
Regulation without calibration


CDC2024 Contraction Workshop

Milan, December 2024


             

Rodolphe Sepulchre

Questions for a workshop 

on contraction theory


Is regulation possible without calibration ?

How do animals regulate ?

(Or, can we connect the internal model 
principle of control theory to the internal 
model principle of neuroscience ?)

Regulation without calibration, R. Sepulchre, A. Cecconi, M. Bin, L. Marconi, submitted to IEEE Control Systems, 2024

The "Internal Model Principle" Between Mathematical and Conceptual Perspective. L. Marconi, plenary lecture CDC 2021.

Internal Models in Control, Bioengineering, and Neuroscience. M Bin, J. Huang, A. Isidori, L. Marconi, M. Mischiati, E. Sontag
Annual Review of Control, Robotics, & Autonomous Systems, Vol. 5, pp. 55-79, 2022

Principle Internal Models, R. Sepulchre. Editorial IEEE Control Systems, April 2023.



Motivation : 

A  neurophysiological imitation game


Question: how to emulate the biological oscillator D 

with an artificial circuit replacing one of the two neurons (A)  ?

The question: 

how to regulate without calibration ?

The calibration solution:

Tune the parameters of the artificial neuron to minimise the 
mismatch between the natural and artificial behaviors. 


Claim: the internal model principle requires calibration


Fact: this cannot work in practice because the biological neuron 
is highly variable.

Th. Burghi, R. Sepulchre. Adaptive observers for biophysical neuronal circuits, IEEE TAC, vol.69, n 8, 2024.

https://www.dropbox.com/scl/fi/rx6733u9o23szan3agj5x/Adaptive_Observers_for_Biophysical_Neuronal_Circuits.pdf?rlkey=sv73drxz76jtn36u3bxkmehzn&dl=0


A neuromorphic proposal : Regulate events rather than trajectories !
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Regulation without calibration

 Regulation theory and the internal model principle


 Reliable internal models


 Reliable contraction


 Event regulation
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The two conditions of regulation:


1. The error system is contractive


2. e=0 is solution of the closed-loop behavior


Regulation requires calibration
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ẏ = u+ dExample:
Goal:  regulate y=0 (disturbance rejection) 

Solution:   
<latexit sha1_base64="vst/vWtTvCkniudu+61nvhwcksg=">AAAB+nicbVBLSgNBEO3xG+NvYpZuGkPATcKMoGYjBNy4jGA+kAyhp6eTNOn50F2jDGN2XsONC0XcegYP4E4P4Ak8gJ3PQhMfFDzeq6KqnhsJrsCyPoyl5ZXVtfXMRnZza3tn18ztNVQYS8rqNBShbLlEMcEDVgcOgrUiyYjvCtZ0h+djv3nNpOJhcAVJxByf9APe45SAlrpmLsZnuDRMcAl3BgSwh7tmwSpbE+BFYs9IoZov3n2/fX3WuuZ7xwtp7LMAqCBKtW0rAiclEjgVbJTtxIpFhA5Jn7U1DYjPlJNOTh/holY83AulrgDwRP09kRJfqcR3dadPYKDmvbH4n9eOoVdxUh5EMbCAThf1YoEhxOMcsMcloyASTQiVXN+K6YBIQkGnldUh2PMvL5LGUdk+KR9f6jQqaIoM2kcH6BDZ6BRV0QWqoTqi6Abdo0f0ZNwaD8az8TJtXTJmM3n0B8brDy3GlnQ=</latexit>

u = �ky � d̂

Regulation “only if” 
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d ⌘ d̂
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Internal model control: assume d is solution of an exosystem; 

include a copy of the exosystem in the controller in order to generate 
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d̂
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Internal model control: assume d is solution of an exosystem; 

include a copy of the exosystem in the controller in order to generate 
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d̂

