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Long-Duration Autonomy?
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A Canonical Autonomy Problem

Don’t hit stuff!
2007 DARPA Urban Challenge
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The Hundred-Million-Mile Problem

• A fatal accident happens in the US roughly 
every 100,000,000 miles when cars are 
piloted by human drivers

• Autonomous vehicles must exceed that 
number (by far)

• Lots of weird stuff on the road

K. H. Janstrup, Road Safety Annual Report, 2017
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Heavy-Tail Distributions

• Uncommon events are common
– Models? (Beyond the standard work horses: linearity and Gaussians)
– Cannot discard/discount outliers
– Cannot train on full-coverage data (game engines and simulators)
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Three Observations About Long Duration Autonomy

III. People are not optimal with 
regards to anything. Rather, we are 
remarkably adaptive and resilient.  

II. The only way to understand systems that 
can be deployed over long periods of time is 
to deploy systems over long periods of time.

I. Any attempt at enumerating 
everything the system might 
experience will fail. 

Steinberg, Stack, Paluszkiewicz. Long Duration Autonomy: 
Challenges and Opportunities. Autonomous Robots, 2016.
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Elephants Don’t Play Chess
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The Route

I. Long Duration Autonomy

III. Robot Ecology

II. Swarm Robotics
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A Possible Approach: Forward Invariance

Here it is possible 
not to hit stuff

Here it is not possible 
not to hit stuff

Don’t go unstable!

Don’t run out of battery!

Don’t get disconnected!

These examples all have the same structure: If the system starts in a certain “safe”
set, it should remain in that safe set for all times = FORWARD INVARIANCE!

Don’t hit stuff!

Don’t get lost!

Don’t lose coverage!
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Example: Minimally Invasive Collision Avoidance

Unfortunately, this is mathematical nonsense… Need a constraint involving u!

minimize: “distance” between actual input and nominal input
subject to: always stay “safe” 

nominal controller/input

ẋi = f(xi) + g(xi)ui
<latexit sha1_base64="WmREyd8NDyPS3vuq8N8XzUPmdDE=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilBmRNSNUHDjsoJ9QDsMmTTThmYyQ3JHLKW48VfcuFDErV/hzr8xnc5CqweSHM65N8k9QSK4Bsf5sgoLi0vLK8XV0tr6xuaWvb3T1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUMr6Z+644pzWN5C6OEeRHpSx5ySsBIvr3X7cWA731+GVbMfnTcz47U575ddqpOBvyXuDkpoxx13/40d9E0YhKoIFp3XCcBb0wUcCrYpNRNNUsIHZI+6xgqScS0N85GmOBDo/RwGCuzJOBM/dkxJpHWoygwlRGBgZ73puJ/XieF8MIbc5mkwCSdPRSmAkOMp3ngHleMghgZQqji5q+YDogiFExqJROCOz/yX9I8qbpO1b05LdfO8jiKaB8doApy0TmqoWtURw1E0QN6Qi/o1Xq0nq03631WWrDynl30C9bHN4tNljA=</latexit><latexit sha1_base64="WmREyd8NDyPS3vuq8N8XzUPmdDE=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilBmRNSNUHDjsoJ9QDsMmTTThmYyQ3JHLKW48VfcuFDErV/hzr8xnc5CqweSHM65N8k9QSK4Bsf5sgoLi0vLK8XV0tr6xuaWvb3T1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUMr6Z+644pzWN5C6OEeRHpSx5ySsBIvr3X7cWA731+GVbMfnTcz47U575ddqpOBvyXuDkpoxx13/40d9E0YhKoIFp3XCcBb0wUcCrYpNRNNUsIHZI+6xgqScS0N85GmOBDo/RwGCuzJOBM/dkxJpHWoygwlRGBgZ73puJ/XieF8MIbc5mkwCSdPRSmAkOMp3ngHleMghgZQqji5q+YDogiFExqJROCOz/yX9I8qbpO1b05LdfO8jiKaB8doApy0TmqoWtURw1E0QN6Qi/o1Xq0nq03631WWrDynl30C9bHN4tNljA=</latexit><latexit sha1_base64="WmREyd8NDyPS3vuq8N8XzUPmdDE=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilBmRNSNUHDjsoJ9QDsMmTTThmYyQ3JHLKW48VfcuFDErV/hzr8xnc5CqweSHM65N8k9QSK4Bsf5sgoLi0vLK8XV0tr6xuaWvb3T1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUMr6Z+644pzWN5C6OEeRHpSx5ySsBIvr3X7cWA731+GVbMfnTcz47U575ddqpOBvyXuDkpoxx13/40d9E0YhKoIFp3XCcBb0wUcCrYpNRNNUsIHZI+6xgqScS0N85GmOBDo/RwGCuzJOBM/dkxJpHWoygwlRGBgZ73puJ/XieF8MIbc5mkwCSdPRSmAkOMp3ngHleMghgZQqji5q+YDogiFExqJROCOz/yX9I8qbpO1b05LdfO8jiKaB8doApy0TmqoWtURw1E0QN6Qi/o1Xq0nq03631WWrDynl30C9bHN4tNljA=</latexit><latexit sha1_base64="WmREyd8NDyPS3vuq8N8XzUPmdDE=">AAACAnicbVDLSgMxFM3UV62vUVfiJliEilBmRNSNUHDjsoJ9QDsMmTTThmYyQ3JHLKW48VfcuFDErV/hzr8xnc5CqweSHM65N8k9QSK4Bsf5sgoLi0vLK8XV0tr6xuaWvb3T1HGqKGvQWMSqHRDNBJesARwEayeKkSgQrBUMr6Z+644pzWN5C6OEeRHpSx5ySsBIvr3X7cWA731+GVbMfnTcz47U575ddqpOBvyXuDkpoxx13/40d9E0YhKoIFp3XCcBb0wUcCrYpNRNNUsIHZI+6xgqScS0N85GmOBDo/RwGCuzJOBM/dkxJpHWoygwlRGBgZ73puJ/XieF8MIbc5mkwCSdPRSmAkOMp3ngHleMghgZQqji5q+YDogiFExqJROCOz/yX9I8qbpO1b05LdfO8jiKaB8doApy0TmqoWtURw1E0QN6Qi/o1Xq0nq03631WWrDynl30C9bHN4tNljA=</latexit>

