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Year

1990 2004-2007 

DARPA Grand 

Challenge

From mobile robotics to autonomous vehicles

(some key dates)

VaMP

First autonomous car

Europe

First appearance of

ADAS

Anti Block System

(ABS)

1970 2015-2018

First accidents with 

autonomous car: 

Google, Uber, Tesla

2017 2020

IEEE standardization of 

safety

Google Car

2010

ADAS: Advanced driver-assistance systems

SAE: Society of Automotive Engineers

SAE 2015

Responsibility-

Sensitive Safety 

(RSS) by Mobileye

Autonomous vehicles: Key dates 
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Control 
Architectures

Classical 
architecture

Multi-Controller 
Architectures

End-to-end 
architectures

Hybrid 
Architectures

[1] Ziegler, J., Bender, P., Schreiber, M., Lategahn, H., Strauss, T., Stiller, C., Dang, T., Franke, U.,

Appenrodt, N., Keller, C. G., et al. (2014). Making bertha drive—an autonomous journey on a historic

route. IEEE Intelligent transportation systems magazine, 6(2):8–20.

[2] Bansal, M., Krizhevsky, A., et Ogale, A. (2018). ChauffeurNet: Learning to driveby imitating the best

and synthesizing the worst.arXiv preprint arXiv:1812.03079.

[3] Schubert, R. (2012).Evaluating the utility of driving: Toward automated decision making under

uncertainty. IEEE Transactions on Intelligent Transportation Systems, 13(1):354–364.

Overview of  the main control architectures 
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(a) Local planned path (based on RS)

(b) Global planned path (based on Frenet ref. frame)

(c) General static/ dynamic targets

HHMCA for Flexible and Reliable Navigation in Complex and 

Uncertain Environment/Situation (embedded in each vehicle)

✓ Homogenous set-points definition to achieve sub-tasks 

Target ≡ T (xT, yT, θT, vT, wT)

✓ Appropriate stable control law based on 

Lyapunov synthetizis

✓ HybridRC – Reactive/Cognitive (appropriate Balance)

HybridCD – Continuous/Discrete (Global Stability,

Smoothness, Safety of controllers switch/fusion, etc.)

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

Multi-Controller Architectures”, Book ISBN: 9781498715584, 228 pages,

Taylor & Francis - CRC Press, April 2016.

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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[Vilca et al. RAS 2015], J.M Vilca, L. Adouane and Y.

Mezouar, A novel safe and flexible control strategy based on

target reaching for the navigation of urban vehicles. Robotics

and Autonomous Systems (RAS), volume 70, pages 215-

226, August 2015.

YG

OG

y

γ 

XG

Om

x

Target

θ 

vT 
ex

ey

θT 

eθ 

Icc

γ 

θRT 

eRT 
yT

xT

v 

Robot’s Kinematic model

Target’s kinematic model

Control law (based on Lyapunov synthesis) 

Where:

and

and

Appropriate control law for Tricycle robots [Vilca et al. RAS 2015]

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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PELC mathematical formulation

Where:

and:
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- A and B characterize respectively major and minor surrounded ellipse axes 

- Kp PELC offset

- r = 1 for Clockwise PELC and r = -1 for Counter-clockwise
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μ↑

[Adouane 17, RAS], L. Adouane, Reactive versus cognitive vehicle navigation based on optimal local and global 

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]

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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Some simulations and experiments 

Obstacle-avoidance based on limit-cycles Short- vs. long-term navigation based on PELC

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

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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dj ✓ Flexible navigation between waypoints

(defined as static targets T (xT, yT, θT, vT ))

✓ Smooth switch between waypoints

using appropriate reference frames

✓ Ensure maximal distance and angular

errors (Edis and Eangle respectively)

:
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Flexible and Smooth navigation through waypoints [Vilca. PhD 2015]

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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Sequential scattered waypoints Close sequential waypoints Experiments 

Flexible and Smooth navigation through waypoints [Vilca. PhD 2015]

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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HHMCA for Flexible and Reliable Navigation in Complex and 

Uncertain Environment/Situation (embedded in each vehicle)

Cooperative navigation (Formation parameters)

Cooperative navigation based on sequential target reaching/tracking [Vilca et al. 2019, T-ITS]

[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.

