4

o
5

8 slow moving cars at 12m/s
in the second lane

Spec

Real-world scenario

4\ MathWorks

’i LanefollowingTestBenchExample - Simulink O
File Edit View Display Diagram Simulation Analysis Code Tools Help
v v = o v = g - w v smStopTime Normal v v v
LaneFollowingTestBenchExample
C] EmneFollwmgTestBenchExample » -
Q Lane Following with Spacing Control Display Pannel
T
3 Test Bench 01001
— — 02 I 027
=3 | [@&] Figure 1: LanefallowinglestBenct ] 0 1 12 a Eos 034
; Time Ga
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ﬁ
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X 40t F . LA T = Bird's-Eya Plot
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301 1
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e OfiLane ——»—]
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— 0r | Lane Sensor =
Vel Gotison ——-3
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Fine-tune control parameters (2/3)

Test Description
Stop and Go in highway

=27m/s
HWT = 1.5sec (HW = 40.5m)
v_set =27m/s

initial velocity = 27m/s

2
o o

2

2l

4

Velocity

8 slow moving cars at 12m/s
in the second lane

Spec

Real-world scenario

4\ Simulation Data Inspector - SDI_Scenario_3.mldatx* — Oa >

Q & °

Inspect Compare
Filter Signals
NAME LINE &

» Run 17: LaneFollowin...

Run 18: LaneFollowin...

l« 0 B ®

@ o E .

Properties

20

40

21

18

N mE Qe alnr Al

W ego_velocity M ego_velocity

Ego Velocity
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Time Gap
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| Ego Acceleration |

6 8 10 12 14 16 18 20 22 24 26 28
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Fine-tune control parameters (3/3)

Test Description
Automatic Retargeting Capability Test

HWT = 2.8sec (HW = 43m)
v_set =15m/s

initial velocity = 13.9m/s

Lead car changes lane @ HWT=3s to
overtake slow moving car

Third Car

Slow moving car at constant speed,
2.1m/s

~|SO 22178

4\ MathWorks

"‘:n;iﬁ owingTestBenchExample * - Simulink O
File Edit View Display Diagram Simulation Analysis Code Tools Help
~ v e . i L = w  simStopTime Normal v v
LaneFollowingTestBenchExample
©®  [Pa| LaneFollowingTestBenchExample b v
«
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Fine-tune control parameters (3/3)

Test Description
Automatic Retargeting Capability Test

HWT = 2.8sec (HW = 43m)
v_set =15m/s

initial velocity = 13.9m/s

Lead car changes lane @ HWT=3s to
overtake slow moving car

Third Car

Slow moving car at constant speed,
2.1m/s

~1SO 22178

4\ MathWorks

‘ Simulation Data Inspector - untitled*

Q ¥

Inspect Compare
Filter Signals
MAME LINE e

» Run 46: LaneFollowing TestBench...

Run 47: LaneFollowing TestBench. ..

l« @ B @

1t
. Properties ~
Name Run 47: LaneFoll...
a Description
Tag
@ Date 23-Apr-2018 14
Model LaneFollowingTe. ..
Simulation Mode  normal
Start Time 0
Stop Time 39.6600000000007

Simulink Version Simulink 9.1 (R2...

Model Version 1.721
User ID spark
Machine Name MI-SPARK

Task Name

50 ¢

N @R | Qe RN AR

M ego_velocity M ego_velocity

Ego Velocity ]
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M relative_distance M relative_distance
[ Relative Distance
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[ Time Gap After

i r
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Baseline vs. Fine-tuned parameters

Parameter Name Description

assigThresh
time_gap
default_spacing

min_ac

Detection assignment threshold for
multiObjectTracker

ACC time gap (sec)
ACC safe distance margin (m)

Minimum acceleration (m/s”"2)

