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Physical computation

Carver Mead Richard Feynman John Hopfield

Neuromorphic computing Quantum computing Collective computing

A theory that awaits 
a machine

A machine that awaits 
a theory A driving paradigm
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Physical computation

Can physics solve the digital crisis ?

Why does it pay off to acknowledge the physics of a machine ?

Is there any relevant connection between quantum computing, 
Ising computing, and neuromorphic computing ?

What are the strengths and limitations of the respective 
computing machines ?



Physical modelling at scale 

Rodolphe Sepulchre 
Joint work with Fulvio Forni 

Physical Computation Workshop 
Leuven, 3-4 September 2025 
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• Motivation: the complexity of neuronal modelling  

• Inspiration: signal modelling at scale 

• Proposal: physical modelling at scale 

• Result: neuronal modelling at scale

Contents



Motivation
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Can physical modeling help taming the complexity of neuronal modelling ?



Hodgkin Huxley model
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2007 2010 2014

Dynamical systems neuroscience

Does mathematical neuroscience acknowledge the physics of neuronal modelling ? 



Anzatz 1: neuronal behaviors are multi-scale and event-based

Events should be modelled “at scale” 



Anzatz 2: events are trajectories of excitable models

A tractable theory of excitability should benefit from physical modelling at scale

R. Sepulchre, G. Drion, A. Franci. Excitable Behaviors. In: Tempo R., Yurkovich S., Misra P. (eds) Emerging 
Applications of Control and Systems Theory. Lecture Notes in Control and Information Sciences - Proceedings. 
Springer, Cham, 2018.



The reliability experiment 

Mainen & Sejnowski, Science, 1995



FitzHugh-Nagumo model
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R. FitzHugh, “Impulses and physiological states in theoretical
models of nerve membrane,” Biophysical journal, vol. 1, no. 6, p. 445, 1961.

J. Nagumo, S. Arimoto, and S. Yoshizawa, “An active pulse
transmission line simulating nerve axon,” Proceedings of the IRE, vol. 50, no. 10, pp. 2061–2070, 1962.

Referred to as “Bonhoeffer-van der Pol model”  by FitzHugh after Van der Pol (1926).

A circuit that reproduces the mechanism of nerve impulse:



The memory of FN circuit
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For a range of constant current,  
bistable memory made of a capacitor (physical storage)  
and a negative resistance device

          
<latexit sha1_base64="xSxQsLxF8RBB2FBo6XNLDKy/jBg=">AAACEHicbVC7SgNBFJ2Nrxhfq5Y2g0EUxLBrfKQRAmm0i2A2gSSG2clsMmT2wcxdMSz7CTb+io2FIraWdv6Nk0eh0QMXDufcO3PvcSPBFVjWl5GZm19YXMou51ZW19Y3zM0tR4WxpKxGQxHKhksUEzxgNeAgWCOSjPiuYHV3UBn59TsmFQ+DGxhGrO2TXsA9TgloqWPuV3CrGwJ28AUeOPgItzxJaOLcFtOkmOJDfNVJ2D2kHTNvFawx8F9iT0keTVHtmJ/6XRr7LAAqiFJN24qgnRAJnAqW5lqxYhGhA9JjTU0D4jPVTsYHpXhPK13shVJXAHis/pxIiK/U0Hd1p0+gr2a9kfif14zBK7UTHkQxsIBOPvJigSHEo3Rwl0tGQQw1IVRyvSumfaITAZ1hTodgz578lzjHBfuscHp9ki+XpnFk0Q7aRQfIRueojC5RFdUQRQ/oCb2gV+PReDbejPdJa8aYzmyjXzA+vgEDGpq2</latexit>

CV̇ = kV � V 3

3
+ Iext



The fading memory of FN circuit
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A RLC circuit has fading memory:  
the effect of a current impulse fades out with time.