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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Navigation in formation in urban environment Dynamic and smooth formation reconfiguration 

Cooperative navigation based on sequential target reaching/tracking [Vilca et al. 2019, T-ITS]

Homogenous and Generic Multi-controller 
Architectures for Autonomous vehicles
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HHMCA for Flexible and Reliable Navigation in Complex and 

Uncertain Environment/Situation (embedded in each vehicle)

Cooperative navigation (Formation parameters)

Risk assessment and Decision making

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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Elliptic Limit-Cycles parameters updated for highway 

environments:

•alc Longitudinal safety distance 𝑎𝑙𝑐 = 0.5𝑙𝑏 +𝑡𝑠𝑣𝑟
•blc Lateral safety distance 𝑏𝑙𝑐 = 𝑤𝑏 + 𝐿𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
With: 𝑡𝑠 = 2𝑠 , 𝐿𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 1,5m and 𝑣𝑟 the relative velocity

Derive appropriate decision maneuver

in nominal driving
1

Guarantee safety of navigation in 

emergency situations
2

Application for highway environment [Iberraken. PhD 2020]

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

OFF

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 IV’19, Workshop 2019 (FRCA-IAV), Paris, France

Proposed multi-controller architecture

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

Data-Driven
Formalization
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Situation Assessment

Utility_Safety

PosVeh: Ego vehicle Position Estima...

Lane1
Lane2

50.0
50.0

Decision 1: Lane Change Maneuver

LaneChangeLeft
KeepLaneACC
LaneChangeRight
MaintainVelocity

OPosVeh: Observation on ego vehicl...

Lane1
Lane2

50.0
50.0

SL1: Status Of Lane 1 

Dangerous
Occupied
Free

33.3
33.3
33.3

L1: Level of dangerousness Lane 1

0 to 1
1 to 2
2 to 3
3 to 4
4 to 5

20.0
20.0
20.0
20.0
20.0

SL2: Status of Lane 2

Dangerous
Occupied
Free

33.3
33.3
33.3

L2: Level of dangerousness Lane 2

0 to 1
1 to 2
2 to 3
3 to 4
4 to 5

20.0
20.0
20.0
20.0
20.0

Utility_Check

SM: Status of Maneuver

Dangerous
Safe

50.0
50.0

 AC-AIDP: Anomaly Detection criteria

Critical Time Positive
No Anomaly Detected

50.0
50.0

Decision 2: Maneuver Safety Verifica...

Abort Maneuver
Maneuver is Safe

MaxCap: Ego Vehicle's Max Capacity

areq greater amax
areq less or equal amax

50.0
50.0

OMaxCap: Observation on Max Capa...

areq greater amax
areq less or equal amax

50.0
50.0

Utility_Evasive

E-Lane: Endangered Lane based t_cr...

Lane 1
Lane 2
Lane 1 and Lane 2

33.3
33.3
33.3

OE-Lane: Observation Endangered L...

Lane 1
Lane 2
Lane 1 and Lane 2

33.3
33.3
33.3

Decision 3: Evasive Action 

Continue Maneuver
Emergency Braking
Emergency Stoppin...