50

1.5

-300

20

2.0

10

-305

4\ MathWorks

37



4\ MathWorks

Test Report with fine-tuned parameter set for 11 test cases

Summary - ) “i
Report Generated by Test Manager| Name Outcome g‘;ﬁgﬂgg 3'
Title: ACCAndLaneFollowing(Fine-tuned) =] TestScenarios FineTuned 119 3541 i
Author: Seo-Wook Park _
Date:  26-Apr-2018 13:53:39 ™I ACCTest 0 1521 a
Test Environment =) ACC 01 ISO TargetDiscriminationTest ° 245 *
Platform:  PCWING4 =l ACC 02 ISO_AutoDecelTest @ 323 *
MATLAB: - (Reotse [E ACC 03 SO AutoRetargetTest ‘5] 262 ‘
- — - 5 ACC 04 ISO CurveTest o 331 4
5 ACC_05_StopnGo © 360 {
[ LFACCTest 6@ 2015
=l LFACC 01 DoubleCurve DecelTarget & 333 1
[ IZ)_VEJFACC 02 DoubleCurve AutoRetarget TooS Q] 330 ;'
=] LFACC 03 DoubleCurve AutoRetarget & 291
5l LFACC 04 DoubleCurve StopnGo o 398
5 LFACC_05_Curve_CutInOut o 335
5 LFACC 06 Curve CutInOut TooClose o 278




Automated Driving System Toolbox™

Design and Test Traffic Jam Assist, A Case study

4\ MathWorks

[Bal Code Generation Report o
<« € Find: 4 ¥ Match Case
77 %
Contents 2 // File: LFRefMdL.cpp
Summary 4 // Code generated for Simulink model 'LFRefMdl'.
s/
e 6 // Model version 1 1.621
Traceability Report 7 // Sinulink coder version : 8.14 (R20180) 06-Feb-2018
R & // C/C++ source code generated on : Tue Apr 17 16:58:59 2618
Static Code Metrics Report s
Code Replacements Report // Target selection: ert.tlc
11 // Embedded hardware selection: Intel->x86-64 (Windows64)
7/ Code generation objectives: Unspecified
Generated Code 13 // Validation result: Not run
-1 Model files 1/
#include "LFRefHd
LERefMdl.cop #include "LFRef ate. n/ I I
LERefMdLh #include "qpkuik cel
P D s Y N -l
LFRefMdI_types.h #define LFRefMdl nu (.
1 #define LFRefHdl nv (.0)
=1 Subsystem files 22 ndefine LFRefMdL ny (a.0)
LERefMdI_TrackingandSensor 2%
N 24 // Function for MATLAB Function: ‘<Sé>/optimizer*
LERefMd|_Trackingandsensor real T PathFollowingControllerRefMdlModelClass: :LFRefMdl_mod(reallT x)
+1 Shared files (37) {
real T r;
+1SIL/PIL iles (36) 2 4F ((IrtIsInf(x) 88 (IrtIsNaN(x)) {
29 0.0) {
50 ;
31
32 fmod(x, LFRefMdl_ny);
B B 22 Ay -
oK || Hep

enerate and Verify

Code

= SIL test
= Code generation
=  Coverage test
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Simulation with SIL mode

*ﬁ LaneFollowingTestBenchExample - Simulink - O X

File Edit View Display Diagram Simulation Analysis Code Tools Help

B-o- G- @A D = [ ] o @ -

LaneFollowingTestBenchExample

® LaneFoIIuwmgTestBenchExample » b
Q Lane Following with Spacing Control Display Pannel
& Test Bench AT 2 ;1_5_[;?\
= " T / \ E-—o.zl 027
Model Buttons ¢ L 2 3 4 _ - na aad
= " \"a) Block Parameters: Lane Following Controller X
E‘ i A V"
O Edg‘cfi‘:,tt“p ©) ([ Model Reference
— inkane €A™ peference the specified model.
Main  Arguments
4 LFRefMdI A |
Vision (SIL: Top) ego_acceleration MOdEI name:
Acceleration = P Acceleration
LFRefMd| | Browse... Open Model
Lam
Radar . Simulation mode: |Software-in-the-loop (SIL) -
i steering_angle Langitud . Normal
Steering Angle o stesring Ange . Code interface: T Accelerator
rad)| (rad)
Model Reference for Controllerr—  ewerseveeay o ITPNIRPRENRSRPRRNY | Software-in-the-loop (SIL)
— Processor-in-the-loop (PIL
Radar veniele ana Enviror [ | Show model initranze-port p(PIL)
Detection Sensor Fusion Find Trecks .
Vision and Tracking Lead Car Ty ‘I:_nt;n?itudinal Velocity Show model terminate port
Detecti ° L
o Model [[] Show model periodic event ports
Predictive IO Track ) )
Control Lane Sensor << Enable variants
(MPC) A - -
Estimate Preview Lane Following Controller
Lane Center Curvature \) Cancel Help Apply

