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Challenges for Automated Driving in the Urban Environment

Complex road geometry and maneuvering
In the intersections with traffic signals

Sensor and perception limitations
— Limited sensor FoV, Sensor occlusion

Communication and connectivity issues
— GPS signal loss, V2X communication

Infrastructure, regulatory, and standard
considerations

— V2X standards SAE J2735, ETSI TS 101 539,
T/CSAE 53-2020

— DSRC, Cellular-V2X, LTE C-V2X, 5G C-V2X
— AV regulations
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Traffic light follower at urban intersections
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Create a complex urban scene O

RoadRunner

= 3D environment of a US City Block containing 15 intersections with traffic lights.
= All roads in the scene are two-way roads with four lanes.



https://www.mathworks.com/help/releases/R2023b/driving/ref/uscityblock.html
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Create a complex urban scene

= 3D environment of a US City Block containing 15 intersections with traffic lights.

= All roads in the scene are two-way roads with four lanes.
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Path Planner - Finds the shortest path between the
start position and the goal position.

250

Reference path
@  Start position
@® Goal position

200 -

Goal
Position

150 —

100 —

<«— Reference
Path

50 -

Lane-Level Path Planning
with RoadRunner Scenario oL ’ e
»——/‘-—‘,.

Y(m)

Design a lane-level path planner in 50| Start
MATLAB® and cosimulate with Position
RoadRunner Scenario. 00l

« Automated Driving Toolbox

« RoadRunner Scenario

° Navigation TOOlbOX -200 -150 -100 -50 0 50 100 150
X(m)

200
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Path Planner

= Finds the shortest path between the

Start
Camooweal l ® Charters Tow\
Mount |&Cloncurr Yy ) Hughenden
Mackay
® Wint
® Boul
[ J Long\reag%arcaldine Emerald @ Rockhampton
®Bed ® Blackall
@ Windorah
@ Birdsville
@ Charleville -
. . ®Rom
A graph is a collection Graph

of nodes and edges

planner = plannerAStar(éraph);

start position and the goal position.

1. Create the nodes and edges table
from RoadRunnerHD map

edges (or, Iinﬁ&nodes (or, vertices)

2. Create a graph data structure using
navGraph from Navigation Toolbox

3. Create an A* planner from the
navGraph object

4. Use the planPath method to find the
shortest path between the start
position and the goal position

[EefPath = planPath(planner,graph,Start,Goal);
10
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Path Planner = Finds the shortest path between the
start position and the goal position.
A S 1S
{ il o || 1 Create the nodes and edges table
SR Position ™7 ** —  from RoadRunnerHD map

| ! | | edges (or, /ini&.nodes (or, vertices)

2. Create a graph data structure using
navGraph

3. Create an A* planner from the
navGraph object

4. Use the planPath method to find the
shortest path between the start
position and the goal position

frefPath = planPath(planner,graph,Start,Goal);
11
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Behavioral Planer at intersections

Map and Reference Path

= How to detect an approaching

- How to get current state and timing of

- How to identify a maneuver at the

1207 | i //I ! N | iy %
100 |~ i {’ Goal = .i I \
" ' () Goa
ol Position™ T ="
[} ! l\l
I""I I\, ‘I"‘ ‘I"‘I
60 — "‘. "‘.‘ I"*. I"‘.
o WAL refPath
ool \“.‘I‘ ",‘I\I '\‘\‘ \"‘.‘I x
)‘ ‘\c\'}l \\ L \r\
\.‘{I I‘f’\\‘\ ‘%l(/ A. i :/, \ r |
20 R
-40 - | '
Start
| | l Position™ 7 ™
-200 -150 -100 -50 0

- How to decide to “go” or “stop” at the

Note) V2X: Vehicle-To-Everything, SPaT: Signal Phase and Timing

Intersection?

the associated traffic light?

Intersection to follow the reference path
— proceed straight, turn left, or turn right?

®

/ Traffic ‘
Light

intersection, based on the traffic light’s
state and timing?