Critical Time 

𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 based on 

D-PIPD analysis

Required 

Acceleration 𝒂𝒓𝒆𝒒
based 𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

Extended Time To 

Collision 𝑬𝑻𝑻𝑪
Extended Time To 

Collision 𝑬𝑻𝑻𝑪

Position 

Estimation of the 

Ego Vehicle

Maneuver Decision Level (MDL) Evasive Action Decision Level (EADL)Safety Verification 

Decision Level (SVDL)

Size: 72 Size: 16 Size: 36

Endangered Lane 

𝑬𝑳𝒂𝒏𝒆 based 𝒕𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍

Decision-Making 

Strategy

g Lane

Verification

ane
e

Decision 1 Decision 2 Decision 3

Sequential Decision Network for Maneuver Selection and Verification (SDN-MSV)

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

→ Drive the most suitable maneuver → Safety retrospection over the current maneuver risks
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Safety Verification Decision Level based on Predicted Inter-Distance Profile (PIDP) 

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

𝑰𝒏
𝒕𝒆
𝒓
−
𝑫
𝒊𝒔
𝒕𝒂
𝒏
𝒄
𝒆

[m
]

𝑻𝒊𝒎𝑒 [s]

𝑡ℎ𝑜𝑟𝑖𝑧𝑜𝑛

𝑃𝐼𝐷𝑃

𝑡0 𝑡1 𝑡2

𝑝(𝑡0)

𝑝(𝑡1)

𝑝(𝑡2)

𝑝(𝑡0)

𝑝(𝑡1) 𝑝(𝑡2)
𝑡0

𝑡1
𝑡2

𝑡0 𝑡1 𝑡2

Ego-vehicle expected 

trajectory

Obstacle-vehicle1

Predicted trajectory

𝒅𝒎𝒊𝒏

𝒅𝒔𝒂𝒇𝒆𝒕𝒚

𝒎𝑷𝑰𝑫𝑷

𝒕𝑺𝑵𝑹 𝒕𝒄𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏

𝑒𝑃𝐼𝐷𝑃

tCollision : Time To Collision 

𝑚𝑃𝐼𝐷𝑃 : Minimum de PIDP

𝒆𝑷𝑰𝑫𝑷 = 𝒅𝒔𝒂𝒇𝒆𝒕𝒚 - 𝒎𝑷𝑰𝑫𝑷

𝒕𝑺𝑵𝑹 : Time “Safety Not Respected”
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Safety Verification Decision Level based on Predicted Inter-Distance Profile (PIDP) 

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏 𝑃𝐼𝐷𝑃𝑟𝑒𝑎𝑟
𝑃𝐼𝐷𝑃𝑓𝑟𝑜𝑛𝑡

𝑚𝑃𝐼𝐷𝑃

𝑡𝑆𝑁𝑅 𝑡ℎ𝑜𝑟𝑖𝑧𝑜𝑛

Vehicle-

Obstacle

Ego 

Vehicle

𝑃𝐼𝐷𝑃𝑓𝑟𝑜𝑛𝑡

𝑃𝐼𝐷𝑃𝑟𝑒𝑎𝑟

𝒅𝒔𝒂𝒇𝒆𝒕𝒚

𝒅𝒔𝒂𝒇𝒆𝒕𝒚 = 𝒅𝒎𝒊𝒏 + 𝒕𝒔𝒂𝒇𝒆𝒕𝒚𝒗𝒓

With: 𝒅𝒎𝒊𝒏 = 𝑹𝑬𝑨 + 𝑹𝑶𝑩 +𝑴𝒂𝒓𝒈𝒆; 𝒗𝒓 relative velocity (between EV and VO)

𝑹𝑬𝑽

𝑹𝑽𝑩

Ego’s rear (Er)

Ego’s front (Ef)

Obstacle’s front (Of)

Obstacle’s rear

(Or)

𝒅𝒎𝒊𝒏

𝑆𝑎𝑓𝑒𝑡𝑦 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑒𝑑 (𝑆𝑅)

𝑆𝑎𝑓𝑒𝑡𝑒𝑦 𝑁𝑜𝑡
𝑅𝑒𝑝𝑒𝑝𝑒𝑐𝑡𝑒𝑑 (SNR)

𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

Circles used as buffers to characterize the

different possible collisions

tCollision : Time To Collision 

𝑚𝑃𝐼𝐷𝑃 : Minimum of PIDP

𝒆𝑷𝑰𝑫𝑷 = 𝒅𝒔𝒂𝒇𝒆𝒕𝒚 - 𝒎𝑷𝑰𝑫𝑷

𝒕𝑺𝑵𝑹 : Time “Safety Not Respected”

𝑡𝒄𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏
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The risk of collision increases when the progress of the Actual Inter-Distance

Profile (AIDP) goes closer to the Expected Lower Safety Boundary (LSB)

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

Anomaly 

Detection 

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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Safety Verification Decision Level based on Predicted Inter-Distance Profile (PIDP) 

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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The initial velocities of 

the vehicles:

• 𝑉𝑒𝑔𝑜𝑚𝑎𝑥
= 30 𝑚/𝑠

• 𝑉𝑂1 = 12 𝑚/𝑠

• 𝑉𝑂2 = 25 𝑚/𝑠

• 𝑉𝑂3 = 20 𝑚/𝑠

Setup of the simulation 

environment

Demonstrative examples in Emergency Situations

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

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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Simulation Case: The obstacle-vehicle 1 strongly braking during overtaking and 

comes to standstill

Evasive action is to continue the lane change maneuver 

(r
ad

)

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

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

Evasive action is to swerve to the emergency lane

(r
ad

)

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

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

Obstacle-IPcar

Ego- IPcar 

Static Virtual 

Obstacle-IPcar

t=0.0s

Experiment performed during the IEEE Intelligent Vehicles Symposium 

IV’19, (Paris, June 2019)

Some experimental evaluation

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

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

Obstacle-IPcar 2

Ego- Vehicle

Dynamic 

Obstacle-IPcar 1

Experiment performed for the documentary of the CNRS 80 years Anniversary

Risk Assessment / Management for Safe 
Navigation in Complex E/S
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Application for crossing dense roundabout  [Bellingard. PhD 2023]

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

Use of Limit-Cycles and PIDP to ensure safe and flexible roundabout crossing

(𝑥𝑠, 𝑦𝑠)

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑙𝑎𝑛𝑒

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑙𝑎𝑛𝑒

Ego-Vehicle

Obstacle-Vehicle

𝑭𝒊𝒓𝒔𝒕 𝑳𝑪
(𝒊𝒏𝒔𝒆𝒓𝒕𝒊𝒐𝒏 𝒊𝒏 𝒊𝒏𝒕𝒆𝒓𝒏𝒂𝒍 𝒍𝒂𝒏𝒆)

𝑺𝒆𝒄𝒐𝒏𝒅 𝑳𝑪
(𝒍𝒂𝒏𝒆 𝒄𝒉𝒂𝒏𝒈𝒆)

𝑻𝒉𝒊𝒓𝒅 𝑳𝑪
(𝒆𝒙𝒕𝒆𝒓𝒏𝒂𝒍 𝒍𝒂𝒏𝒆 𝒂𝒏𝒅 𝒆𝒙𝒊𝒕)

Defined circular limit-cycles paths to manage the entire roundabout

Obstacle-

Vehicle

Predicted

trajectory

𝑷𝑰𝑫𝑷(𝒕)
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Safety distance

definition

𝑡𝑠

𝑂𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠′ 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝑡𝑟𝑎𝑗𝑒𝑐𝑡𝑜𝑟𝑖𝑒𝑠 𝑖 | 𝑖 = 1. . 𝑛

𝑂

𝒎𝑷𝑰𝑫𝑷𝒊

𝒕𝑺𝑵𝑹𝒊

𝑨𝒄𝒄𝑶𝒓𝑫𝒆𝒄𝒊

𝒆𝑷𝑰𝑫𝑷𝒊
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…)
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Desired

trajectory Adaptive

PD

(𝒗𝑮𝟏, 𝒗𝑮𝟐)