Constant disturbance: 
<latexit sha1_base64="PdXsQSIu91igyxtSVke8v7/aJUY=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBFclURQuxELbly2YB+QhjKZTNqhk0mYuRFK6NJPcONCEbd+QFd+hDu/wZ9w+lho64ELh3Pu4T78RHANtv1lLS2vrK6t5zbym1vbO7uFvf2GjlNFWZ3GIlYtn2gmuGR14CBYK1GMRL5gTb9/M/ab90xpHss7GCTMi0hX8pBTAkZy20EMOMBX2MadQtEu2RPgReLMSPH6Y1T7fjgaVTuFT5OmacQkUEG0dh07AS8jCjgVbJhvp5olhPZJl7mGShIx7WWTlYf4xCgBDmNlSgKeqL8TGYm0HkS+6YwI9PS8Nxb/89wUwrKXcZmkwCSdDgpTgSHG4/txwBWjIAaGEKq42RXTHlGEgvlS3jzBmT95kTTOSs5F6bxmFytlNEUOHaJjdIocdIkq6BZVUR1RFKNH9IxeLLCerFfrbdq6ZM0yB+gPrPcf9VeUJA==</latexit>

ḋ = 0 No calibration !
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<latexit sha1_base64="jJxZ7Cf+8Z1lliXLPn9llcbHbzM=">AAAB7XicbZDLSgMxFIYzXmu9VV0KEiyCqzIjqN1ZcOOyBXuBtpRMJtPGZpIhOSOUoUv3blwo4tZX6MqHcOcz+BKml4W2/hD4+P9zyDnHjwU34LpfztLyyuraemYju7m1vbOb29uvGZVoyqpUCaUbPjFMcMmqwEGwRqwZiXzB6n7/epzX75k2XMlbGMSsHZGu5CGnBKxVa/UI4KCTy7sFdyK8CN4M8lcfo8r3w9Go3Ml9tgJFk4hJoIIY0/TcGNop0cCpYMNsKzEsJrRPuqxpUZKImXY6mXaIT6wT4FBp+yTgifu7IyWRMYPIt5URgZ6Zz8bmf1kzgbDYTrmME2CSTj8KE4FB4fHqOOCaURADC4RqbmfFtEc0oWAPlLVH8OZXXoTaWcG7KJxX3HypiKbKoEN0jE6Rhy5RCd2gMqoiiu7QI3pGL45ynpxX521auuTMeg7QHznvP+ofkxs=</latexit>

d̂

Constant disturbance: 
<latexit sha1_base64="PdXsQSIu91igyxtSVke8v7/aJUY=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBFclURQuxELbly2YB+QhjKZTNqhk0mYuRFK6NJPcONCEbd+QFd+hDu/wZ9w+lho64ELh3Pu4T78RHANtv1lLS2vrK6t5zbym1vbO7uFvf2GjlNFWZ3GIlYtn2gmuGR14CBYK1GMRL5gTb9/M/ab90xpHss7GCTMi0hX8pBTAkZy20EMOMBX2MadQtEu2RPgReLMSPH6Y1T7fjgaVTuFT5OmacQkUEG0dh07AS8jCjgVbJhvp5olhPZJl7mGShIx7WWTlYf4xCgBDmNlSgKeqL8TGYm0HkS+6YwI9PS8Nxb/89wUwrKXcZmkwCSdDgpTgSHG4/txwBWjIAaGEKq42RXTHlGEgvlS3jzBmT95kTTOSs5F6bxmFytlNEUOHaJjdIocdIkq6BZVUR1RFKNH9IxeLLCerFfrbdq6ZM0yB+gPrPcf9VeUJA==</latexit>

ḋ = 0 No calibration !

Harmonic disturbance: 
<latexit sha1_base64="66qU0TOUoOMTZGTfoea6xIqayvA=">AAACAnicbVDLSgNBEJyNrxhfUS+Kl8EgCELYDRpzEQJePEYwD8iuYXZ2kgyZ3VlmeoUQggf9FS8eFPHqT+jNv3HyOGhiQUNR1U13lx8LrsG2v63UwuLS8kp6NbO2vrG5ld3eqWmZKMqqVAqpGj7RTPCIVYGDYI1YMRL6gtX93uXIr98xpbmMbqAfMy8knYi3OSVgpFZ23w0CCTjAJ9iVIeuQln1bwMEFtlvZnJ23x8DzxJmSXHmvCJ/09KHSyn65gaRJyCKggmjddOwYvAFRwKlgw4ybaBYT2iMd1jQ0IiHT3mD8whAfGSXAbalMRYDH6u+JAQm17oe+6QwJdPWsNxL/85oJtEvegEdxAiyik0XtRGCQeJQHDrhiFETfEEIVN7di2iWKUDCpZUwIzuzL86RWyDvF/Nm1SaOEJkijA3SIjpGDzlEZXaEKqiKK7tETekGv1qP1bL1Z75PWlDWd2UV/YH38AN+fmBk=</latexit>

