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Application: Space Exploration

Guaranteeing Safe Autonomy?
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Model Predictive Control

POMDP planning

Control Barrier Functions



+ Theorem ⟹ Stable Walking 

Reher, AA, TRO 2021 (in prep)
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Provide a framework for safety-critical control:
Necessary and sufficient conditions for set invariance

Control Barrier Functions

Ames, Tabuada Grizzle (2014)
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Multi-Agent Autonomy

+ Theorem ⟹ OptimalityU. Rosolia, and F. Borrelli, TAC’18, TAC’22



Model Predictive Control
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Contracts on 
Tracking bounds

Contracts on 
Operating Conditions

Property (low level safety). The control policy ⇡u(·) from the augmented
system guarantees low level safety for the closed-loop system, if there exists a
set Sx ✓ Xc such that 8x+(tk) 2 Sx \ Xd and 8v+(tk) 2 V we have that

x(t) 2 Sx and u(t) 2 U , 8t 2 (tk, tk+1].

Property (low level tracking). The control policy ⇡u(·) from the augmented
system guarantees low level tracking for the closed-loop augmented system, if
there exists a set Se such that 8e+(tk) = x+(tk)�x̄+(tk) 2 Se, 8x+(tk) 2 Sx\Xd

and 8v+(tk) 2 V we have that

e(t) = x(t)� x̄(t) 2 Se, 8t 2 (tk, tk+1].

Property (mid level safety). The control policy ⇡v(·) guarantees high level
safety for the augmented closed-loop system, if for the initial conditions x(0) =
x̄(0) + e(0) 2 Sx \ Xd and e(0) 2 Se we have that

z 2 Sx \ Xd,

⇡v(z) 2 V, 8z 2 �(x̄�(tk)� Se), 8k 2 {0, 1, . . .}.

Property (mid level tracking). The reset map �e(·) from the augmented
system guarantee high level tracking for the augmented closed-loop system, if for
the initial conditions x(0) = x̄(0) + e(0) 2 Sx \ Xd and e(0) 2 Se we have that

�(z) = �x̄(z) +�e(z),

�e(z) 2 Se, 8z 2 x̄�(tk)� Se, 8k 2 {0, 1, . . .}.
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Safe Interconnection



Comparison with a Naïve MPC
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Minimize time to 
completion

Maximize probability of being safe

MPC constraint

pgoal

<latexit sha1_base64="ySrtrpB9H2741Cgw+jVnsfAHlUk=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquCOqt6MVjBfsB7VqyabYNTTZLMivWpb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMCxPBDXjet1NYWV1b3yhulra2d3bL7t5+06hUU9agSijdDolhgsesARwEayeaERkK1gpH11O/9cC04Sq+g3HCAkkGMY84JWClnltO7rvAHkHLbKCImPTcilf1ZsDLxM9JBeWo99yvbl/RVLIYqCDGdHwvgSAjGjgVbFLqpoYlhI7IgHUsjYlkJshmh0/wsVX6OFLaVgx4pv6eyIg0ZixD2ykJDM2iNxX/8zopRBdBxuMkBRbT+aIoFRgUnqaA+1wzCmJsCaGa21sxHRJNKNisSjYEf/HlZdI8rfpn1cvbs0rtKo+jiA7RETpBPjpHNXSD6qiBKErRM3pFb86T8+K8Ox/z1oKTzxygP3A+fwCVGpO2</latexit>
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Cooperative Task and Path Planning 

Known 
Obstacles

Science 
sample

Uncertain Regions
Rover

Explorer

Search 
completed!

Abort 
mission

Explore for T 
seconds

Search for T seconds

= 1 Update Map 
Information

= 0

> �

<latexit sha1_base64="Cu5e2mflmmmlYXxk6+S3nZWKROQ=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUC9S9OKxgv2ANpTJdtMu3U3i7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFWUNGotYtQPUTPCINQw3grUTxVAGgrWC0e3Ubz0xpXkcPZhxwnyJg4iHnKKxUvuadAcoJfbKFbfqzkCWiZeTCuSo98pf3X5MU8kiQwVq3fHcxPgZKsOpYJNSN9UsQTrCAetYGqFk2s9m907IiVX6JIyVrciQmfp7IkOp9VgGtlOiGepFbyr+53VSE176GY+S1LCIzheFqSAmJtPnSZ8rRo0YW4JUcXsroUNUSI2NqGRD8BZfXibNs6p3Xr26P6/UbvI4inAEx3AKHlxADe6gDg2gIOAZXuHNeXRenHfnY95acPKZQ/gD5/MHZaKPkw==</latexit>
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<latexit sha1_base64="eRSAvKugf8NfqfLGtLlliquyY0c=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkoN6KXjxWsB+QhLLZbtqlu5u4OxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRxySZpqxNE5HoXkQME1yxNnAQrJdqRmQkWDca38787hPThifqASYpCyUZKh5zSsBKfiDYIw6GRErSr9bcujsHXiVeQWqoQKtf/QoGCc0kU0AFMcb33BTCnGjgVLBpJcgMSwkdkyHzLVVEMhPm85On+MwqAxwn2pYCPFd/T+REGjORke2UBEZm2ZuJ/3l+BvFVmHOVZsAUXSyKM4EhwbP/8YBrRkFMLCFUc3srpiOiCQWbUsWG4C2/vEo6F3WvUb++b9SaN0UcZXSCTtE58tAlaqI71EJtRFGCntErenPAeXHenY9Fa8kpZo7RHzifP/YNkRE=</latexit>

P⇡s(!s |=  s)

<latexit sha1_base64="ko5lCYzidec4tYnddpL3qg6fpNM=">AAACGHicbVDLSgMxFM3UV62vqks3wSLUTZ2RgrorunFZwT6g05ZM5rYNTSZDkhHK0M9w46+4caGI2+78G9PHQlsPhHs4515y7wlizrRx3W8ns7a+sbmV3c7t7O7tH+QPj+paJopCjUouVTMgGjiLoGaY4dCMFRARcGgEw7up33gCpZmMHs0ohrYg/Yj1GCXGSt38RbWT+jHr6nHRDyQP9UjYkvpSQJ+MOxr7QobAbY016+jzbr7gltwZ8CrxFqSAFqh28xM/lDQREBnKidYtz41NOyXKMMphnPMTDTGhQ9KHlqUREaDb6eywMT6zSoh7UtkXGTxTf0+kROjpxrZTEDPQy95U/M9rJaZ33U5ZFCcGIjr/qJdwbCSepoRDpoAaPrKEUMXsrpgOiCLU2CxzNgRv+eRVUr8seeXSzUO5ULldxJFFJ+gUFZGHrlAF3aMqqiGKntErekcfzovz5nw6X/PWjLOYOUZ/4Ex+ANWCoOU=</latexit>

Maximize probability 
of gathering useful 

measurements

Minimize time to 
completion

Decentralized multi-agent safety shield



Cooperative Task and Path Planning 
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Conclusion + Future Work

Summary
o Goal: Safe Multi-Robot Systems
o Safety with Control Barrier Functions
o Safety at Discrete Planning level
o Towards the Unification Across Layers
o Experimental Realization

Future Work
o Goal: Robust Real-World Autonomy
o Control Barrier Functions + Sensing
o Planning in Natural Environments
o Realization on Dynamic Robots
o Applications to Space Exploration
o Applications to “Partners”



Reher, AA, ICRA 2021 (to appear)

Thank You

Next Steps: Real-World Autonomy