𝒕𝒈𝒂𝒑

Multi-Risk Management

𝒆𝑷𝑰𝑫𝑷𝑮𝟏&𝑮𝟐

Fuzzy Fusion 

process

Vehicle

Control law

(𝒗, γ)

Path 

set-

point

Obstacles’ Groups 

definition

Multi-Risk 

Assessment 𝒕𝑺𝑵𝑹𝑮𝟏&𝑮𝟐

𝒗𝒔𝒆𝒕−𝒑𝒐𝒊𝒏𝒕

𝑂𝑛𝑒 𝑔𝑟𝑜𝑢𝑝

𝑇𝑤𝑜 𝑔𝑟𝑜𝑢𝑝𝑠

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

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 (IV). 2023

Overview of the proposed Multi-Risk Assessment and Management (MRAM) control architecture
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Risk Assessment / Management for Safe 
Navigation in Complex E/S

Multi-Risk Assessment and Management proposed Strategy

𝑰𝒏
𝒕𝒆
𝒓
−
𝑫
𝒊𝒔
𝒕𝒂
𝒏
𝒄
𝒆

[m
]

𝑺𝑵𝑹𝑺𝑹

𝑒𝑃𝐼𝐷𝑃

𝑪𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏
𝑃𝐼𝐷𝑃

𝑚𝑃𝐼𝐷𝑃

𝑡ℎ𝑜𝑟𝑖𝑧𝑜𝑛

𝒅𝒔𝒂𝒇𝒆𝒕𝒚

𝒅𝒎𝒊𝒏

𝑆𝑎𝑓𝑒𝑡𝑦 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑒𝑑 (𝑆𝑅)

𝑆𝑎𝑓𝑒𝑡𝑒𝑦 𝑁𝑜𝑡
𝑅𝑒𝑝𝑒𝑝𝑒𝑐𝑡𝑒𝑑 (SNR)

𝐶𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛

𝑡𝑆𝑁𝑅 𝑡𝒄𝒐𝒍𝒍𝒊𝒔𝒊𝒐𝒏
Current time

𝒗 𝒕 = 𝐾𝑝𝒆𝑷𝑰𝑫𝑷 𝒕 + 𝐾𝑑
𝝏𝒆𝑷𝑰𝑫𝑷
𝝏𝒕

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

Where:

𝐾𝑝, 𝐾𝑑 are updated dynamically according 

to a Neuro-Fuzzy controller F(tSNR, 𝑒𝑃𝐼𝐷𝑃)

II) Select the most dangerous Obstacle-Vehicle for each group 

(G1 and G2 : Respectively With Front and Back Risk of Collision) 

𝒗 𝒕 = 𝝎. 𝒗𝑮𝟏 𝒕 + 𝟏 − 𝝎 𝒗𝑮𝟐 𝒕

Where:

𝝎 is a Fuzzy variable to obtain the

right balance between the speed

profiles computed for the two groups

PIDP of the most dangerous vehicles of the 

two identified groups
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Risk Assessment / Management for Safe 
Navigation in Complex E/S

Simulations and experiments   

Statistical study with realistic simulator Experimental validation
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Conclusion and Prospects

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

➢ Homogenization and Standardization of tasks’ modeling/planning/control/risk assessment & management:

✓ Homogenous set-points definition and appropriate stable and Robust control laws

✓ Reference frames to guide the tasks achievements (e.g., obstacle avoidance, navigation though successive

waypoints)

➢ Homogenous and Hybrid Multi-Controller Architectures to lead gradually, and in a generic way toward

fully autonomous navigation even in complex contexts / environments

➢ Even more Homogenization and Standardization of multi-controller architectures

➢ Reach the good balance between the contribution/use of “Model based” and “Machine learning” approaches.

➢ 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)

✓ Appropriate metrics for risk assessment and management (PIDP, sPIDP, etc.) and to anticipate the

future actions

✓ Probabilistic robotics as efficient framework for sequential and real-time risk assessment & management.
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