          
          

The elements R, L, and C, shape the fading memory

<latexit sha1_base64="VGDHopYRoeQdczfO1Y8qNOFGCaI=">AAACKXicbVDLSgMxFM3UV62vqks3F4siiGVGfG2EQjcKLlRsFTplyKQZG8w8SO6IZejvuPFX3Cgo6tYfMX0Iar2QcDj3nJvc4ydSaLTtdys3Nj4xOZWfLszMzs0vFBeX6jpOFeM1FstYXflUcykiXkOBkl8litPQl/zSv6n2+pe3XGkRRxfYSXgzpNeRCASjaCivWKmC24oR6rAOhwCwBcfeCWyaO+N32AXXLZwMFD2+r/mWnBuT63rFkl22+wWjwBmCEhnWqVd8NuNYGvIImaRaNxw7wWZGFQomebfgpponlN3Qa94wMKIh182sv2kX1gzTgiBW5kQIffanI6Oh1p3QN8qQYlv/7fXI/3qNFIODZiaiJEUescFDQSoBY+jFBi2hOEPZMYAyJcxfgbWpogxNuAUTgvN35VFQ3y47e+Xds51S5WAYR56skFWyQRyyTyrkiJySGmHknjySF/JqPVhP1pv1MZDmrKFnmfwq6/MLluOfew==</latexit>

CV̇ = �IL + Iext

LİL = �IL +RV

If the ration C/L is small, a current impulse charges the capacitor almost 
instantaneously, and the time constant L/R dictates the fading memory.



Thresholds result from mixing memory 
and fading memory 
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Transient switch =  
Memory at ‘fine’ scale 
Fading memory at ‘coarse’ scale

What is ‘scale’ ? A mixture of amplitude and time …



Motivation: the complexity of neuronal modelling 
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• Neuronal behaviors are excitable, multi-scale, and event-
based 

• Methods from dynamical system theory (fast/slow analysis, 
mean-field modelling, …) tame the complexity at the 
expense of physical modelling 

• Physical modelling at scale: can we simplify the 
mathematical law of the behavior before rather than after 
the modelling step ?
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• Motivation: the complexity of neuronal modelling  

• Inspiration: signal modelling at scale 

• Proposal: physical modelling at scale 

• Result: neuronal modelling at scale

Contents



Signal modelling at scale: wavelets



Signal modelling at scale: wavelets

A mother signal 

A scaled  signal 

Amplitude scaling : s Temporal scaling :  Spatial scaling :  

• The mother signal is localized in time, space, and amplitude i.e. an event 

• The complexity arises from a  mixture of multi-scale events 

• Taming the complexity comes from acknowledging the event-based 
nature of the complex signal before the analysis 

<latexit sha1_base64="dEmNGAQEM3CYrkx1PbgmtNEucJ8=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoMQQcKu+Mgx4MVjBPOAZAmzk9lkzOzMMtMrhiX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcSCG3Ddbye3srq2vpHfLGxt7+zuFfcPmkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwupn6rUemDVfyHsYx8yMykDzklICVms0ynD2d9oolt+LOgJeJl5ESylDvFb+6fUWTiEmgghjT8dwY/JRo4FSwSaGbGBYTOiID1rFUkogZP51dO8EnVunjUGlbEvBM/T2RksiYcRTYzojA0Cx6U/E/r5NAWPVTLuMEmKTzRWEiMCg8fR33uWYUxNgSQjW3t2I6JJpQsAEVbAje4svLpHle8a4ql3cXpVo1iyOPjtAxKiMPXaMaukV11EAUPaBn9IreHOW8OO/Ox7w152Qzh+gPnM8fk0KOdQ==</latexit>

V (t, x)