min
u

ku� unk2
<latexit sha1_base64="ZG1Q3jndbLL2q7lsg1uXYfDAq5w=">AAACJnicbVDLSsNAFJ34rPUVdekmWAQ3lqSIuhEKblxWsA9oYphMJu3QySTMTISQ5mvc+CtuXFRE3PkpTtpAtfXAwJlz7uXee7yYEiFN80tbWV1b39isbFW3d3b39vWDw46IEo5wG0U04j0PCkwJw21JJMW9mGMYehR3vdFt4XefMBckYg8yjbETwgEjAUFQKsnVbzLbJyKmMBUypTizQ8JcO4Ry6AVZkue5PZ7/zufUZfb4seHqNbNuTmEsE6skNVCi5eoT249QEmImEYVC9C0zlk4GuSSI4rxqJwLHEI3gAPcVZTDEwsmmZ+bGqVJ8I4i4ekwaU/V3RwZDIdLQU5XFnmLRK8T/vH4ig2snIyxOJGZoNihIqCEjo8jM8AnHSNJUEYg4UbsaaAg5RFIlW1UhWIsnL5NOo26Zdev+ota8LOOogGNwAs6ABa5AE9yBFmgDBJ7BK5iAd+1Fe9M+tM9Z6YpW9hyBP9C+fwDVE6he</latexit><latexit sha1_base64="ZG1Q3jndbLL2q7lsg1uXYfDAq5w=">AAACJnicbVDLSsNAFJ34rPUVdekmWAQ3lqSIuhEKblxWsA9oYphMJu3QySTMTISQ5mvc+CtuXFRE3PkpTtpAtfXAwJlz7uXee7yYEiFN80tbWV1b39isbFW3d3b39vWDw46IEo5wG0U04j0PCkwJw21JJMW9mGMYehR3vdFt4XefMBckYg8yjbETwgEjAUFQKsnVbzLbJyKmMBUypTizQ8JcO4Ry6AVZkue5PZ7/zufUZfb4seHqNbNuTmEsE6skNVCi5eoT249QEmImEYVC9C0zlk4GuSSI4rxqJwLHEI3gAPcVZTDEwsmmZ+bGqVJ8I4i4ekwaU/V3RwZDIdLQU5XFnmLRK8T/vH4ig2snIyxOJGZoNihIqCEjo8jM8AnHSNJUEYg4UbsaaAg5RFIlW1UhWIsnL5NOo26Zdev+ota8LOOogGNwAs6ABa5AE9yBFmgDBJ7BK5iAd+1Fe9M+tM9Z6YpW9hyBP9C+fwDVE6he</latexit><latexit sha1_base64="ZG1Q3jndbLL2q7lsg1uXYfDAq5w=">AAACJnicbVDLSsNAFJ34rPUVdekmWAQ3lqSIuhEKblxWsA9oYphMJu3QySTMTISQ5mvc+CtuXFRE3PkpTtpAtfXAwJlz7uXee7yYEiFN80tbWV1b39isbFW3d3b39vWDw46IEo5wG0U04j0PCkwJw21JJMW9mGMYehR3vdFt4XefMBckYg8yjbETwgEjAUFQKsnVbzLbJyKmMBUypTizQ8JcO4Ry6AVZkue5PZ7/zufUZfb4seHqNbNuTmEsE6skNVCi5eoT249QEmImEYVC9C0zlk4GuSSI4rxqJwLHEI3gAPcVZTDEwsmmZ+bGqVJ8I4i4ekwaU/V3RwZDIdLQU5XFnmLRK8T/vH4ig2snIyxOJGZoNihIqCEjo8jM8AnHSNJUEYg4UbsaaAg5RFIlW1UhWIsnL5NOo26Zdev+ota8LOOogGNwAs6ABa5AE9yBFmgDBJ7BK5iAd+1Fe9M+tM9Z6YpW9hyBP9C+fwDVE6he</latexit><latexit sha1_base64="ZG1Q3jndbLL2q7lsg1uXYfDAq5w=">AAACJnicbVDLSsNAFJ34rPUVdekmWAQ3lqSIuhEKblxWsA9oYphMJu3QySTMTISQ5mvc+CtuXFRE3PkpTtpAtfXAwJlz7uXee7yYEiFN80tbWV1b39isbFW3d3b39vWDw46IEo5wG0U04j0PCkwJw21JJMW9mGMYehR3vdFt4XefMBckYg8yjbETwgEjAUFQKsnVbzLbJyKmMBUypTizQ8JcO4Ry6AVZkue5PZ7/zufUZfb4seHqNbNuTmEsE6skNVCi5eoT249QEmImEYVC9C0zlk4GuSSI4rxqJwLHEI3gAPcVZTDEwsmmZ+bGqVJ8I4i4ekwaU/V3RwZDIdLQU5XFnmLRK8T/vH4ig2snIyxOJGZoNihIqCEjo8jM8AnHSNJUEYg4UbsaaAg5RFIlW1UhWIsnL5NOo26Zdev+ota8LOOogGNwAs6ABa5AE9yBFmgDBJ7BK5iAd+1Fe9M+tM9Z6YpW9hyBP9C+fwDVE6he</latexit>