d̈+ !2
0d = 0 One parameter calibration !
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<latexit sha1_base64="dbF0MIHMzpRB6rGJP9Bl2iv2pGA=">AAAB+HicbVDLSsNAFJ34rPXRaJduBktBEEoiqN0IBTcuK9gHtKFMJpN26GQS5iHE0J1/4caFIm79CD/AnX6AX+AHOH0stPXAhcM5987ce/yEUakc58NaWl5ZXVvPbeQ3t7Z3CvbuXlPGWmDSwDGLRdtHkjDKSUNRxUg7EQRFPiMtf3gx9ls3REga82uVJsSLUJ/TkGKkjNSzC90gVjCF51DDIxjAnl1yKs4EcJG4M1KqFct3329fn/We/W5ewDoiXGGGpOy4TqK8DAlFMSOjfFdLkiA8RH3SMZSjiEgvmyw+gmWjBDCMhSmu4ET9PZGhSMo08k1nhNRAzntj8T+vo1VY9TLKE60Ix9OPQs2giuE4BRhQQbBiqSEIC2p2hXiABMLKZJU3IbjzJy+S5nHFPa2cXJk0qmCKHNgHB+AQuOAM1MAlqIMGwECDe/AInqxb68F6tl6mrUvWbKYI/sB6/QEFrJXQ</latexit>

ẏ = u+ dExample:
Goal:  regulate y=0 (disturbance rejection) 

Solution:   
<latexit sha1_base64="vst/vWtTvCkniudu+61nvhwcksg=">AAAB+nicbVBLSgNBEO3xG+NvYpZuGkPATcKMoGYjBNy4jGA+kAyhp6eTNOn50F2jDGN2XsONC0XcegYP4E4P4Ak8gJ3PQhMfFDzeq6KqnhsJrsCyPoyl5ZXVtfXMRnZza3tn18ztNVQYS8rqNBShbLlEMcEDVgcOgrUiyYjvCtZ0h+djv3nNpOJhcAVJxByf9APe45SAlrpmLsZnuDRMcAl3BgSwh7tmwSpbE+BFYs9IoZov3n2/fX3WuuZ7xwtp7LMAqCBKtW0rAiclEjgVbJTtxIpFhA5Jn7U1DYjPlJNOTh/holY83AulrgDwRP09kRJfqcR3dadPYKDmvbH4n9eOoVdxUh5EMbCAThf1YoEhxOMcsMcloyASTQiVXN+K6YBIQkGnldUh2PMvL5LGUdk+KR9f6jQqaIoM2kcH6BDZ6BRV0QWqoTqi6Abdo0f0ZNwaD8az8TJtXTJmM3n0B8brDy3GlnQ=</latexit>

u = �ky � d̂

Regulation “only if” 
<latexit sha1_base64="3nTX/ycTCWcJ+DJ2sr+1ixYyQDg=">AAAB9XicbVC7SgNBFJ2NrxhfUUtBBoNgFXYFNZ0BG8sEzAOya5idnU2GzD6cuRsJS0r/wcZCEVvbVH6End/gTzh5FJp44MLhnHu59x43FlyBaX4ZmaXlldW17HpuY3Nreye/u1dXUSIpq9FIRLLpEsUED1kNOAjWjCUjgStYw+1djf1Gn0nFo/AGBjFzAtIJuc8pAS3dethmdwnv210C2GvnC2bRnAAvEmtGCpcfo+r3w+Go0s5/2l5Ek4CFQAVRqmWZMTgpkcCpYMOcnSgWE9ojHdbSNCQBU046uXqIj7XiYT+SukLAE/X3REoCpQaBqzsDAl01743F/7xWAn7JSXkYJ8BCOl3kJwJDhMcRYI9LRkEMNCFUcn0rpl0iCQUdVE6HYM2/vEjqp0XrvHhWNQvlEpoiiw7QETpBFrpAZXSNKqiGKJLoET2jF+PeeDJejbdpa8aYzeyjPzDefwDJB5Z1</latexit>

d ⌘ d̂

Internal model control: assume d is solution of an exosystem; 