<latexit sha1_base64="a9wwd/wCpitC5rqoOwF7HHLwl4g=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSTiR48FLx4r2A9oQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NmzYHrT4YeLw3w8y8MBHcoOd9OaW19Y3NrfJ2ZWd3b/+genjUMXGqKWvTWMS6FxLDBFesjRwF6yWaERkK1g2nt7nffWTa8Fg94CxhgSRjxSNOCebSAEk6rNa8ureA+5f4BalBgdaw+jkYxTSVTCEVxJi+7yUYZEQjp4LNK4PUsITQKRmzvqWKSGaCbHHr3D2zysiNYm1LobtQf05kRBozk6HtlAQnZtXLxf+8fopRI8i4SlJkii4XRalwMXbzx90R14yimFlCqOb2VpdOiCYUbTwVG4K/+vJf0rmo+9f1q/vLWrNRxFGGEziFc/DhBppwBy1oA4UJPMELvDrSeXbenPdla8kpZo7hF5yPbyFrjkg=</latexit>ω <latexit sha1_base64="n0+BidlgQkxfIGH0XptQKIE0tpM=">AAAB7XicbVDJSgNBEK2JW4xb1KOXxiB4CjPikmPAi8cIZoFkCD2dnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSDnSQ0FHgoWcwItk5q9QwbCtwvV/yqPwdaJUFOKpCj0S9/9QaKpIJKSzg2phv4iQ0zrC0jnE5LvdTQBJMxHtKuoxILasJsfu0UnTllgGKlXUmL5urviQwLYyYicp0C25FZ9mbif143tXEtzJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSD6+rV/WWlXsvjKMIJnMI5BHADdbiDBjSBwCM8wyu8ecp78d69j0VrwctnjuEPvM8fnJ2PIw==</latexit>ω

<latexit sha1_base64="0P6+LKY462d0V+CxTQcZgqaq6Sg="></latexit>

Vscaled(t, x) =
V ( t→a

ω , x→b
ε )

s

Temporal shifting : a Spatial shifting : b



Behavioral modeling at scale 

A mother behavior : relationship between                      and  

 A scaled behavior : relationship between                       

Invariance with respect to time and space shifting is a consequence of time-
and space- invariance.

Invariance with respect to amplitude scaling is a consequence of linearity.

Invariance is too much to ask for. How to define a behavior at scale ?

<latexit sha1_base64="4/LbCQxWPv5KSF1bIwJGcfxwNnc=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIFaQk4qPLghuXFewD2hAmk2k7dCYJMxOxhIK/4saFIm79Dnf+jdM2C60euHA4517uvSdIOFPacb6swtLyyupacb20sbm1vWPv7rVUnEpCmyTmsewEWFHOItrUTHPaSSTFIuC0HYyup377nkrF4uhOjxPqCTyIWJ8RrI3k2wctP+tJgRTBnIaTij59OEHIt8tO1ZkB/SVuTsqQo+Hbn70wJqmgkSYcK9V1nUR7GZaaEU4npV6qaILJCA9o19AIC6q8bHb+BB0bJUT9WJqKNJqpPycyLJQai8B0CqyHatGbiv953VT3a17GoiTVNCLzRf2UIx2jaRYoZJISzceGYCKZuRWRIZaYaJNYyYTgLr78l7TOqu5l9eL2vFyv5XEU4RCOoAIuXEEdbqABTSCQwRO8wKv1aD1bb9b7vLVg5TP78AvWxzejlpSa</latexit>

Vscaled(t, x)

… and a corresponding scaled current

<latexit sha1_base64="dEmNGAQEM3CYrkx1PbgmtNEucJ8=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoMQQcKu+Mgx4MVjBPOAZAmzk9lkzOzMMtMrhiX/4MWDIl79H2/+jZNkD5pY0FBUddPdFcSCG3Ddbye3srq2vpHfLGxt7+zuFfcPmkYlmrIGVULpdkAME1yyBnAQrB1rRqJAsFYwupn6rUemDVfyHsYx8yMykDzklICVms0ynD2d9oolt+LOgJeJl5ESylDvFb+6fUWTiEmgghjT8dwY/JRo4FSwSaGbGBYTOiID1rFUkogZP51dO8EnVunjUGlbEvBM/T2RksiYcRTYzojA0Cx6U/E/r5NAWPVTLuMEmKTzRWEiMCg8fR33uWYUxNgSQjW3t2I6JJpQsAEVbAje4svLpHle8a4ql3cXpVo1iyOPjtAxKiMPXaMaukV11EAUPaBn9IreHOW8OO/Ox7w152Qzh+gPnM8fk0KOdQ==</latexit>