s.t. h(x) � 0 ⇠ hij(x) � 0, 8(i, j)
<latexit sha1_base64="GntclmumQBE6E1x/mAKGkj6rxlY="></latexit><latexit sha1_base64="GntclmumQBE6E1x/mAKGkj6rxlY="></latexit><latexit sha1_base64="GntclmumQBE6E1x/mAKGkj6rxlY="></latexit><latexit sha1_base64="GntclmumQBE6E1x/mAKGkj6rxlY="></latexit>
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A Key Result

Theorem: The safe set is forward invariant if the 
control input satisfies

for some extended class-K function

Ames,	Xu,	Grizzle,	Tabuada,	TAC’17;	Ames,	Coogan,	Egerstedt,	Notomista,	Sreenath,	Tabuada,	ECC’19

<latexit sha1_base64="CbyVU0vCGtJS3ENqMNWbnXCYCDg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhAQ27ItEyYGMZwTwgu4TZyWx2yOzDmbtiCGls/BUbC0Vs/Qc7/8ZJsoUmHrhwOOfemXuPlwiuwLK+jdzS8srqWn69sLG5tb1j7u41VZxKyho0FrFse0QxwSPWAA6CtRPJSOgJ1vIGVxO/dc+k4nF0C8OEuSHpR9znlICWuuah04sBB6WHk7Ts9NndqUNEEpCSVsrlrlm0KtYUeJHYGSmiDPWu+aWfo2nIIqCCKNWxrQTcEZHAqWDjgpMqlhA6IH3W0TQiIVPuaHrFGB9rpYf9WOqKAE/V3xMjEio1DD3dGRII1Lw3Ef/zOin4l+6IR0kKLKKzj/xUYIjxJBLc45JREENNCJVc74ppQCShoIMr6BDs+ZMXSfOsYlcr9s15sVbN4sijA3SESshGF6iGrlEdNRBFj+gZvaI348l4Md6Nj1lrzshm9tEfGJ8/FOuW/A==</latexit>

ḣ(x, u) � �↵(h(x))
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The Barrier Certificate