Ty 110% VariableStepAuto | 40




Code Generation Report

22

EI Code Generation Report — O ped
< o @ Find: | |‘9 v Match Case |
1/ A
Contents 2 // File: LFRefMdL.cpp
3/
Summary 4 // Code generated for Simulink model 'LFRefMdl'.
5 /4
Subsystem Report & // Model version p1.621
Traceability Report 7 // Simulink Coder version : 8.14 (R2018a) @6-Feb-2018
. . 8 // C/C++ source code generated on : Tue Apr 17 16:58:59 2018
Static Code Metrics Report 9 s/
Code Replacements Report 1é // Target selection: ert.tlc
11 // Embedded hardware selection: Intel->x86-64 (Windowsé64)
12 // Code generation objectives: Unspecified
Generated Code 13 // Validation result: Not run
(-1 Model files 14 /7
LFRefMd 15 #include "LFRefMdl.h"
Lrnetividl.cpp 16 #include "LFRefMdl_private.h"
LFRefMdl.h 17 #include "qpkwik_YRMETceB.h"
. 18
p . P P .
LFRefMd|_private.h 19 // Named constants for MATLAB Function: '<Séx/optimizer
LFRefMdI_types.h 26 #define LFRefMdl_nu (2.0)
21 #define LFRefMdl_nv (3.9)
[~ Subsystem files 22 #define LFRefMdl_ny (4.0)
LFRefMdI|_TrackingandSensor 23
i 24 // Function for MATLAB Function: '<S6>/optimizer’
LFRefMdI_TrackingandSensor 25 real T PathFollowingControllerRefMdlModelClass::LFRefMdl _mod(real T x)
+1 Shared files (37) 26 {
27 real T r;
[+1 SIL/PIL files (36) 28 if ((!rtIsInf(x)) && (!rtIsNaN(x))) {
29 if (x == @.0) {
3@ r = 0.9;
31 } else {
32 r = std::fmod(x, LFRefMdl_ny);
< > v

AL (o —— @ ;ah T
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Aggregated Code Coverage Report

1778 static boolean T LFRefMdl objectTrack checkPromotion{const
1779 driving_internal _objectTrack LFRefMdl T *track)
Summary 1780 4
1781 boolean_ T toPromote;
1782 real T history;
, File/Complexity ;755  int32 T b;
1784 boolean_T track_data[58];
Report Generate TOTAL COVERAGE 1785  int32_T track_size[2];
1....LFRefMdlcpp 1786 if (track->0ObjectClassID != 8.8) {
3 .| 1787 toPromote = true;
. 2....LFRefMd]l TrackingandS ’
Title: ACCAndLang ; . .. - 1788} else {
Author: SeO'WOOk Pa 4 rtGerI\'ai\'.c- 1789 if ((track->pUsedHistorylength < track->ConfirmationParameters[1]) || -
Date: 26-Apr-2018 ] s5.. .. n_nonfinitecpp -
Decisions analyzed:
Test Environment S“mmalcy- B‘r M( (track->pUsedHistorylength < track->ConfirmationParameters[1]) || rtIsNaN(track->ConfirmationParameters[1]) 50%
Platform: ~ PCWING4 _ e RhMEIE,
MATLAB:  (R2018a) Model Object true 0/13038
1. LERefMdl
2. .. Controller Conditions analyzed:
3.......MPCC 1l q_g
ontroes Description: True | False
4 ... .. MBEC
I R e e it et P I o c 5 5
J . optumizer track->pUsedHistorylength < track->ConfirmationParameters[1] 0 13038
6.... ... Safe distance
7 Estimate Lane Center rtIsNal(track->ConfirmationParameters[1]) 0 13038
8 ... .. Center from Left
9 ......C from Left and | . . - . :
cateritom N MC/DC analysis (combinations in parentheses did not occur)
10, .. ... Center from Right
11... ... MATLAB Function decision O“tcomes: True False
L Out Out
12 .. Preview curvature
13. .. Tracking and Sensor Fus| Conditions:
14....... Clock
- . track-»pUsedHistorylength < track-»ConfirmationParameters[1] (TX) FF
15 ... ... ... Counter Limited
16....... Find Lead Car rtIsNal(track->ConfirmationParameters[1]) (FT) FF
L - B = - SRR CEREE .- P I R e it —