V (t, x)
<latexit sha1_base64="IcCocLdmevwSpDIigOcSSufnrrw=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQQcKu+Mgx4EVvEcwDkiXMTmaTMbMzy8ysGJb8gxcPinj1f7z5N06SPWi0oKGo6qa7K4g508Z1v5zc0vLK6lp+vbCxubW9U9zda2qZKEIbRHKp2gHWlDNBG4YZTtuxojgKOG0Fo6up33qgSjMp7sw4pn6EB4KFjGBjpeZN2Zw8HveKJbfizoD+Ei8jJchQ7xU/u31JkogKQzjWuuO5sfFTrAwjnE4K3UTTGJMRHtCOpQJHVPvp7NoJOrJKH4VS2RIGzdSfEymOtB5Hge2MsBnqRW8q/ud1EhNW/ZSJODFUkPmiMOHISDR9HfWZosTwsSWYKGZvRWSIFSbGBlSwIXiLL/8lzdOKd1E5vz0r1apZHHk4gEMogweXUINrqEMDCNzDE7zAqyOdZ+fNeZ+35pxsZh9+wfn4Bn9Njmg=</latexit>

I(t, x)
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• Motivation: the complexity of neuronal modelling  

• Inspiration: signal modelling at scale 

• Proposal: physical modelling at scale 

• Result: neuronal modelling at scale

Contents



24

• Retain the circuit architecture: power-preserving 
interconnection of circuit elements 

• Retain the nature of circuit elements: either store energy 
or dissipate energy 

• Only the constitutive law of elements should be at scale

Circuit modelling at scale
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Resistive modelling at scale

Negative resistance is an example of a  property at scale

Key behavioral property: invertible vs non-invertible; memory vs fading memory
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Resistive modelling at scale

Zooming in

Zooming out



27

Constitutive law at scale

Zooming in

Zooming out

Monotone resistor ?

Negative resistor ?
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• How can we relate the scale of the elements to the scale of 
the behavior ? 

• How can we guarantee that scale is commensurate with 
complexity ?

Circuit modelling at scale
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Proposal: energy modelling at scale

1. Exploit the  energy characterization of each element. 

For instance: a resistor is characterized by its “content” or “co-content”.

2. Use the bumpiness of the energy landscape (e.g. amount of critical 
points) as a measure of complexity.  

For instance: the content of a monotone resistor is convex. The 
content of a negative resistor is a double well potential. 

3. “Coarsening” should correspond to “simplifying”. The energy 
landscape  should be a variation diminishing function of scale. 

For instance: fine scale modelling should acknowledge the double well. 
Coarse scale modelling could approximate the double well by a convex 
landscape
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Energy modelling of neuronal circuits

One storage element with capacitive energy 
<latexit sha1_base64="/C+MdD4PPsWIOk+el0mls2M01ZM=">AAAB/3icbVDJSgNBEK2JW4zbqODFS2MQ4iXMBJdchEAuHiOaBZIx9HR6kiY9C909gTDOwV/x4kERr/6GN//GznLQxAcFj/eqqKrnRpxJZVnfRmZldW19I7uZ29re2d0z9w8aMowFoXUS8lC0XCwpZwGtK6Y4bUWCYt/ltOkOqxO/OaJCsjC4V+OIOj7uB8xjBCstdc2ju8Lo7Bp1PIFJYqdJKa2i0UOpa+atojUFWib2nORhjlrX/Or0QhL7NFCEYynbthUpJ8FCMcJpmuvEkkaYDHGftjUNsE+lk0zvT9GpVnrIC4WuQKGp+nsiwb6UY9/VnT5WA7noTcT/vHasvLKTsCCKFQ3IbJEXc6RCNAkD9ZigRPGxJpgIpm9FZIB1FEpHltMh2IsvL5NGqWhfFi9uz/OV8jyOLBzDCRTAhiuowA3UoA4EHuEZXuHNeDJejHfjY9aaMeYzh/AHxucP2MmUsg==</latexit>

S(v) =
1

2
Cv2

An energy balance:

dissipation Total power 
dissipated 
in 
memristive 
elements

Total power extracted 
from internal batteries

<latexit sha1_base64="yHe6CRqpjJ3eQoXkLYUP/VHdXPo="></latexit>

Ṡ → vi︸ ︷︷ ︸ = v(
∑

k

gk(v → v̄k)) = gtotv
2

︸ ︷︷ ︸→ v
∑

k

gkv̄k

︸ ︷︷ ︸

The energy landscape is determined by the total dissipated energy
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Energy-based modelling of memristive elements
(from the previous talk)
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• Motivation: the complexity of neuronal modelling  

