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Autonomy in the real world is hard



But: Pretty when it works…

Ma, Kolathaya, Ambrose, Hubicki, Ames, HSCC 2017



Question: How do we make safety guarantees?



Autonomy: The Big Picture

?

Discrete

Continuous



?

Plant
Reher, Ma, AA, ECC 2019

Invariance: “avoid things”

Tasks: “do things”
Discrete

Continuous

?



Low Level Control

?

Control barrier functions Control Lyapunov Functions

stability



Control Lyapunov Functions
Control Lyapunov Functions

stability
Lyapunov (1892) 

Sontag (1989) 



Lyapunov (1892) 

Control Lyapunov Functions
Control Lyapunov Functions

stability
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Human-Like Walking

AA, TAC 2014

AA, Galloway, Sreenath, Grizzle, TAC 2014

Reher, Hereid, Kolathaya, Hubicki, AA, WAFR 2016

+ Theorem ⟹ Stable Walking 



Gurriet, Finet, Boeris, Hereid, Harib, Masselin, Grizzle, AA, ICRA 2018

First dynamic walking (without crutches) for paraplegics

+ Theorem ⟹ Stable Walking 
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Rapid Gait Generation on Quadrupeds

Ma, AA, ICRA 2020

+ Theorem ⟹ Stable Walking 



Application to Quadrupeds

Ma, AA, ICRA 2020, CSL 2020

+ Theorem ⟹ Stable Walking 



Theorems imply generality…

15

Simulation vs. Reality

Lab ExperimentsFlat Ground Outdoor Walking

Rough Terrain Walking

+ Theorem ⟹ Stable Walking 



16Reher, Ma, AA, ECC 2019

Safety-Critical Walking



?

Control Lyapunov Functions

stability

Control barrier functions



Control barrier functions

Embedding

↩

⟹ Need something more general than 
Lyapunov

Control Lyapunov Functions

stability

AA, Coogan, Egerstedt, Notomista, Sreenath, Tabuada, ECC 2019 

(includes brief history)



Ames, Tabuada, Grizzle (2014)

Bridging the Gap
Control barrier functions

AA, Tabuada Grizzle, CDC 2014

AA, Xu, Tabuada Grizzle, TAC 2017

Control Barrier Functions

Provide necessary and sufficient conditions for set 
invariance, i.e., safety – on the entire safe set



Bridging the Gap
Control barrier functions

Safety (barrier function) constraint

Existing (desired) controller

AA, Tabuada Grizzle, CDC 2014

AA, Xu, Tabuada Grizzle, TAC 2017

Safety Filters

Filter a given control input to guarantee safety:



Bridging the Gap
Control barrier functions

AA, Tabuada Grizzle, CDC 2014

AA, Xu, Tabuada Grizzle, TAC 2017

Safety Filters

Filter a given control input to guarantee safety.

No Control Barrier function ⟹ Unsafe

With Control Barrier function ⟹ Safe

Existing (desired) controller

Safety (barrier function) constraint



Bridging the Gap
Control barrier functions

AA, Xu, Tabuada Grizzle, TAC 2017

Embedding

↩

Control Lyapunov Functions

stability



Joint with: Egersted (GaTech), Tabuada (UCLA), Grizzle (UMich), 

Feron (GaTech), Xu (UW), Wandercraft, Hutter (ETH), Orosz (UMich)

Walking Robots

Multi-Robot Systems

Collision Avoidance

Automotive Systems



Application to Automotive Systems

24

Adaptive Cruise Control (ACC)

• Safety Constraints: “half 
the speedometer” 
following rule

• Control Objectives: 
Achieve a desired speed. 

Lane Keeping

• Safety Constraints: Stay in 
the lane for all time

• Control Objectives: 
Achieve reference signal

Safety (Barrier function) constraint

Existing (desired) controllers

Xu, Grizzle, Tabuada and AA, TASE 2018



Car Lane = 𝒉(𝒙)

Human = 𝒖𝒅𝒆𝒔

Yuxiao Chen (unpublished)

Lane Keeping



Distance = 𝒉(𝒙) Human = 𝒖𝒅𝒆𝒔

Alan, Taylor, He, Orosz and AA, 2020 (In Preparation) 

Adaptive Cruise Control

Joint work with: Orosz (UMich)



Wang, AA, Egerstedt, TRO 2017

http://robotarium.github.io/
Joint work with: Egerstedt (GT)

Desired Controller: Go straight

Multi-Robot Systems



Wang, AA, Egerstedt, ICRA 2017

Human = 𝒖𝒅𝒆𝒔

Wang, AA, Egerstedt, ICRA 2017 Joint work with: Egerstedt (GT)

