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Autonomous vehicles: Key dates

Responsibility-Sensitive Safety (RSS)
A mathematical model for autonomous vehicle safety
f=24 mm -14§mm

angle!
At distance L, ~ 20 m (~ 60 m),
the resolution is 5 cm/pixel
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First autonomous car Sensitive Safety
SAE 2015 Europe Google Car (RSS) by Mobileye
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Industry Connection: Assessment of Standardization Gaps
for Safe Automated Driving (drafting stage)

|EEE2846
IEEE P2851
|EEE P1228

DARPA Grand _ ) .
Challenge First accidents with

autonomous car: "
ADAS: Advanced driver-assistance systems Google, Uber, Tesla IEEE standardization of

SAE: Society of Automotive Engineers

Srba Dheabi 2024
0 - Safe and Resilient Control Architecture for Autonomous Navigation in Complex Environments

[ | RDS Lounis Adouane, Abu Dhabi, UAE, 15 October 2024




Overview of the main control architectures

Perception and Localization Layer Planning and Maneuver Decision
Making Layer Motion Planning } Trajectory
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T

Hybrid
and
Hierarchical
Action
Selection

Sensors & Perceptions
Information already known

HHMCA for Flexible and Reliable Navigation in Complex and
Uncertain Environment/Situation (embedded in each vehicle)

Adouane L., “Autonomous Vehicle Navigation: From Behavioral to Hybrid

Taylor & Francis - CRC Press, April 2016.
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Multi-Controller Architectures”, Book ISBN: 9781498715584, 228 pages,

v" Homogenous set-points definition to achieve sub-tasks
Target = T (X, Y1, 1, V1, Wy)
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Robot’s Kinematic model
t = wcos(f)
¥y = wsin(6)
0 = v tan(y) /1y
Target’s kinematic model
tr = wvrcos(fr)
QT = Ur Sin(QT)
or = wr

Control law (based on Lyapunov synthesis)
v = vr cos(eg) + vy

v = arctan(lyc,)

Where: v :K K e K dsin e sin(e K sin(en)c [Vilca et al. RAS 2015], J.M Vilca, L. Adouane and Y.
—b L [ dtz + L ( RT) ( 9) + o ( 9) C] and Mezouar, A novel safe and flexible control strategy based on
1 2K / Sin(e RT) cos(e RT) target reaching for the navigation of urban vehicles. Robotics
C, = + Kptan(e and Autonomous Systems (RAS), volume 70, pages 215-
C . 0 6
= repcos(eg)  repK,sin(eg)cos(ep) err € | —m/2.m/2] 226, August2015.

S Kge, — K;dsi K g sin? _ —
5%_, | L Kaey 1dsin(err) cos(eq) . Krrsin (erT) ep € | —7m/2,7/2] P ]
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8 $ — O Autonoma - —
PELC math em atical formUIation Parallel Elliptic Limit-Cycles (PELC)
*[Parallel Elliptic  §  Surrounded
. ,s|Limit-Cycle CElllipse (SE
s =|rys +hrs(1 — ¥) GEEWA \/
gs = e + [y (1 — ¥)
Where: W = [4(2% + 329) (25 + 32123) — (2122)° + 1821 2023]/(923)? T
V2
and: z1=x§+y§—Kg—A2—B2 A
05—/ Parallel Ellipse
Z2 - Bzajg _|_ A2y§ T A2K£ T Bng o A2B2 W os 0 05 10f :Eﬂuéencgs é
23 — (ABKp)2 5 Parallel Elliptic Limit-Cycles (PELC)
- A and B characterize respectively major and minor surrounded ellipse axes
- Kp PELC offset 2
- I'=1 for Clockwise PELC and I' = -1 for Counter-clockwise ) '1 .
2.5¢ T T T T T T
> /if""‘ 0.5
1.5 / 0
o5 -0.5
Ot H E

- Safe ¢ [Adouane 17, RAS], L. Adouane, Reactive versus cognitive vehicle navigation based on optimal local and global
[ | n Ds |_.ounis PELC*. Robotics and Autonomous Systems (RAS), volume 88, pp. 51-70, February 2017.