include a copy of the exosystem in the controller in order to generate 

<latexit sha1_base64="jJxZ7Cf+8Z1lliXLPn9llcbHbzM=">AAAB7XicbZDLSgMxFIYzXmu9VV0KEiyCqzIjqN1ZcOOyBXuBtpRMJtPGZpIhOSOUoUv3blwo4tZX6MqHcOcz+BKml4W2/hD4+P9zyDnHjwU34LpfztLyyuraemYju7m1vbOb29uvGZVoyqpUCaUbPjFMcMmqwEGwRqwZiXzB6n7/epzX75k2XMlbGMSsHZGu5CGnBKxVa/UI4KCTy7sFdyK8CN4M8lcfo8r3w9Go3Ml9tgJFk4hJoIIY0/TcGNop0cCpYMNsKzEsJrRPuqxpUZKImXY6mXaIT6wT4FBp+yTgifu7IyWRMYPIt5URgZ6Zz8bmf1kzgbDYTrmME2CSTj8KE4FB4fHqOOCaURADC4RqbmfFtEc0oWAPlLVH8OZXXoTaWcG7KJxX3HypiKbKoEN0jE6Rhy5RCd2gMqoiiu7QI3pGL45ynpxX521auuTMeg7QHznvP+ofkxs=</latexit>

d̂

Constant disturbance: 
<latexit sha1_base64="PdXsQSIu91igyxtSVke8v7/aJUY=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBFclURQuxELbly2YB+QhjKZTNqhk0mYuRFK6NJPcONCEbd+QFd+hDu/wZ9w+lho64ELh3Pu4T78RHANtv1lLS2vrK6t5zbym1vbO7uFvf2GjlNFWZ3GIlYtn2gmuGR14CBYK1GMRL5gTb9/M/ab90xpHss7GCTMi0hX8pBTAkZy20EMOMBX2MadQtEu2RPgReLMSPH6Y1T7fjgaVTuFT5OmacQkUEG0dh07AS8jCjgVbJhvp5olhPZJl7mGShIx7WWTlYf4xCgBDmNlSgKeqL8TGYm0HkS+6YwI9PS8Nxb/89wUwrKXcZmkwCSdDgpTgSHG4/txwBWjIAaGEKq42RXTHlGEgvlS3jzBmT95kTTOSs5F6bxmFytlNEUOHaJjdIocdIkq6BZVUR1RFKNH9IxeLLCerFfrbdq6ZM0yB+gPrPcf9VeUJA==</latexit>

ḋ = 0 No calibration !

Harmonic disturbance: 
<latexit sha1_base64="66qU0TOUoOMTZGTfoea6xIqayvA=">AAACAnicbVDLSgNBEJyNrxhfUS+Kl8EgCELYDRpzEQJePEYwD8iuYXZ2kgyZ3VlmeoUQggf9FS8eFPHqT+jNv3HyOGhiQUNR1U13lx8LrsG2v63UwuLS8kp6NbO2vrG5ld3eqWmZKMqqVAqpGj7RTPCIVYGDYI1YMRL6gtX93uXIr98xpbmMbqAfMy8knYi3OSVgpFZ23w0CCTjAJ9iVIeuQln1bwMEFtlvZnJ23x8DzxJmSXHmvCJ/09KHSyn65gaRJyCKggmjddOwYvAFRwKlgw4ybaBYT2iMd1jQ0IiHT3mD8whAfGSXAbalMRYDH6u+JAQm17oe+6QwJdPWsNxL/85oJtEvegEdxAiyik0XtRGCQeJQHDrhiFETfEEIVN7di2iWKUDCpZUwIzuzL86RWyDvF/Nm1SaOEJkijA3SIjpGDzlEZXaEKqiKK7tETekGv1qP1bL1Z75PWlDWd2UV/YH38AN+fmBk=</latexit>

d̈+ !2
0d = 0 One parameter calibration !