<latexit sha1_base64="LDYiaCDcnjk+WkpL8k5rDwLoFcA=">AAACSHicjVC9S8NAHL3Ur1q/oo4uwSK4WBKR6lhwcaxgP6Cp4XL5pT16uYS7i1DS/Hkujm7+DS4Oirh5bTNo6+CDg8d7v697fsKoVLb9YpRWVtfWN8qbla3tnd09c/+gLeNUEGiRmMWi62MJjHJoKaoYdBMBOPIZdPzR9dTvPICQNOZ3apxAP8IDTkNKsNKSZ3puRLmXuT4MKM9m8/JMQJC7EVZDP8zS3AUeFE7uTv5ZeZZ63J3cn3tm1a7ZM1jLxClIFRVoeuazG8QkjYArwrCUPcdOVD/DQlHCIK+4qYQEkxEeQE9TjiOQ/WKpdaKVwApjoR9X1kz92ZHhSMpx5OvK6dFy0ZuKf3m9VIVX/YzyJFXAyXxRmDJLxdY0VSugAohiY00wEVTfapEhFpgonX1Fh+AsfnmZtM9rTr3m3F5UG/UijjI6QsfoFDnoEjXQDWqiFiLoEb2id/RhPBlvxqfxNS8tGUXPIfqFUukbBb+3Ig==</latexit>

min
u

ku� unk2
<latexit sha1_base64="mjPuGQr/yt9zS6znCayrIlV5kgY="></latexit>

s.t. A(x)u � B(x)

QP!

Wang,	Ames,	Egerstedt,	TRO’17;	Emam,	Glotfelter,	Wilson,	Notomista,	Egerstedt,	TRO’22

If the input satisfies the constraint, then, if the system starts safe, it stays safe.

<latexit sha1_base64="CbyVU0vCGtJS3ENqMNWbnXCYCDg=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhAQ27ItEyYGMZwTwgu4TZyWx2yOzDmbtiCGls/BUbC0Vs/Qc7/8ZJsoUmHrhwOOfemXuPlwiuwLK+jdzS8srqWn69sLG5tb1j7u41VZxKyho0FrFse0QxwSPWAA6CtRPJSOgJ1vIGVxO/dc+k4nF0C8OEuSHpR9znlICWuuah04sBB6WHk7Ts9NndqUNEEpCSVsrlrlm0KtYUeJHYGSmiDPWu+aWfo2nIIqCCKNWxrQTcEZHAqWDjgpMqlhA6IH3W0TQiIVPuaHrFGB9rpYf9WOqKAE/V3xMjEio1DD3dGRII1Lw3Ef/zOin4l+6IR0kKLKKzj/xUYIjxJBLc45JREENNCJVc74ppQCShoIMr6BDs+ZMXSfOsYlcr9s15sVbN4sijA3SESshGF6iGrlEdNRBFj+gZvaI348l4Md6Nj1lrzshm9tEfGJ8/FOuW/A==</latexit>

ḣ(x, u) � �↵(h(x))
<latexit sha1_base64="K0p2x++0VggOOLw2a+f2cJPT6/Q=">AAACFHicbVDLTgIxFO3gC/GFunTTSEwgRDJjDLokceMSE14Jg+RO6UBDpzO2HSMhfIQbf8WNC41x68Kdf2MHWCh4kvaenHNv2nu8iDOlbfvbSq2srq1vpDczW9s7u3vZ/YOGCmNJaJ2EPJQtDxTlTNC6ZprTViQpBB6nTW94lfjNeyoVC0VNjyLaCaAvmM8IaCN1s0VXgMcBD/IPhdta3jel2DdXXCi4fXp36gKPBpBP7EI3m7NL9hR4mThzkkNzVLvZL7cXkjigQhMOSrUdO9KdMUjNCKeTjBsrGgEZQp+2DRUQUNUZT5ea4BOj9LAfSnOExlP198QYAqVGgWc6A9ADtegl4n9eO9b+ZWfMRBRrKsjsIT/mWIc4SQj3mKRE85EhQCQzf8VkABKINjlmTAjO4srLpHFWcsol5+Y8VynP40ijI3SM8shBF6iCrlEV1RFBj+gZvaI368l6sd6tj1lryprPHKI/sD5/AFW4m9M=</latexit>

rh(x)T (f(x) + g(x)u)) � �↵(h(x))
<latexit sha1_base64="5xo9Nr57X03vFIxbxJFHoPyKzwI=">AAACHnicbVDLSgMxFM34rPU16tJNsAjtomVGtLosuHFZoS/o1HInzbShmcyYZMRS+iVu/BU3LhQRXOnfmD4WtvVALodz7uXmHj/mTGnH+bFWVtfWNzZTW+ntnd29ffvgsKaiRBJaJRGPZMMHRTkTtKqZ5rQRSwqhz2nd71+P/foDlYpFoqIHMW2F0BUsYAS0kdr2hSfA54B72cfcXaVrauJ16X1+Tg5MzXvA4x5kx0qubWecgjMBXibujGTQDOW2/eV1IpKEVGjCQamm68S6NQSpGeF0lPYSRWMgfejSpqECQqpaw8l5I3xqlA4OImme0Hii/p0YQqjUIPRNZwi6pxa9sfif10x0cNUaMhEnmgoyXRQkHOsIj7PCHSYp0XxgCBDJzF8x6YEEok2iaROCu3jyMqmdFdxiwb09z5SKszhS6BidoCxy0SUqoRtURlVE0BN6QW/o3Xq2Xq0P63PaumLNZo7QHKzvX2SZoBw=</latexit>

rh(x)T g(x)u � �rh(x)T f(x)� ↵(h(x))