• Inspiration: signal modelling at scale 

• Proposal: physical modelling at scale 

• Result: neuronal modelling at scale

Contents
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Summary of the question

Neuronal modelling at scale = memristive modelling at scale

Memristive modelling = memductance modelling = functional from past voltage

Modelling at scale = define a scaled memductance from the mother 
memductance = functional from the past scaled voltage

Wanted: the scaled memductance is a variation diminishing function of the scale.
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Resistive modelling at scale

The mother conductor is 

so that 

<latexit sha1_base64="NC9V2uuxRQeN/jpFoq/vhTnwXC4=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr4sQ9OIxgnlAsoTZSW8yZHZ2mZkNhJCP8OJBEa9+jzf/xkmyB00saCiquunuChLBtXHdb2dldW19YzO3ld/e2d3bLxwc1nWcKoY1FotYNQOqUXCJNcONwGaikEaBwEYwuJ/6jSEqzWP5ZEYJ+hHtSR5yRo2VGvy2VxqeDTuFolt2ZyDLxMtIETJUO4WvdjdmaYTSMEG1bnluYvwxVYYzgZN8O9WYUDagPWxZKmmE2h/Pzp2QU6t0SRgrW9KQmfp7YkwjrUdRYDsjavp60ZuK/3mt1IQ3/pjLJDUo2XxRmApiYjL9nXS5QmbEyBLKFLe3EtanijJjE8rbELzFl5dJ/bzsXZUvHy+KlbssjhwcwwmUwINrqMADVKEGDAbwDK/w5iTOi/PufMxbV5xs5gj+wPn8AZBDjxQ=</latexit>

i = g(v)v

We look for a scaled conductor
<latexit sha1_base64="ye6LhNyq5jk/N+j6l0yl3NDs7fU=">AAAB+HicbVDLSsNAFL3xWeujUZduBotQNyURXxuh6MZlBfuANoTJdNIOnUzCzKRQQ7/EjQtF3Pop7vwbp20W2nrgwuGce7n3niDhTGnH+bZWVtfWNzYLW8Xtnd29kr1/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLyb+q0RlYrF4lGPE+pFuC9YyAjWRvLtEvPVTd9XlZGvTk35dtmpOjOgZeLmpAw56r791e3FJI2o0IRjpTquk2gvw1Izwumk2E0VTTAZ4j7tGCpwRJWXzQ6foBOj9FAYS1NCo5n6eyLDkVLjKDCdEdYDtehNxf+8TqrDay9jIkk1FWS+KEw50jGapoB6TFKi+dgQTCQztyIywBITbbIqmhDcxZeXSfOs6l5WLx7Oy7XbPI4CHMExVMCFK6jBPdShAQRSeIZXeLOerBfr3fqYt65Y+cwh/IH1+QNJO5Ld</latexit>

is = gs(vs)vs

where  
<latexit sha1_base64="8bKQ0VqILKpe6uYE4uonEJCnZJ0=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBhZREfIEoRTcuK9gHNKFMppN26OTBzKRQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv997jxZxJZVnfxtz8wuLScmGluLq2vrFpbm3XZZQIQmsk4pFoelhSzkJaU0xx2owFxYHHacPr3478xoAKyaLwQQ1j6ga4GzKfEay01DZ3B22JrpDjC0zSQZbK7Ag5l0heW22zZJWtMdAssXNSghzVtvnldCKSBDRUhGMpW7YVKzfFQjHCaVZ0EkljTPq4S1uahjig0k3HL2ToQCsd5EdCV6jQWP09keJAymHg6c4Aq56c9kbif14rUf6Fm7IwThQNyWSRn3CkIjTKA3WYoETxoSaYCKZvRaSHdRpKp1bUIdjTL8+S+nHZPiuf3p+UKjd5HAXYg304BBvOoQJ3UIUaEHiEZ3iFN+PJeDHejY9J65yRz+zAHxifP2jAlik=</latexit>

vs =
v

s
, s > 0

(i)  the scaled conductance can be evaluated from the mother conductance

(ii)  the scaled conductance is a variation diminishing function of the scale.
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Generalised linear modelling