Follower:
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Generate V2X MAP from RoadRunner

RoadRunner
Scene & Scenario

New

_ V2X MAP
) - 150 — Node 15 Node 5 Nodey]1 Node? j
Generate V2X MAP Message ﬂ“‘mgl““g W | S— I i IJW I i
L — o fd§r3i,5wweso 3 3 Node 31 : NodeZAﬁNodeZ@M

from RoadRunner

Ul

e
e —— 3
-
3

MNM-IN\M-

Generate MAP message and model A i f—= = h’ —
road side unit for vehicle-to- | M m
everything (V2X) communication. ‘i
-100 - e ! - o ——ode 18— ode 16— Node 20— ot 175 Node 21
1 S R r 5 L L
Since R2024a wp ‘
s RoadRunnerHD map - nw e J
Automated Driving Toolbox, RoadRunner “» = = @ = o = o w® 15
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Get RoadRunnerHD map for the scene used in scenario simulation

get(llMapll)

USCityBIockBi(ﬂrectionaI.rrscene
GenerateMapMessage.rrscenario

Road data model for representing
high-definition (HD) map data in a RoadRunner scene.

| rrHDMap |

IEJ 1x%1 roadrunnerHDMap

Property = Value
E Author
EE; GeoReference [0,01
EE; GeographicBoundary [-240.8043,-152.9707,-6.8775;198.9754,148.3578,54.5400]

2350x7 Lane
LaneBoundaries 2947x 7 LaneBoundary
&| LaneGroups 538x1 LaneGroup

| LaneMarkings Ix1 LaneMarking
15x7 Junction

&) BarrierTypes 5x1 BarrierType

& Barriers 56x1 Barrier

&) SignTypes Ox1 SignType

&) Signs Ox1 Sign

& StaticObjectTypes 609x T StaticObjectType
] StaticObjects 2888x1 StaticObject

F% Open Scene and Scenario
rrApp = roadrunner(rrProjectPath);

% Open Scene
openScene(rrApp, "USCityBlockBidirectional.rrscene");
% Open the scenario

% Create Simulation object
rrSim = createSimulation(rrApp);

% Get RoadRunnerHD map for the scene used
in scenario simulation.
rrHDMap = get(rrSim, "Map");

i App, " MapM . io");
LgPenScenarlo(rr pp, "GenerateMapMessage.rrscenario )ZZJ

% Plot RoadRunner HD Map
plot(rrHDMap, 'ShowLineMarkers',false);

MathWorks AUTOMOTIVE CONFERENCE 2024
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Generate V2X map message from RoadRunnerHD map data

Y (m)

-100 —

150 NA%YI[E; Nbﬂs

-200

27

V2X Map
150 - Node 15 Node 5 Nma Node 11 Nogde 7
217 iﬁ ?JT \LF
& e 3 e 37 [ e 7 e
mol\dest 30 3-Node 31 N(I)de i gNode24—T - Nod 2@ 14
50 Link
. E’[ . 31
Link Link
opodss—= vt 28 =] Node | Node F—— Node F——Ftowe 2tnoges
50 - &4 Link

Node fF——oce

NC?JIRO No%ﬁz

3 ode 21&?92

LLI?
Node 8

-250 -200 -150 -100 -60

0 50
X (m)

100

160

200

1) Finds all nodes (intersections or junctions)

2) Find links connectin

g all nodes.

3) Find connections between all lanes.

RoadRunnerHD map
150 -

100 -

50 -

Y (m)

-50 -

-100 -

-150 -

200 L 1 L 1 L ]
-250 -200 -150 -100 -50 0 50 100 150 200
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F%% Generate MAP messgage
sceneOrigin = [42.3648, -71.0214, 10.0];

% Visualize MAP message
helperPlotV2XMap(v2xMapMsg) ;

—

v2xMapMsg = helperGenerateV2XMap (rrHDMap,sceneOrigin);

17
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Generate V2X map message from RoadRunnerHD map data

150 Node 15 Node,5 Nodfwﬁ N:[?;
I\Edﬁnde'jo 3 : Node 31— V2X Map message

g
Xl
- O
100 -
T \
T i)\
72 7e Wr 72 ‘7
i TimeStamp |
ILink I timeStamp | NE——

MAP msgCnt | A _.
id
nodes Seq. of Node I

opedsh—= nose 22 F=—{ Node Node Node [ e noges

-50 Link /I(

Lane ~La.ne I b

z
()
o
D
!
z
=

50 -

Link

VAN

1

-100 —

NodBF————=Node 165 gwoaemgz Node Swoueﬂ%—gwoaezwi%mgez

A R S AR S
= T/CSAE 53-2020, Cooperative Intelligent Transportation

200 o - o p : - " o o System — Vehicular Communication Application Layer Specification
X (m) and Data Exchange Standard (Phase ). China Society of Automotive

. . . : ) Engineers, 2020.
1) Finds all nodes (intersections or junctions)

2) Find links connecting all nodes.