<latexit sha1_base64="mjPuGQr/yt9zS6znCayrIlV5kgY="></latexit>

s.t. A(x)u � B(x)
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Constraint-Based Collision Avoidance

Wang, Ames, Egerstedt, TRO’17. Emam, Glotfelter, Wilson, Notomista, Egerstedt, TRO’22.



Magnus Egerstedt, CCC, July 26, 2023

And In the Air

Wang, Ames, Egerstedt, ICRA’17
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Example: Safe Learning

Wang, Theodorou, Egerstedt, ICRA’18, ICRA’20
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The Route

I. Long Duration Autonomy

III. Robot Ecology

II. Swarm Robotics
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“Short-Duration” Swarm Robotics

Barrier to entry:
• Resource intense

Speedbumps:
• Duplication of effort
• Underutilized labs
• Hard to compare, leverage, 

and collaborate

Ji,	Egerstedt,	TRO’07
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The Robotarium

• Robotarium: A Shared, Remote-Access Multi-Robot Laboratory

Vision: An open, remote-access swarm-robotics testbed!
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minimize: “distance” between actual input and user specified input
subject to: always stay “safe” 

Pickem, Glotfelter, Wang, Mote, Ames, Feron, Egerstedt, ICRA’17
Wilson, Glotfelter, Mayya, Notomista, Emam, Cai, Egerstedt, RAL’21

The Robotarium
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Robotarium With Safety

2x

Wilson, Glotfelter, Mayya, Notomista, Emam, Cai, Egerstedt, RAL’21
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Since Aug. 2017: 700+ Labs, 4500+ Users, 7500+ Experiments, 250+ Papers

Registered Users

Wilson,	Glotfelter,	Wang,	Mayya,	Notomista,	Mote,	Egerstedt,	CSM’20
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Collaborative Interactions Through Constraints

state: 
barrier function: 
safe set: 

<latexit sha1_base64="D1V6iD3QXhIfUllpEMqgtsGTou8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9Tn/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeO1nXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVa9W9e4uK/VaHkcRTuAUzsGDK6jDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBe7I3S</latexit>xi
<latexit sha1_base64="gqiOhB9KnSll+B9AtXzDTEWmZd0=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXpHosePFYwX5AuyzZNNuGZrNrkhXL0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBYng2jjONyqsrW9sbhW3Szu7e/sH5cOjto5TRVmLxiJW3YBoJrhkLcONYN1EMRIFgnWC8c3M7zwypXks780kYV5EhpKHnBJjpe7I59Unn5/75YpTc+bAq8TNSQVyNP3yV38Q0zRi0lBBtO65TmK8jCjDqWDTUj/VLCF0TIasZ6kkEdNeNr93is+sMsBhrGxJg+fq74mMRFpPosB2RsSM9LI3E//zeqkJr72MyyQ1TNLFojAV2MR49jwecMWoERNLCFXc3orpiChCjY2oZENwl19eJe2LmluvuXeXlUY9j6MIJ3AKVXDhChpwC01oAQUBz/AKb+gBvaB39LFoLaB85hj+AH3+AGg4j4U=</latexit>

hi(xi)

<latexit sha1_base64="356uqA1VUZsFrW21XBr12PUSzOs=">AAACBHicbZDLSsNAFIYn9VbrLeqym8Ei1E1JRKoboeDGZUV7gSaEyXTSDp1M4sxELLEFN76KGxeKuPUh3Pk2TtsstPWHgY//nMOZ8/sxo1JZ1reRW1peWV3Lrxc2Nre2d8zdvaaMEoFJA0csEm0fScIoJw1FFSPtWBAU+oy0/MHFpN66I0LSiN+oYUzcEPU4DShGSlueWbz26LmT3nt0/DDue7Ss6cjpkVvLGXlmyapYU8FFsDMogUx1z/xyuhFOQsIVZkjKjm3Fyk2RUBQzMio4iSQxwgPUIx2NHIVEuun0iBE81E4XBpHQjys4dX9PpCiUchj6ujNEqi/naxPzv1onUcGZm1IeJ4pwPFsUJAyqCE4SgV0qCFZsqAFhQfVfIe4jgbDSuRV0CPb8yYvQPK7Y1Yp9dVKqVbM48qAIDkAZ2OAU1MAlqIMGwOARPINX8GY8GS/Gu/Exa80Z2cw++CPj8weKnZf9</latexit>