gy




Design and Test Traffic Jam Assist
A Case study Using <Automated Driving System Toolbox™

eSimulink™ «Simulink Test™

E—. o ] Drtear St Vilucity Lo T ey
eencie ana|

Design ACC and Lane
Following Controller

= Create driving scenario

= Synthesize sensor detection

= Include Vehicle Dynamics

= Design sensor fusion algorithm
= Design controller using MPC

Test casel:> Run test I:> result

| 71 T 7L
( 71 71
C 71 71

Automate Regression
Test

- Define performance
evaluation metrics

= Develop test cases
= Build test suites
= Verification and validation

*MPC Toolbox™ «VDBS™

*Simulink Control Desigh™ <Embedded Coder™

Generate and Verify
Code

SIL test
Code generation
Coverage test

4\ MathWorks
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Learn more about Traffic Jam Assist (Lane Following Control)
by exploring examples in R2018b

Automated Driving System Toolbox™

fehicle and Environment }

Actors and Sensor Smulation

PP L

e g
L Bonrcdares
-
Pack Actor Scenano Reader

Lane Following Control
with Sensor Fusion and
Lane Detection

Simulate and generate code for an
automotive lane-following controller.

Open Model

Search Help

Fusion and Lane Detection R2018b

an automotive lane-following controller
This example uses:
Automated Driving System Toolbox

Embedded Coder

Model Predictive Control Toolbox
Simulink Control Design
Simulink

Open Model
ehicle traveling within a marked lane of a

e from the preceding vehicle. A lane following system includes combined lengitudinal and

, lane detection, and a lane following controller
el using synthetic data generated by the

-loop simulation and automatically generate

eep a safe distance from the preceding car in the lane by adjusting the acceleration of the ego

erline of its lane by adjusting the steering of the ego vehicle

ividual goals for longitudinal and lateral control. Further, the lane following control system can
simultaneously

control (ACC) with sensor fusion, see Adaptive Cruise Control with Sensor Fusion (Model
| using a lane keeping assist (LKA) system with lane detection, see Lane Keeping Assist with
example assumes ideal lane detection, and the LKA example does not consider surrounding

considered. The lane following system synthesizes data from vision and radar detections,
es the longitudinal acceleration and steering angle of the ego car.

‘main®));

Model Buttons

Edit Setup | el M

Simulink Test™

Testing a Lane-Following
Controller with Simulink
Test

Perform requirements-based testing
for an automotive lane-following
system.

Open Script

Help

with Simulink Test R2018b

This example uses
Automated Driving System Toolbox

Model Predictive Control Toolbox
Simulink Requirements
Simulink Contrel Design
Computer Vision System Toolbox

Open Script
assist

ks. This example is based closely on a shipping
llowing Control with Sensor Fusion and Lane
op system model, see .

Project

opy of the project files. The project organizes files
re in the Models folder. The high level requirements
rements.slreqx within the Requirements folder. The

ject . projectDemoSetUp (fullfile(matlabroot, 'to

ne following controller is implemented by the
dynamics and driving environment is modeled within
and traffic scenarios are modeled using synthetic
and saved to scenario files within the Data folder
rio Reader block within the vehicle and
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