3) Find connections between all lanes.
4) Encapsulate the nodes, links, and lane connections within V2X map messages.

= SAE J2735, V2X Communications Message Set Dictionary

18
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Generate V2X map message from RoadRunnerHD map data

Y (m)

V2X Map

150 = Node, 15 Node 5 Nodg 9 Node,11 Nogde 7
I (O N SR
mol\fdéF}Nodeso 3 : node 31— Nlode - 3 NodeZAlﬁNodeZ@ﬂ
50| Link
Link 1 Link |
opodsh—= nodo 28 = Ng(le | Node ———] Node [F——rove 2% noges
S0k &4 Link
-100 W i ‘ 7
Nod& ;Nodeﬂ}s ;Nodem‘g: Node F———=Node ! 1 odeZﬂi;NogeZ
-150 - N;ﬁﬁ Nbﬂ 6 Noelem NO%IEZ NLLE 8

-200
-250 -200 -150 -100 -60 0

X (m)

1) Finds all nodes (intersections or junctions)
2) Find links connecting all nodes.
3) Find connections between all lanes.
4) Pack the nodes, links, and lane connections with V2X map messages.

V2X Map message

Speed Limits
[ Connection_]|

W,
= T/CSAE 53-2020, Cooperative Intelligent Transportation

System — Vehicular Communication Application Layer Specification
and Data Exchange Standard (Phase ). China Society of Automotive
Engineers, 2020.

= SAE J2735, V2X Communications Message Set Dictionary

19



MathWorks AUTOMOTIVE CONFERENCE 2024

Y (m)

V2X map message: Lane Connection to downstream nodes and traffic signal id

V2X Map message

Traffic Lights on map

|
|
|
|
L ) | Rr_TITErTIoN
) gl
S 1 TN, :
Node |~ S XL . <wmie— Lane |_Connection_
5 22 @ | <] T | - LI — =
~ Node2s — o T, -
ﬂ—% > ] Te,
= oA e I | J
77< — no®_25 ‘ ‘ @ — — T

L @ ‘@ ‘ I

el e

node_id link_id lane_id signal_id remote_node |connecting _lane maneuver description
20 Iane__]w— | | | 1 |node_25  |[link_1 1 2 22 10002 Turn Left

| Iinlé_l 2> |node_25  [link_1 1 1 23 1] 0001 Move Straight

| nl
C | | ‘ ‘ ‘ ‘ | I

50 40 -30 -20 10 0
X (m)
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“Signal Tool” of RoadRunner .

I 1 o 1 Fi T B D
XL MEL Y 33

- The Signal Tool is used to configure
— Junction Signalization
— Signal Traffic Phases

Phase 1 Phase 2 Phase 3 Phase 4
| | | |
[ ) [ ) ) [ |
4P 9 b -4 < -
Move Straight Turn Left Move Straight Turn Left
f 1

Green Yellow Red
interval interval interval

© Road Plan Tool | Right-dick to create new road ponts. Select a road to adjust attributes or drag existing control points. MathWorks:

22
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Implement traffic light controller using Stateflow®

\ £ S £ £ W Traffic Light Controller #1 —
k= 4 i+ i Y
LRIl IR

["a| TrafficLightFollowerTestBench b [Pa|RSU SPAT » [Pa| Traffic Signal Controller b %Trafﬁc Light Controller #1 v

fﬂamot«gnx(;omroﬂer °
N @ J % Attributes E ! L
9 @ L IntervalNr = ! (Phasel >
Z TrafficSignal_1 = RED; en: PhuseiD = 1
TrafficSignal_2 = RED; [Enable==0]
Phase Name TrafficSignal_3 = RED: Astention
TrafficSignal_ ntry lervaiNr =
Interval 1 IntervalNe = 1 TntervalNr = 2; ItervalNe = 3, )