Obstacle avoidance based on Parallel Elliptic Limit-Cycle (PELC) [Adouane. RAS 2017]
Some simulations and experiments

External camera: Top view External camera: Back view
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Vehicle's camera: Frontal view
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Cognitive - >Dynam|c obstacle avoudance >Cogn|t|ve navngatlon
““{based on PELC and gPELC*) '
Pascal Institute - France

v Target =1 )
o6 v UGV = 0.97 696+ Jose Vilca, Lounis Adouane and Youct [ Mezouar IMOBS? Clermont
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Obstacle-avoidance based on limit-cycles Short- vs. long-term navigation based on PELC
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“'v' Flexible navigation between waypoints
(defined as static targets T (Xy, Yy, 05, V7))

v' Smooth switch between waypoints
using appropriate reference frames

Ensure maximal distance and angular
errors (Eys and E,yy, respectively)

Algorithm: Sequential target assignment

Require: Current target 7, and a set of N sorted waypoints
Ensure: Reaching 7'; while guaranteeing to reach after the next
Wa}fpﬂint Tj+|

1: if ((d < Egis and ¢y < E,) OF (x7 =2 0) ) then
2. Switch from the current target T to T,
3: else
s 4 Keep going to waypoint T;
o Q AboDleabi 2024 . . ™
Wheidesye S =, @ QOGS S endit




Homogenous and Generic Multi-controller
Architectures for Autonomous vehicles

Flexible and Smooth navigation through waypoints [Vilca. PhD 2015]
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Cooperative navigation (Formation pa.rameters) I’GT
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Hybrid
and
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Target for the
G,
(xv}’x’gz )

~ Sensors & Perceptions
Information already known

.

HHMCA for Flexible and Reliable Navigation in Complex and
Uncertain EnViron ment/Situation (embedded in eaCh Vehic|e) [Vilca et al. 2019, T-ITS], J.M Vilca, L. Adouane and Y. Mezouar, Stable and Flexible Multi-Vehicle

Navigation based on Dynamic Inter-Target Distance Matrix, IEEE Transactions on Intelligent
Transportation Systems, vol. 20, no. 4, pp. 1416-1431, April 2019.
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Leader: Experimental data
External camera: Frontal view ‘

160 165 120,

175 180 185

Leader: Experimental data
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Formation reconfiguration
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Risk assessment and Decision makinF
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Cooperative navigation (Formation pa.ranleters)
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HHMCA for Flexible and Reliable Navigation in Complex and
Uncertain Environment/Situation (embedded in each vehicle)
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Elliptic Limit-Cycles parameters updated for highway
environments:

*a,. Longitudinal safety distance a;. = 0.5}, +t;v,

*b,. Lateral safety distance b;. = wy, + Lgistance

With: t; = 25, Lgistance = 1,5m and v, the relative velocity

y [m]
8 2

g2
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Risk Assessment / Management for Safe
Navigation in Complex E/S

Proposed multi-controller architecture

Perception and
Localization

Environment

—— e RS . B . A .

Probabilistic §
Decision-Makingjl

Dynamic
Predicted
Profiles
(Inter-
distance and
angular)
Route
planning
based on i
Sequential levels
of Bayesian
Decision
Network

Threat Measure:
Extended TTC

Motion Planning, Prediction and Evasive

Behavior
activation
and
validation
. . Adaptive Cruise
Control (ACC)

Auto Lane Change
(ALC)

Homogeneous | set-points

|4_._._I

""" Data-Driven
1 [
L ._. Formalization

_I_I_I_I_I_I_l_.(x’y’a’v)Ego

Iberraken, D. and Adouane, L., Safe Navigation and Evasive Maneuvers based on Probabilistic Multi-Controller Architecture, IEEE Transactions on Intelligent Transportation Systems, December 2021.

Iberraken, D., Adouane, L. and Denis D. Multi-Controller Architecture for Reliable Autonomous Vehicle Navigation: Combination of Model-Driven and Data-Driven Formalization, IEEE 1V’19, Workshop 2019 (FRCA-IAV), Paris, France
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Sequential Decision Network for Maneuver Selection and Verification (SDN-MSV)