Let 
<latexit sha1_base64="4CK6mP71SESGa4YhkngsO+c8diE=">AAAB+XicbZDLSsNAFIZP6q3WW9Slm8EiVJCSiJduhIIblxXsBdoQJtNJO3QyCTOTQgl9EzcuFHHrm7jzbZy2WWjrDwMf/zmHc+YPEs6Udpxvq7C2vrG5Vdwu7ezu7R/Yh0ctFaeS0CaJeSw7AVaUM0GbmmlOO4mkOAo4bQej+1m9PaZSsVg86UlCvQgPBAsZwdpYvm0PKuPzu4HvoN4Figz7dtmpOnOhVXBzKEOuhm9/9foxSSMqNOFYqa7rJNrLsNSMcDot9VJFE0xGeEC7BgWOqPKy+eVTdGacPgpjaZ7QaO7+nshwpNQkCkxnhPVQLddm5n+1bqrDmpcxkaSaCrJYFKYc6RjNYkB9JinRfGIAE8nMrYgMscREm7BKJgR3+cur0LqsujfV68ercr2Wx1GEEziFCrhwC3V4gAY0gcAYnuEV3qzMerHerY9Fa8HKZ47hj6zPH5Ikkag=</latexit>

g(v) = g0 m(v)
<latexit sha1_base64="aodQay9MtowpXGz7Tb2L6M3Ifls=">AAACHHicbVDJSgNBEO1xN25Rj14agzBBCDPuF0Hw4kWIYFTIxFDT6YmNPT1Dd00wDPkQL/6KFw+KePEg+Dd2loPbg6Ie71XRXS9MpTDoeZ/O2PjE5NT0zGxhbn5hcam4vHJhkkwzXmOJTPRVCIZLoXgNBUp+lWoOcSj5ZXh73PcvO1wbkahz7Ka8EUNbiUgwQCs1i9uBTNo0djvlQxoIhU3vOrc9wm6PnrpQpn3f9TcDfpe60CmXaQuaxZJX8Qagf4k/IiUyQrVZfA9aCctirpBJMKbueyk2ctAomOS9QpAZngK7hTavW6og5qaRD47r0Q2rtGiUaFsK6UD9vpFDbEw3Du1kDHhjfnt98T+vnmF00MiFSjPkig0fijJJMaH9pGhLaM5Qdi0BpoX9K2U3oIGhzbNgQ/B/n/yXXGxV/L3K7tlO6ehgFMcMWSPrxCU+2SdH5IRUSY0wck8eyTN5cR6cJ+fVeRuOjjmjnVXyA87HF8vwn0o=</latexit>

logm(v) =

∫ →

0
M(a) log(1 + exp(av))daand

Think of
<latexit sha1_base64="Gb2gltJarYVIPfaxwxd9DDqKv80=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoMQL2FXfOQY8OJFiGAekCxhdjKbDJmZXWZmhbDkF7x4UMSrP+TNv3E22YMmFjQUVd10dwUxZ9q47rdTWFvf2Nwqbpd2dvf2D8qHR20dJYrQFol4pLoB1pQzSVuGGU67saJYBJx2gslt5neeqNIsko9mGlNf4JFkISPYZNJ9FZ8PyhW35s6BVomXkwrkaA7KX/1hRBJBpSEca93z3Nj4KVaGEU5npX6iaYzJBI9oz1KJBdV+Or91hs6sMkRhpGxJg+bq74kUC62nIrCdApuxXvYy8T+vl5iw7qdMxomhkiwWhQlHJkLZ42jIFCWGTy3BRDF7KyJjrDAxNp6SDcFbfnmVtC9q3nXt6uGy0qjncRThBE6hCh7cQAPuoAktIDCGZ3iFN0c4L86787FoLTj5zDH8gfP5AyN7jaE=</latexit>

M(a) as a “scale” transform of m

THEN: 

• Rescaling v amounts to rescale a, that is “stretching” the scale plot 
• Coarsening g amounts to “band passing” M