S Tend = T + ph1_gelntval, Tend = T+ phi_attintval, Tend = T+ ph1_stopintval,

Tielt = ph1_golintval; Tieft = ph1_attintva; wect | eR = phi_stopintval;
Interval Name TrafficSignal_1 = GREEN; | [Tef TrafficSignal_1 = YELLOW; Sf==0] | TrafeSignal_1 = RED. {

TrafficSignal_2 = RED; ™1 TramicSignai 2 = RED, TraMicSignal_2 = RED. ¥
TrafficSignal_3 = RED; TrafficSignal_3 = RED; TrafficSigaal_3 = RED,

Type TrafficSignal_4 = RED; TrafficSignal_4 = RED. TraMcSigaal_4 = RED.
dusing: during: during.

nterva e
sal Time
&
(Phase2
e ow en: PhaseiD = 2; T

Step
ents

Go
entry:
IntervalNe = IntervalNr = 2; IntervalNe = 5,

Tend = T + ph2_golntval; Tend = T+ ph2_attintval, Tend = T + ph2_stopintval;
Tieft = ph2_gointval; Tieft = ph2_atintval; Tieft = ph2_stopintval;
TrafficSignal_{ = RED; h<=C] | TraffcSignal_1 = RED; L TraficSignal_1 = RED.
TrafficSignal_2 = GREEN; ™ TraffcSignal_2 = YELLOW; TrafcSi C
TrafficSignal_3 = RED; TrafcSignal_3 = RED; TraffcSignal_3 = RED;
TrafficSignal_4 = RED; TrafficSignal_4 = RED,

Interval

e
Interval Time (E\“’;:;elb' T
l / Go Attention Hop)
entry: enlry entry.
i@ el = ntervaiNe = 2; ntervaile = 3;
L Tend = T + ph3_golntval, Tend = T + ph3_attintval, Tend = T+ ph3_stopintval;
= AL Tieft = ph3_golntval; < Tieft = ph3_attintvat oo | TiEM = ph3_stopintval;
TrafficSignal_1 = RED; il TrafficSignai_1 = RED, TrafficSignal_1 = RED;
2D Editor | Signal Ph TrafficSignal_2 = RED! ] TrafficSignal 2 = RED. TrafficSignal_2 = RED.
- TrafficSignal_3 = GREEN; TraffcSignal_3 = YELLOW, TraMicSignal_3 = RED.
TrafficSignal_& = RED; TrafficSignal_d = RED, TraficSignal_4 = RED
during during: during:
Tieft = Tend - T, Tieft = Tend - T Tieft = Tend - T,
A
(Phased ,,
enPhase =, P
Go Attention P
entry: enlry entry.
InfervaiNe = 1 IntervalNr = 2; IntervaiNr = 5,
Tend = T + phd_golntval; Tend = T + phd_attintval Tend = T + phé_stopintval;
Tieft = phd_golntval; Tieft = phd_attintval, | Wl Tieft = phd_stopintval,
TrafficSignal_1 = RED; TrafficSignal_1 = RED; TrafficSignal_1 = RED
TrafficSignal_2 = RED; TraffcSignal_2 = RED: TrafficSignal_2 = RED,
TraflicSignal_3 = RED; TrafficSignal_3 = RED; TraffcSignad_3 = RED.
TraflicSignal_4& = GREEN; TraffcSignai_d = YELLOW; TrafficSignal_d = RED;
dusing
Tieft = Tend - T,
Attributes R
© Signal Tool | Sele sing. a MathWorks 23




/Phase1
en: PhaselD = 1; I
/Go 7\
entry:
IntervalNr = 1;

Tend =T + ph1_golntval;
Tleft = ph1_golntval;
TrafficSignal_1 = GREEN;
TrafficSignal_2 = RED;
TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

[Tleft<=0]
.