“General” disturbance: 
<latexit sha1_base64="SILkfig4q3+wbzyFmCJBlsf7ZjE=">AAACBHicbVDLSgMxFM3UV1tfo26EboJFqCBlRlALUii6cVnBPqAdSiaTaUMzD5KMtA4F3fgrblz4wK0f4U7wY8y0XWjrIYGTc+5Nco8dMiqkYXxpqYXFpeWVdCa7ura+salvbddFEHFMajhgAW/aSBBGfVKTVDLSDDlBns1Iw+5fJH7jhnBBA/9aDkNieajrU5diJJXU0XNtJ5BwAMvQLQwODmH7LFlOuadOHT1vFI0x4DwxpyRf2b39zty9nlc7+qe6DUce8SVmSIiWaYTSihGXFDMyyrYjQUKE+6hLWor6yCPCisdDjOC+UhzoBlxtX8Kx+rsjRp4QQ89WlR6SPTHrJeJ/XiuSbsmKqR9Gkvh48pAbMSgDmCQCHcoJlmyoCMKcqr9C3EMcYalyy6oQzNmR50n9qGieFI+vVBolMEEa5MAeKAATnIIKuARVUAMY3INH8AxetAftSXvT3ielKW3aswP+QPv4AV1+mFM=</latexit>

ẋ = f(x), d = h(x) ???



The internal model principle

No regulation without calibration, i.e, an exact copy of the exosystem

This principle holds for any synchronization problem:

Regulation, observer design, coordination, synchronization, …

B.A. Francis, W.M. Wonham, The internal model principle of control theory, Automatica, 1976.

P Wieland, R Sepulchre, F Allgöwer  An internal model principle is necessary and sufficient for linear output synchronization Automatica, 2011.

J. Trumpf, H. Trentleman, J.C- Willems.  An internal model principle for observers Automatica, IEEE CDC 2011.

M Bin, J. Huang, A. Isidori, L. Marconi, M. Mischiati, E. Sontag.  Internal Models in Control, Bioengineering, and Neuroscience. 
Annual Review of Control, Robotics, & Autonomous Systems, Vol. 5, pp. 55-79, 2022

That is, …, any control problem handled by contraction theory …

Regulation without calibration

 Regulation theory and the internal model principle


 Reliable internal models


 Reliable contraction


 Event regulation



The reliability experiment


Events are reliable, limit cycle oscillations are not !

Mainen & Sejnowski, Science, 1995

Events vs limit cycles

Contractive
Non contractive

R. Sepulchre. Clocks and rhythms. Editorial IEEE Control Systems, April 2022



Contractive internal models

Contractive Non contractive

Event generators are contractive. 
 Limit cycles generators are non-contractive. 

Contractive exosystems 

must be open.

Regulation theory assumes 
closed exosystems.

An anomaly ?

Regulation without calibration

 Regulation theory and the internal model principle


 Reliable internal models


 Reliable contraction


 Event regulation



Synchronization without calibration


Synchrony in neural circuits is rapid and robust to heterogeneity

Drion, Franci, Sepulchre, Plos Computational Biology, 2018.

Reliable regulation

Synaptic rather than diffusive coupling enforces event-based error 
regulation.


Strong diffusive coupling where and when needed;

No coupling where the dynamics is contractive

Event regulation results from the combination of event generators and 
synaptic error feedback



Synchrony without calibration


Rapid and robust synchronization via weak synaptic coupling, J.-G. Lee, RS, Automatica, 2024

Event synchrony

Continuous 

synchrony

Rapid synchronization through fast threshold modulation, D. Somers, N. Kopell. Biological Cybernetics, 1992.

Regulation without calibration

 Regulation theory and the internal model principle


 Reliable internal models


 Reliable contraction


 Event regulation



Ingredients of neuromorphic regulation

The internal model is an event generator, made from neuromorphic circuits.


The modelling framework is classical : smooth odes, output feedback 
incremental passivity, …

The feedback design comes from adaptive regulation control, but is 
designed to enforce strong coupling around the events and no coupling 
away from the events.



Conclusions for a workshop 

on contraction theory


The internal model principle of continuous regulation theory is a calibration 
principle. Continuous trajectories cannot be regulated reliably in changing 
and uncertain environments.

Neuromorphic proposal : 

           event regulation; excitable internal models; synaptic feedback

Regulation theory relies on closed and non contractive internal models.

Lessons from neurophysiology: reliable regulation requires open and 
excitable internal models.

How do animals regulate ?


Is regulation possible without calibration ?

An event-based internal model principle

Only an internal model of reality - this working model in our minds- enables 
us to predict events  which have not yet occured in the physical world, a 
process which saves time, expense, and even life. In other words the 
nervous system is viewed as a calculating machine capable of modelling or 
paralleling external events, and this process of paralleling is the basic 
feature of thought and of explanation


Kenneth Craik’s, The Nature of Explanation (1943)