Extended Time To
Collision ETTC

Decision 1

Position
Estimation of the
Ego Vehicle

Decision 2

Extended Time To
Collision ETTC

Critical Time
Leritical based on
D-PIPD analysis

Decision 3

Required
Acceleration a;.q
bas ed trririrnl

Endangered Lane
ELane based Leritical

A 4

L2: Level of dangerousness Lane 2

Oto1l
1to2
2t03
3to4
4105

\ 4

A 4

L1: Level of dangerousness Lane 1

OPosVeh: Observation on ego vehlcle

Lanel
Lane2

SL2: Status of Lane 2

Dangerous
Occupied
Free

A

Oto1l
1to2
2t03
3t04
4105

PosVeh: Ego vehicle Position Estlma

Lanel
Lane2

Decision 1: Lane Change Maneuver

LaneChangeLeft
KeepLaneACC
LaneChangeRight

SL1: Status Of Lane 1
Dangerous
Occupied
Free

\ 4

A 4

AC-AIDP: Anomaly Detection crlterla

OMaxCap: Observation on Max Cap

Critical Time Positive

No Anomaly Detected

areq greater amax
areq less or equal amax

A

SM: Status of Maneuver
Dangerous o
Saf F

A 4
Size: 16 < Uuility Check>
A

MaintainVelocity

Decision 2: Maneuver Safety Verlchat
Abort Maneuver i

Maneuver is Safe

A

MaxCap: Ego Vehicle's Max Capacny

areq greater amax
areq less or equal amax

Size: 36

A 4

OE-Lane: Observation Endangered Lang|

Lane 1
Lane 2
Lane 1 and Lane 2

Situation Agsessment

A

E-Lane: Endangered Lane

Lane 1
Lane 2
Lane 1 and Lane 2

Decision-Making
Strategy

Decision 3: Evasive Action

Continue Maneuver

Emergency Braking

Emergency Stopping Lane

Maneuver DeC|S|on Level (MDL)

% heudiasyc > prive the most suitable maneuver

Safety Verification

Decision Level (SVDL)

Evasive Action Decision Level (EADL)

-> Safety retrospection over the current maneuver risks




Safety Verification Decision Level based on Predicted Inter-Distance Profile (PIDP)

Ego-vehicle expected
trajectory

eonision- TiIMe To Collision
mPIDP : Minimum de PIDP
€pipp = dsafety -mPIDP

tsyr - Time “Safety Not Respected”