{Attention
entry:
IntervalNr = 2;
Tend =T + ph1_attintval;
Tleft = ph1_attintval;

TrafficSignal_2 = RED;
TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

TrafficSignal_1 = YELLOW;

[Tleft<=0]

/§top
entry:
IntervalNr = 3;

Tleft = ph1_stoplntval;

Tend = T + ph1_stoplintval;

TrafficSignal_1 = RED;
| = TrafficSignal_2 = RED;
TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

N

Tend =T + ph2_golntval;
Tleft = ph2_golntval;
TrafficSignal_1 = RED,;
TrafficSignal_2 = GREEN;
TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

[Tleft<=0]

]

Tend =T + ph2_attintval;
Tleft = ph2_attintval;
TrafficSignal_1 = RED;
TrafficSignal_2 = YELLOW;
TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

[Tleft<=0]

during: during: during:
| Jleft = Tend - T ) | Tleft = Tend- Tt = Tend - T )
~ S
[Tleft<=0]
Phase2 ™~
en: PhaselD = 2; I
(Go N (Attention /Stop N
entry: entry: entry:
IntervalNr = 1; IntervalNr = 2; IntervalNr = 3;

Tleft = ph2_stoplntval;
TrafficSignal_1 = RED;

[ | TrafficSignal_2 = RED;

TrafficSignal_3 = RED;
TrafficSignal_4 = RED;

Tend = T + ph2_stopintval;

MathWorks AUTOMOTIVE CONFERENCE 2024

Generate V2X SPaT (Signal Phase and Timing) message

ﬁraﬁﬁcLightComrol\er

T/CSAE 53-2020

V2X SPaT (Signal Phase and Timing) message

SPAT

vaN

intersectionld

during: during: C_‘F:"iggi_r .
~ T - T eft = Tend - T;
Tt =Tend - T ) | Tleft =Tend - T \ )
I -
P time
Traffic Light 1 ———® trafficLight1 HelperGenerateSPAT spat
12:34 P Time
Traffic Light 2 —— | trafficLight2
Traffic Signal Controller Pack V2X SPAT

24
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Generate V2X SPaT (Signal Phase and Timing) message  T/csAE 53-2020

- SPaT message describes the current state of a signal system and its phases
and relates this to the specific lanes in the intersection.

V2X SPaT (Signal Phase and Timing) message
““““

SPAT timeStamp |

Intersections PPN e=====22 0 B

________

timeStamp |

_________

Phase Phase contains signal phase state
mapping to associated lane.

PhaseState

Phase state provides a signal phase ID

map to an associated lane and current Light State
signal light state and timing information.

. TimeLeft
startTime

currentTime likelyEndTime

25
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Workflow
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Traffic Light Follower

Ego Vehicle Runtime

QO

RoadRunner Scenario

Road Side Unit

for V2X map & SPaT = -l m -

VZX Map
2
L2l & al |
? Node 307 1 Node 31 7 Node 23
100
!
o/ 72 T
60
E®
>
¥ 21 27

2
) ) —— e 3 Node 227 i

72 72
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Goal >
Position

L9 D 1%
el
—+
-

Start
Position -#

o

Transmitters Receivers Decision Logic
Road Side Units
HEqgo Pose
Ego Pose MAP TxMAP
Ego Pose RxMAP |
RSU MAP Scene Origin V2X .M ap Ego Specdpy
MAP Receiver ‘
SPAT! TxSPAT
wem—V/2X [SPAT
Ego Pose
RSU SPAT 2
SPAT Receiver Traffic Light Follower

L———+Eqgo Vehicle Runtime

Vehicle Pos

Speed,| ...

0

_ .
Ego Vehicle Control

.~/
RoadRunner Scenario
Writer

0
hyipaenCion ot o Fommat

Canvert Ego Bus

Traffic Light

soanadiign

Scane Origin

H el

-

All Vehicle Runtime

16

ComveriTargelBusFarmal
hiRurlirne warhiP

_

startTime

T 1
momarns | et FOllOWET
i i
 TimeLeft :
currentTime likelyEndTime

-—D-Egoam-; egoStates

SReT spat

Convert Target Bus

RoadRunner Scenario Reader

Copyright 2024 The MathWorks, Inc.