Key aspects: “linear” sampling and approximation theory in the log space 
 + “exponential” basis functions                     
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Temporal modelling at scale

Amplitude scaling of g(v) is analog to time scaling of 
<latexit sha1_base64="FhySL9EwqJ/AmQ1GzPQVTcxAYj8=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRahuigz4qMboeDGZQX7gHYomTRtQzMPkjuFMvRP3LhQxK1/4s6/MW1noa0Hkns4515yc/xYCo2O823l1tY3Nrfy24Wd3b39A/vwqKGjRDFeZ5GMVMunmksR8joKlLwVK04DX/KmP7qf+c0xV1pE4RNOYu4FdBCKvmAUjdS1bVHCc3JHxqZcDMzVtYtO2ZmDrBI3I0XIUOvaX51exJKAh8gk1brtOjF6KVUomOTTQifRPKZsRAe8bWhIA669dL75lJwZpUf6kTInRDJXf0+kNNB6EvimM6A41MveTPzPayfYr3ipCOMEecgWD/UTSTAisxhITyjOUE4MoUwJsythQ6ooQxNWwYTgLn95lTQuy+5N+frxqlitZHHk4QROoQQu3EIVHqAGdWAwhmd4hTcrtV6sd+tj0Zqzsplj+APr8wdeB5GH</latexit>

i(t) = v(t) → g(t)

Assuming real poles and zeros, we have

<latexit sha1_base64="sXr/1MsPsFaiuPNhvMAq6mUCkag="></latexit>

G(s) = G0
!M

i=1(1 + ωis)ki

!N
j=1(1 + ωjs)lj

In log coordinates 
<latexit sha1_base64="7/6njOyFBkOIB0idY3wy5P/Hxug=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiTioyBCwY3LCrYWmhBuptN26CQTZiZCCf0FN/6KGxeKuHXnzr9x0hbR1sO9cDjnXmbuCRPOlHacL6uwtLyyulZcL21sbm3v2Lt7LSVSSWiTCC5kOwRFOYtpUzPNaTuRFKKQ07tweJX7d/dUKibiWz1KqB9BP2Y9RkAbKbArgC+xx0UfeyKifcDeRV4YAvZjaEgDFthlp+pMgBeJOyNlNEMjsD+9riBpRGNNOCjVcZ1E+xlIzQin45KXKpoAGUKfdgyNIaLKzyYXjfGRUbq4J6TpWOOJ+nsjg0ipURSayQj0QM17ufif10l1r+ZnLE5STWMyfaiXcqwFzuPBXSYp0XxkCBDJzF8xGYAEok2IJROCO3/yImkdV92z6unNSblem8VRRAfoEFWQi85RHV2jBmoigh7QE3pBr9aj9Wy9We/T0YI129lHf2B9fAMwKpq8</latexit>

a = logω ai = log εi

• Rescaling time amounts to rescale frequency, that is “shifting” the Bode plot 
• Coarsening g amounts to “band passing” the Bode plot

<latexit sha1_base64="Kh002SPrnUDRKyb36F387MtSVMg=">AAACZ3icbVHLSgMxFM2M7/qqD0Rwc7UIlWKZKb42guBClwpWhU4dMmmmpk0mQ5IRylA/0p17N/6F6bQLXxcunJxzLjc5iVLOtPG8d8edmp6ZnZtfKC0uLa+sltfW77XMFKFNIrlUjxHWlLOENg0znD6mimIRcfoQ9S9H+sMLVZrJ5M4MUtoWuJuwmBFsLBWWXwMuuxAI1oGrai+QgnbxQXE8h0K6Cj2oQRArTHJ/mDeGgc5EyK BvuzBU/VpgcBaypwaM558aB3AIha8H3PYPX++7LyxXvLpXFPwF/gRU0KRuwvJb0JEkEzQxhGOtW76XmnaOlWGE02EpyDRNMenjLm1ZmGBBdTsvchrCvmU6EEtlOzFQsN8nciy0HojIOgU2z/q3NiL/01qZic/aOUvSzNCEjBfFGQcjYRQ6dJiixPCBBZgoZu8K5BnbSI39mpINwf/95L/gvlH3T+rHt0eVi7NJHPNoB+2hKvLRKbpA1+gGNRFBH07J2XA2nU931d1yt8dW15nMbKAf5e5+ASejtBs=</latexit>

log | G(jω) |= logG0 +
1

2

∑

i

ki log(1 + ε2i ω
2)→

∑

j

lj log(1 + ε2j ω
2)