Si = {xi | hi(xi) � 0}

pairwise impact: 
composition: 

<latexit sha1_base64="KKMmAqqy2V/yDNRYiyVcenTUa1M=">AAAB+HicbVBNS8NAEJ34WetHox69LBahgpREpHosePFYwX5AG8Jmu2233WzC7kZaQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF8ScKe0439ba+sbm1nZuJ7+7t39QsA+PGipKJKF1EvFItgKsKGeC1jXTnLZiSXEYcNoMRrczv/lIpWKReNCTmHoh7gvWYwRrI/l2YeCnbDgtjX12MfaH575ddMrOHGiVuBkpQoaab391uhFJQio04ViptuvE2kux1IxwOs13EkVjTEa4T9uGChxS5aXzw6fozChd1IukKaHRXP09keJQqUkYmM4Q64Fa9mbif1470b0bL2UiTjQVZLGol3CkIzRLAXWZpETziSGYSGZuRWSAJSbaZJU3IbjLL6+SxmXZrZTd+6titZLFkYMTOIUSuHANVbiDGtSBQALP8Apv1pP1Yr1bH4vWNSubOYY/sD5/AEPfkss=</latexit>

hij(xi, xj)

<latexit sha1_base64="A0x9SxwCjbjLeBbF0QB3NdwifjE=">AAACFHicbVDLSgMxFM3UV62vUZdugkVoUcqMSHUjFNx0WcE+oB2GTJpp02YmQ5KRlqEf4cZfceNCEbcu3Pk3pu0g2nrgwsk595J7jxcxKpVlfRmZldW19Y3sZm5re2d3z9w/aEgeC0zqmDMuWh6ShNGQ1BVVjLQiQVDgMdL0hjdTv3lPhKQ8vFPjiDgB6oXUpxgpLbnmadWlhZFLz0buoHjdnz+KHR6xWMK+m9DB5Md2zbxVsmaAy8ROSR6kqLnmZ6fLcRyQUGGGpGzbVqScBAlFMSOTXCeWJEJ4iHqkrWmIAiKdZHbUBJ5opQt9LnSFCs7U3xMJCqQcB57uDJDqy0VvKv7ntWPlXzkJDaNYkRDPP/JjBhWH04RglwqCFRtrgrCgeleI+0ggrHSOOR2CvXjyMmmcl+xyyb69yFfKaRxZcASOQQHY4BJUQBXUQB1g8ACewAt4NR6NZ+PNeJ+3Zox05hD8gfHxDSoOnZ4=</latexit>

Hi(xi, xj) = hi(xi)� hij(xi, xj)

<latexit sha1_base64="QDUtILXtZW+4o1+VtOBApqA+ARY=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgpSElEqptCwU1XUsE+oI1hMp20004ezEykJeQX3Pgrblwo4tadO//GaZuFth64cDjnXu69x40YFdI0v7WV1bX1jc3cVn57Z3dvXz84bIow5pg0cMhC3naRIIwGpCGpZKQdcYJ8l5GWO7qe+q0HwgUNgzs5iYjto35APYqRVJKjGzWHGuNipevSfhixWDjJsGKl9zdw4CR0mBpjh56NnWHR0QtmyZwBLhMrIwWQoe7oX91eiGOfBBIzJETHMiNpJ4hLihlJ891YkAjhEeqTjqIB8omwk9lHKTxVSg96IVcVSDhTf08kyBdi4ruq00dyIBa9qfif14mld2UnNIhiSQI8X+TFDMoQTuOBPcoJlmyiCMKcqlshHiCOsFQh5lUI1uLLy6R5XrLKJev2olAtZ3HkwDE4AQawwCWoghqogwbA4BE8g1fwpj1pL9q79jFvXdGymSPwB9rnDzOenJc=</latexit>

Hi(x) =
NM

j=1

hij(xi, xj)