| --- pipp |

E N X
K L
Q 10 ~
y g Y p(t1)
~~~~~ § 8 r BRI
Q i Nl
| G 1 ~ Y
t t t Is _________ P A A e * ............................. - ’dsafety
0 1 2 g al ' S~ €pipp -t
= SRR N N I 0 | NS S B N s - - abead= 2 __'—pcti'—'-—:_'_.. f-’_..e_.dmln
1 ——— e - ——
Obstacle-vehicle, mPIDP . i i
Predicted trajectory o\ : ! : : : L : : : ! Time [s]
'l.'li 0.5 1 1.5 3 2 2.5 3 3.5 1 4.5 ta
tO tl tSNR tcoi;ision tz thorizon
20

- v b [ D ~ ! »
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A a a

Safety Verification Decision Level based on Predicted Inter-Distance Profile (PIDP)

Obstacle’s front (Of)

Vehicle-
Obstacle

PIDPrront

Ego’s front (Ef)
Ryp

Obstacle’s rear h Vehicle
(Or)
PIDP, ¢4

Ego’s rear (Er)

Circles used as buffers to characterize the
different possible collisions

) AR R R
—— PIDP, .4
PIDPrront

=i
f-%

=i
Ma

Safetey Not
Repepected (SNR)

T

=
=

ollision

Safety respected (SR)

teonision- TIMe To Collision
mPIDP : Minimum of PIDP

€pipp = dsafety -mPIDP

tsyr - Time “Safety Not Respected

YA //

Inter — Distance [m]
o

1 dsafety

i dmin
mPIDP;J- — — - Time [s]
0 5[5 1.5 2 2.5 3 3.5 4 4.5 5
tSNR tcollision thorizon

dsafety = dpin + tsafetyvr

With: d,,in = Rga + Rop + Marge; v, relative velocity (between EV and VO)

Safe and Resilient Control Architecture for Autonomous Navigation in Complex Environments
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2 25 3 3.5 4 45 5
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The risk of collision increases when the progress of the Actual Inter-Distance
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- Decision 1=Maintain Velocity
: - Decision 2=

Decision 1: MDL e T
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Setup of the simulation
environment

The initial velocities of
the vehicles:

. Vegomax = 30m/s
* Vo, = 12m/s

* Vo,= 25m/s

* Vo, = 20m/s

5501 A A—— A—— e AR— — - . Ego Vehicle
5 : 5 : 5 : : Obstacles

545 —” """""""""""""" """"""""""""" """"""""""""" """""" —"-Predicted T;ajectory Egp—Vehicle

540 _,h .......................... .......................... .......................... .......................... ......................... .éjbé.t,é.(,:.l,é:.vééhi.d,é..z.._

535

————

: : : : acle-Vehi 1 : _: ;
B TR L1115 | e—— . — - R R |
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Simulation Case: The obstacle-vehicle 1 strongly braking during overtaking and comes to

standstill and obstacle-vehicle 3 accelerating on Lane 2.

560/ ! : ! ' ' !

550

- ion 1=Maintain Veloclty
58 éision 2=Maneuver is safo L
- Decision 3=

5101~

X [m]

Evasive action is to swerve
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Risk Assessment / Management for Safe
Navigation in Complex E/S

Safety Verification Decision Level based on Predlct« b
Some experlmental evaluation &

ORI ‘}‘ Q*‘ma

g Thy
P NAL

.

Ego-1Pcar

/base/Keep_lane_ACC
t=0.0s /base/Lane_Change_Left

0 3 lii ——— - /base/Lane_Change_Right
Experiment performed during the ﬁ’E E igent Vehidles Symposjum —— /base/Maintain_velocity_

IV’19, (Paris, June 2019) ; Jz_(\) fffff e

»
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< Graph

Graph settings Settings

— /base/Keep_lane_ACC
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Graph settings Settings
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[ Reset | Left-Click: Rotate. Middle-Click: Move X/Y. Right-Click/Mouse Wheel:: Zoom. Shift: More options. 31 fps



Risk Assessment / Management for Safe
Navigation in Complex E/S

Application for crossing dense roundabout [Bellingard. PhD 2023] heudi
eudiasyc
Use of Limit-Cycles and PIDP to ensure safe and flexible roundabout crossing
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Overview of the proposed Multi-Risk Assessment and Management (MRAM) control architecture
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K. Bellingard, L. Adouane and F. Peyrin, “Safe and Adaptive Roundabout Insertion for Autonomous Vehicle based Limit-cycle and Predicted Inter-Distance Profiles”, European Control Conference (ECC). 2023.

K. Bellingard, L. Adouane and F. Peyrin, “Risk Assessment and Management based on Neuro-Fuzzy System for Safe and Flexible Navigation in Unsignalized Intersection”, IEEE Intelligent Vehicles Symposium (V). 2023
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Multi-Risk Assessment and Management proposed Strategy

1) Adaptive Neuro-Fuzzy PD controller for each dangerous vehicle

d
v(t) = Kyepipp(t) + Ky —£IDE

ot
Where:
Ky, K4 are updated dynamically according - g
to a Neuro-Fuzzy controller F(tsyg, epipp)

%0

80

160 180 200
X [m)

II) Select the most dangerous Obstacle-Vehicle for each group
(G1 and G2 : Respectively With Front and Back Risk of Collision)

v(t) = w.v61(1) + (1 — w) vga () |
Where: 141 —  PIDP Group1

—— PIDP Group 2
w IS a Fuzzy variable to obtain the | ) — Front detected SNR
B --. Back detected SNR
right balance between the speed 1|

profiles computed for the two groups

g
F
-

- . ‘v - . - Al i~ I E ?
vy fh dia PIDP of the most dangerous vehicles of the o — S — DEE— —
euaia two identified groups 0 e o ' ' o

Time [s]

‘ollision i

Safety respected (SR)

Safetey Not
Repepected (SNR)

Collision

L 4 <
) tsNRr Leollision
Current time

B cco Vehicle

I Octected Obstacles (8,3 m/s)
Obstacles without

[ influence (8,3 m/s)

w Planned trajectory based on
Limit-Cycle

= Ego’s trajectory
through Lporizon

thorizon




Risk Assessment / Management for Safe
Navigation in Complex E/S

Imuiations ana experiments
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» Homogenous and Hybrid Multi-Controller Architectures to lead gradually, and in a generic way toward
fully autonomous navigation even in complex contexts / environments

» Homogenization and Standardization of tasks’ modeling/planning/control/risk assessment & management:
v Homogenous set-points definition and appropriate stable and Robust control laws
v Reference frames to guide the tasks achievements (e.g., obstacle avoidance, navigation though successive
waypoints)

» Decision-making process to deal with uncertainty and to anticipate dangerous situations though the
behaviors’ prediction of the surrounding entities
= Good balance between risk management and the AV operationality (not too conservative)
v Appropriate metrics for risk assessment and management (PIDP, sPIDP, etc.) and to anticipate the
future actions
v  Probabilistic robotics as efficient framework for sequential and real-time risk assessment & management.

» Flexible and reliable obstacle avoidance controller as an important component for safe navigation

» Even more Homogenization and Standardization of multi-controller architectures
» Reach the good balance between the contribution/use of “Model based” and “Machine learning” approaches.
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