Visualizelntersection

vehPoses

Visualize Simulation
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% getConnection: get matching traffic light signal_id and maneuver
% at intersection based on ego current states and reference path

[signal id ego

maneuver egoj =

Obj MapQuery. getConnectlon(Iane ego,obj.RefPath,obj.SearchDist);

6 v2xMapQuery: get map query APl object

Query V2X Map & SPaT L\

obj.MapQuery = v2xMapQuery(obj.V2XMap,obj.origin);

I Maneuver at Junction

TURN_LEFT |

20 —

10 —

IIV V|' T

Y (m)
H

20 -

-30

A0 -

Lane id=

Nﬁde 25

144 dist2Stop
v";* time25top=dist25top/v
*lgo
Dgo

<link_1
-20 -1IG !I} 1IU 2IE]
X (m)

node 25 ‘j

Trafiic Signal Runtime associated with ego

Signalld

D 4 2

Ego States

Position (x.y) -19.9, -29.@
Ego current state |Speed (m/s) le.e

Yaw (deqg) 89.6

MNode Mame node_25
Ego V2X Map infgjtink Name link_1

Lane Id 1

I\DistZStoijne (m [12,.28
1TimeZEtaninE (sec) [1.51
Action Apply brake to stop

=
% locateVehicleOnMap: get v2x map information

% associated with the current ego position

[node_ego,link_ego,lane_ego,dist2stop,info] =

obj.MapQuery.locateVehicleOnMap(Ego.Position);
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Stop or Go at the intersection?

% getConnection: get matching traffic light signal_id and maneu
% at intersection based on ego current states and reference path
[signal_id_ego, maneuver_ego] =

Obj MapQuery. getConnectlon(Iane ego obj.RefPath,obj.SearchDist);

% getCurrentSPAT: get traffic light state and timing

% associated with ego car
[Light, Tleft, Tdur] = getCurrentSPAT(Nodeld, Signalld,SPAT);

TURN_LEFT |

I Maneuver at Junction

Trafiic Signal Runtime associated with ego

Signalld BulbColor TLeft (s} Duration (s)

INERA

25.

ee

20 —

-~ RefPath- @

#'node-25 ;

- Nadd 25

[]

.*
.
.
.
.
.*
Ry

switch Light % traffic bulb color associated with ego
['case BulbColor.RED
if Tleft > Time2Stop
% red light stays when ego vehicle reaches the stop line
= StopAction = true; % then, stop in advance
end
case {BulbColor.GREEN, BulbColorYELLOW}
if Tleft < Time2Stop
% green or yellow light will be expired when ego vehicle
reaches the stop line
StopAction = true; % then, stop in advance
end

end

> 7
&
A0 -
1 = e
al Lane id=1: dist 25top,."
v,ﬁ time2Stop“dist2Stop/v
30— J*.‘ﬂ"
Dgo
link_ 1
A0 = ! g
-blﬂ -3:0 -20 -‘1'!'.]‘ tl} ‘FIU 2IU
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Traffic light follower with co-simulating RoadRunner Scenario

T Traffic Light Follower _ -
Traffic Lights on Map Traffic Signal Runtime associated with ego
Signalld ‘ BulbColor |TLeft (s) Duration (s)
2
scenario_01_U SCityBIock_TrafchightFolIower_MuItiTargets.rrscenario 2 8.00 25.e0
(Time: 0.10 sec)
|V]V]
7 Il | { Ego States
\ Position (x.y) -20.1, -50.0
Speed (m/s) 10.0
. Yaw (deg) 89.6
Node Name node_25
b E Link Name link_1
5 Lane Id 51
Dist2StopLine (m) 33.28
Time2Stopline (sec) (3,61
0 Maneuver at Junction TURN_LEFT
B - Action MOVE
E o0
>
-10
-20 % |
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Key Takeaways:
Automated Driving in the Urban Environment with RoadRunner Scenario

A

\Fa

Create a complex Design Develop
Urban Scene Path Planner Behavioral
consisting of using A-star Planner
Intersections with Planner. using V2X Map
Traffic Lights. and SParT. TLr%fEtc
\_ Followir /
« RoadRunner « Navigation Toolbox « Automated Driving Toolbox \

« RoadRunner Asset Library » RoadRunner, RoadRunner Scenario
« Simulink, Stateflow 31
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Thank you

Please contact me at spark@ mathworks.com
with questions
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