Nguyen, Jabbari, Egerstedt, CDC‘23

<latexit sha1_base64="Cn0D6v0A6+zHZ1V3Uj55tuoPOAQ=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HwFHZFoseAF48RzAOSZZmd9CZDZh/M9Cphzad48aCIV7/Em3/jJNmDJhY0FFXddHcFqRQaHefbWlvf2NzaLu2Ud/f2Dw7tylFbJ5ni0OKJTFQ3YBqkiKGFAiV0UwUsCiR0gvHNzO88gNIiie9xkoIXsWEsQsEZGsm3K32dBRow73MmaXfqC9+uOjVnDrpK3IJUSYGmb3/1BwnPIoiRS6Z1z3VS9HKmUHAJ03I/05AyPmZD6Bkaswi0l89Pn9IzowxomChTMdK5+nsiZ5HWkygwnRHDkV72ZuJ/Xi/D8NrLRZxmCDFfLAozSTGhsxzoQCjgKCeGMK6EuZXyEVOMo0mrbEJwl19eJe2LmluvuXeX1Ua9iKNETsgpOScuuSINckuapEU4eSTP5JW8WU/Wi/VufSxa16xi5pj8gfX5A1m+lAU=</latexit>

⇢ Xi individual (potentially) safe set: 
<latexit sha1_base64="kbnHvZR9HFQwiakg6/veP+HjDrA="></latexit>

Sij = {xi | 9xj s.t. Hi(xi, xj) � 0}
<latexit sha1_base64="Cn0D6v0A6+zHZ1V3Uj55tuoPOAQ=">AAAB+nicbVDLSgNBEJz1GeNro0cvg0HwFHZFoseAF48RzAOSZZmd9CZDZh/M9Cphzad48aCIV7/Em3/jJNmDJhY0FFXddHcFqRQaHefbWlvf2NzaLu2Ud/f2Dw7tylFbJ5ni0OKJTFQ3YBqkiKGFAiV0UwUsCiR0gvHNzO88gNIiie9xkoIXsWEsQsEZGsm3K32dBRow73MmaXfqC9+uOjVnDrpK3IJUSYGmb3/1BwnPIoiRS6Z1z3VS9HKmUHAJ03I/05AyPmZD6Bkaswi0l89Pn9IzowxomChTMdK5+nsiZ5HWkygwnRHDkV72ZuJ/Xi/D8NrLRZxmCDFfLAozSTGhsxzoQCjgKCeGMK6EuZXyEVOMo0mrbEJwl19eJe2LmluvuXeX1Ua9iKNETsgpOScuuSINckuapEU4eSTP5JW8WU/Wi/VufSxa16xi5pj8gfX5A1m+lAU=</latexit>

⇢ Xi
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Pairwise Potential for Collaboration

<latexit sha1_base64="6hfcHy1J/2kS/j1mCTqv67uwoGQ=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCp5KIVI8FLx4rtR/QhrDZbtq1m03YnSgl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5QSK4Bsf5tgpr6xubW8Xt0s7u3v6BXT5s6zhVlLVoLGLVDYhmgkvWAg6CdRPFSBQI1gnG1zO/88CU5rG8g0nCvIgMJQ85JWAk3y43fd7XaaAZ4Kaf8fupb1ecqjMHXiVuTiooR8O3v/qDmKYRk0AF0brnOgl4GVHAqWDTUj/VLCF0TIasZ6gkEdNeNj99ik+NMsBhrExJwHP190RGIq0nUWA6IwIjvezNxP+8XgrhlZdxmaTAJF0sClOBIcazHPCAK0ZBTAwhVHFzK6YjoggFk1bJhOAuv7xK2udVt1Z1by8q9VoeRxEdoxN0hlx0ieroBjVQC1H0iJ7RK3qznqwX6936WLQWrHzmCP2B9fkDRJST+Q==</latexit>

Si ⇢ Sij
<latexit sha1_base64="dv9ju1PriJ9S3t2hpoD3ADPB2RQ=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDBbBVUlEqsuCG5cV7QPaECbTSTt28mBmIoQQf8WNC0Xc+iHu/BsnbRbaeuDCmXPuZe49XsyZVJb1bVTW1jc2t6rbtZ3dvf0D8/CoJ6NEENolEY/EwMOSchbSrmKK00EsKA48Tvve7Lrw+49USBaF9yqNqRPgSch8RrDSkmvW79yMPeQjmXiSKlS8ctdsWE1rDrRK7JI0oETHNb9G44gkAQ0V4VjKoW3FysmwUIxwmtdGiaQxJjM8oUNNQxxQ6WTz5XN0qpUx8iOhK1Rorv6eyHAgZRp4ujPAaiqXvUL8zxsmyr9yMhbGiaIhWXzkJxypCBVJoDETlCieaoKJYHpXRKZYYKJ0XjUdgr188irpnTftVtO+vWi0W2UcVTiGEzgDGy6hDTfQgS4QSOEZXuHNeDJejHfjY9FaMcqZOvyB8fkDF2qVBQ==</latexit>

