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Motivation

5 advices from Richard Murray

(CSS Award Speech, 2017)

 be increasingly multilingual

 spread the gospel

 embrace diversity

 master the TCA cycle

 get out the box

Theory

Applic
ation

Compu
tation



Motivation



Adaptive 

Cruise 

Control

(ACC)

Connected 

Cruise 

Control

(CCC)

Cooperative 

Adaptive 

Cruise 

Control

(CACC)



Control system:
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Control Barrier Function 101

Safe set:

Safety as forward invariance:

Safe set constructed super-level set:

Goal: synthesize    so that            stays nonnegative



Control Lyapunov functions (CLFs)

Approach equilibrium exponentially
with some minimum rate

Control barrier functions (CBFs)

Approach safe set boundary
with some maximum rate
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Control Barrier Function 101



Control how fast the safe set boundary is approached

controllers

that satisfy

ensure safety:

 Analytical solution (single input):

Control Barrier Function 101

Theorem:

Control synthesis via optimization:
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Control Barrier Function 101



Connected Cruise Control

CBF Applied to Vehicle Control

Dynamical model:

Safety measure:

Safety critical control:



Connected Cruise Control Experiments

Acceleration

Constant Speed

Braking

Connected Cruise Control



Connected Cruise Control Experiments

Acceleration

Constant Speed

Braking

Connected Cruise Control



Connected Cruise Control

CBF Applied to Truck Control

Dynamical model:

Safety measure:

Safety critical control:









Dynamical model:

Why did the experiment fail?

Disturbances:

Truck’s dynamics are uncertain
(engine, transmission, brakes, tires…)

Delay:

Truck is massive, with large response time 
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Delays and Disturbances Destroy Safety
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Content

Disturbances/Environment

Input-to-state safe control barrier functions (ISSf-CBF)

Tunable Input-to-state safe control barrier functions (TISSf-CBF)

Time delays

Input delay  Predictors

Application of safety filters in the real world

Moving from test track to the real world



Input-to-State Safety

Theorem:

+ formulae linking   



Input-to-State Safety

If        safe without disturbance:

Otherwise use QP:

Analytical solution (single input):

Theorem:



Input-to-State Safety

If        safe without disturbance:

Otherwise use QP:

Analytical solution (single input):

Theorem:

Keeps the truck safe but it keeps very large distance all the time!



Tunable Input-to-State Safety

Key idea:

The above construction still works 

if        is strictly monotonically decreasing

Example:

Theorem:



Connected Cruise Control

TISSf-CBF Applied to Truck Control

Dynamical model:

Safety measure:

Safety critical control:







TISSf-CBF Applied to Truck Control



Safety with Time Delay



t

u ሶ𝑣Predictor feedback for delay compensation:

Theorem:

controllers

that satisfy

ensure safety:
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Input Delay



intent of preceding vehicle

Predictors Recover Safety Guarantees

Dynamical model:

Safety measure:

Safety critical control:

Connected Cruise Control



Prediction Errors Contribute to Disturbances

Connected Cruise Control

Dynamical model:

Safety measure:

Safety critical control:



Robust Safety Critical Control is Achieved

Connected Cruise Control

Dynamical model:

Disturbance (unmodelled 1st order lag):

Safety critical control:



Real-world Experiments





Because Traffic has a Memory



Input Delay



tire dynamics hydraulic systems 

machine tool vibrations population dynamics

State Delay



Functional differential equation

State Delay

Control Safety Functional

Infinite dimensional state space



Nondelayed case

Safe set:

How to calculate

Control Barrier Functionals
Delayed case

Theorem:

Control synthesis:

Safe set:

Theorem:

Control synthesis:



Nonlinear functional of 

and linear functional of

Theorem

Example

headpoint point delay distributed delay

Control Barrier Functionals



No delay in safety condition

Closed Loop Safe System

Control law:

Functional differential equation:

Delay in safety condition

Control law:

Neutral Functional differential equation:



Example



Many Ecosystems are at the Verge of Safety

2019 David Attenborough: A Life on Our Planet



Population Dynamics



no control

with control

Population Dynamics
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