Multi-Robot Systems



Singletary, Klingebiel, Bourne, Browning, Tokumaru, AA, 

Submitted to RAL/ICRA 2020

Obstacle Avoidance 

Safe Set

𝒉 𝒙 ≥ 𝟎

Go to waypoint = 𝒖𝒅𝒆𝒔

Joint work with: AeroVironment



Control Barrier Functions Artificial Potential Fields

Singletary, Klingebiel, Bourne, Browning, Tokumaru, AA, 

Submitted to RAL/ICRA 2020



Joint work with: Hutter (ETH)

Robotic Walking

Location of stepping 

stones = 𝒉(𝒙)

Grandia, Taylor, AA and Hutter, 

RAL/ICRA 2020 (submitted)

Desired Controller: Stable Walking



Barrier Functions on Exos

32

Human = 𝒖𝒅𝒆𝒔

Tubes around 

Trajectories = 𝒉(𝒙)

Main Idea: Barrier Functions for 
assist-as-needed control on exos

Barriers on ExoEight Subjects Tested

Metabolic Cost Evaluated

Gurriet, Tucker, Duburcq, Boeris, AA,RAL 2020



Back to the Big Picture

Control 

Barrier 

Functions

Aerial Robots

Need: Unify 
high and low 
level methods

Ground Robots



Multi-Robot Coordination

?

Markov Decision Processes (MDP)

Nilsson and AA, CDC 2018

Nilsson, Haesaert, Vasile, Thakker, Agha, Murray, AA, RSS 2018

Need provably safe behavior



High Level Specifications

?

Markov Decision Processes (MDP)

Safety-Critical POMDPs



Control 

Barrier 

Functions

Safe Multi-Robot Coordination

Safety-Critical POMDPs



Control 

Barrier 

Functions

Safe Multi-Robot Coordination

Safety-Critical POMDPs

Dynamics:

Safe Set: 

Specifications: 

Heterogeneous robot team safely exploring

Ahmadi, Singletary, Burdick and AA, CDC 2019

Jones, Schwager, Belta, CDC 2013

Ahmadi, Jansen, Wu, Topcu, IEEE TAC 2020



Safe Multi-Robot Coordination: Discrete Time Barriers

Control 

Barrier 

Functions

Ahmadi, Singletary, Burdick and AA, CDC 2019

Heterogeneous robot team safely exploring

Safety-Critical POMDPs

Dynamics:

Safe Set: 

Specifications: 



Safe Multi-Robot Coordination: Composing Safe Sets

Ahmadi, Singletary, Burdick and AA, CDC 2019

Heterogeneous robot team safely exploring

Safety-Critical POMDPs

Dynamics:

Safe Set: 

Specifications: 

Intersection Union



Safe Multi-Robot Coordination: Safety Specifications

Control 

Barrier 

Functions

Ahmadi, Singletary, Burdick and AA, CDC 2019

Safety-Critical POMDPs

Dynamics:

Safe Set: 

Specifications: 

Control 

Barrier 

Functions

Safety Specifications

Unsafe

Safe



Safe Multi-Robot Coordination
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Safety-Critical POMDPs

Dynamics:

Safe Set: 

Specifications: 



Safety-Critical Planning
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Rosolia and AA, CSL/CDC 2020

Akella, Rosolia, Singletary and AA, CSL/ACC 2020 

(submitted)

Rosolia, Singletary, Chen and AA, RAL/ICRA 2020 

(submitted)

Chen, Rosoli and AA, RAL/ICRA 2020 (submitted)

Safe Multi-Robot Coordination



Next Steps: Safe Multi-Robot Coordination



Control 

Barrier 

Functions

Conclusion: Safety-Critical Autonomy

ℎ(𝑥)

Safety 
Filter 

Future Work:

o More underlying theory and synthesis

o Continue to apply experimentally

o Translate to real-world systems

Research supported by: NSF CPS, NSF NRI, 

AFOSR, DARPA, Wandercraft, Disney, JPL

o Stability: 

o Safety: 

o View toward autonomy 

o Applications to a variety of domains



Control 

Barrier 

Functions

ℎ(𝑥)

Walking Robots

Multi-Robot Systems

Collision Avoidance

Conclusions – Next Steps

Robotic Assistance
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Goal: Robust Safety

CBFs with uncertainty

Robust CBFs with uncertainty Gurriet, Nilsson, Singletary, AA, ACC 2019, Access (submitted)
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Learning + CBFs

Taylor, Singletary, Yue, AA, L4DC 2020
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Autonomy on Legged Robots

Xiong, AA, IROS 2018

Xiong, Reher, AA, ICRA 2020 (submitted)



Reher, AA, RAL/ICRA 2020 (submitted)

+ Theorem ⟹ Stable Walking 



Robotic Assistive Devices
www.roams.caltech.edu
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Learning + Control of Assistive Devices

Gao, Gehlhar, AA, Liu, Delbruck, ICRA 2020



52Tucker, Novoseller, Kann, Sui, Yue, Burdick, AA, ICRA 2020

Learning + Control of Assistive Devices



Restoring Mobility



Interacting with Robotic Systems

54

Goal: Safe Real World Autonomy

Thank You