Sij ⇢ Si
<latexit sha1_base64="vRnRTBYTtVlOSjF+gieyuDeVtQc=">AAACHHicbVBNS8NAEN34bf2qevSyWARPJVGpHgUvHiu1VWhK2GwmdXWzCbsTpYT+EC/+FS8eFPHiQfDfuP0QtPpg4O17M+zMCzMpDLrupzM1PTM7N7+wWFpaXlldK69vtEyaaw5NnspUX4bMgBQKmihQwmWmgSWhhIvw5mTgX9yCNiJV59jLoJOwrhKx4AytFJT3G4HwVYq+yUMDSBtBIa77/h1EXfh+TNj9oFxxq+4Q9C/xxqRCxqgH5Xc/SnmegEIumTFtz82wUzCNgkvol/zcQMb4DetC21LFEjCdYnhcn+5YJaJxqm0ppEP150TBEmN6SWg7E4ZXZtIbiP957Rzjo04hVJYjKD76KM4lxZQOkqKR0MBR9ixhXAu7K+VXTDOONs+SDcGbPPkvae1VvVrVOzuoHNfGcSyQLbJNdolHDskxOSV10iSc3JNH8kxenAfnyXl13katU854ZpP8gvPxBXdXotE=</latexit>

Si 6⇢ Sij ^ Sij 6⇢ Si

collaboration is (potentially) beneficial

collaboration is (for sure) detrimental

unclear

<latexit sha1_base64="bxCqvep22131pvNkzwmblGAHovE=">AAACEnicbVC7TsMwFHV4lvIKMLJYVEiwVAlChbESC2NR6UNqqshxb1q3jhPZDqiK+g0s/AoLAwixMrHxN7iPobQc6UrH59wr33uChDOlHefHWlldW9/YzG3lt3d29/btg8O6ilNJoUZjHstmQBRwJqCmmebQTCSQKODQCAY3Y7/xAFKxWNzrYQLtiHQFCxkl2ki+fV71mafSQIHGVT9j/ZH3CJ0umEd/Tu+zkW8XnKIzAV4m7owU0AwV3/72OjFNIxCacqJUy3US3c6I1IxyGOW9VEFC6IB0oWWoIBGodjY5aYRPjdLBYSxNCY0n6vxERiKlhlFgOiOie2rRG4v/ea1Uh9ftjIkk1SDo9KMw5VjHeJwP7jAJVPOhIYRKZnbFtEckodqkmDchuIsnL5P6RdEtFd27y0K5NIsjh47RCTpDLrpCZXSLKqiGKHpCL+gNvVvP1qv1YX1OW1es2cwR+gPr6xe8JJ4c</latexit>

Si ⇢ Sij ^ Sj ⇢ Sji

(potential for) mutualism

Nguyen, Jabbari, Egerstedt, CDC‘23
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Turtles and Rabbits

Nguyen, Jabbari, Egerstedt, CDC‘23
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The Route

I. Long Duration Autonomy

III. Robot Ecology

II. Swarm Robotics
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From How to What?
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An Ecological Detour

“Biological diversity and richness of behavior are largely driven by constraints”       
– Jon Pauli, Univ. Wisconsin, Madison 

minimize: energy expenditures
subject to: don’t die
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An Ecological Detour

minimize: energy expenditures
subject to: don’t die
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Robots in the Wild

Environmental Monitoring

Precision Agriculture
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Environmental Monitoring

3

minimize: energy expenditures
subject to: don’t die

Hamilton, 1971. Hedrick, Liu, Garvey,  2011. Packer, Gilbert, Pusey, O’Brien 1991. 



Magnus Egerstedt, CCC, July 26, 2023

Environmental Monitoring

minimize: energy expenditures
subject to: don’t die
= don’t collide and always have enough power to return to a charging 
station and cover a sufficiently big area or charge the batteries 

3

Egerstedt, Pauli, Notomista, Hutchinson, ARC’18

Hamilton, 1971. Hedrick, Liu, Garvey,  2011. Packer, Gilbert, Pusey, O’Brien 1991. 
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Robots That Do Nothing Most of the Time

Notomista, Egerstedt, TCST’21
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Robot Ecology

The SlothThe SlothBot

The Sloth

Egerstedt, PUP’21.                                       
Notomista, Emam, Egerstedt, RAL’21.
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Assured Autonomy

SYSTEM
STABLIZING 

CONTROLLERINPUT

STABLE SYSTEM
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Assured Autonomy

SYSTEM
RUN-TIME 

ASSURANCEINPUT

ASSURED SYSTEM
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THANKS!

M. SantosL. Wang G. NotomistaC. BanksP. Glotfelter
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