<latexit sha1_base64="TzPgcnk4G0+Iq5YZNNEfiVjPN7Y="></latexit>

log | G |= logG0 +
1

2
(
∑

i

ki log(1 + exp(a+ ai))→
∑

j

lj log(1 + exp(a+ aj)))
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Memristive modelling at scale

• Rescaling time/space/amplitude amounts to rescale Bode and scale plots 

• Coarsening amounts to band-passing (temporal frequency, spatial frequency, 
and amplitude scale)

<latexit sha1_base64="d27z1CkpN/L468DJDoO5QmbFbsc=">AAACE3icbVDLSgMxFM3UV62vUZdugkVofZQZ8VFwU3DjsoJ9QKeUTJppQzOZIbkjlNJ/cOOvuHGhiFs37vwb0weorQdCDufcy733+LHgGhzny0otLC4tr6RXM2vrG5tb9vZOVUeJoqxCIxGpuk80E1yyCnAQrB4rRkJfsJrfux75tXumNI/kHfRj1gxJR/KAUwJGatmHOIO9K5w78bgMoH8MeewBD5n+kY4mf75lZ52CMwaeJ+6UZNEU5Zb96bUjmoRMAhVE64brxNAcEAWcCjbMeIlmMaE90mENQyUxY5uD8U1DfGCUNg4iZZ4EPFZ/dwxIqHU/9E1lSKCrZ72R+J/XSCAoNgdcxgkwSSeDgkRgiPAoINzmilEQfUMIVdzsimmXKELBxJgxIbizJ8+T6mnBvSic355lS8VpHGm0h/ZRDrnoEpXQDSqjCqLoAT2hF/RqPVrP1pv1PilNWdOeXfQH1sc3rtSbkw==</latexit>

(→↑, t)↓ (→↑,+↑)

<latexit sha1_base64="CkY9BEsbMHpXIAKfcM1K+mLXxL8=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQQcqM+Oiy4MZlBfuAdiiZTKYNzSRDkqmUsZ/ixoUibv0Sd/6N6XQW2nrgcg/n3Etujh8zqrTjfFuFtfWNza3idmlnd2//wC4ftpVIJCYtLJiQXR8pwignLU01I91YEhT5jHT88e3c70yIVFTwBz2NiRehIachxUgbaWCXYWlS7eNA6HOYtbOBXXFqTga4StycVECO5sD+6gcCJxHhGjOkVM91Yu2lSGqKGZmV+okiMcJjNCQ9QzmKiPLS7PQZPDVKAEMhTXENM/X3RooipaaRbyYjpEdq2ZuL/3m9RId1L6U8TjThePFQmDCoBZznAAMqCdZsagjCkppbIR4hibA2aZVMCO7yl1dJ+6LmXteu7i8rjXoeRxEcgxNQBS64AQ1wB5qgBTB4BM/gFbxZT9aL9W59LEYLVr5zBP7A+vwBId+Sng==</latexit>

v(·, ·)
LTI LSI GLM

(Relaxation) (diffusion) (softplus)

<latexit sha1_base64="kUgCMwBe/A/7JdYodvguKZ1KZy4=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfOQY8OIxgnlIsoTZyexmyOzMMjMrhCVf4cWDIl79HG/+jZNkD5pY0FBUddPdFSScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFaEtIrlU3QBrypmgLcMMp91EURwHnHaC8e3M7zxRpZkUD2aSUD/GkWAhI9hY6bHPZYSiqjkflCtuzZ0DrRIvJxXI0RyUv/pDSdKYCkM41rrnuYnxM6wMI5xOS/1U0wSTMY5oz1KBY6r9bH7wFJ1ZZYhCqWwJg+bq74kMx1pP4sB2xtiM9LI3E//zeqkJ637GRJIaKshiUZhyZCSafY+GTFFi+MQSTBSztyIywgoTYzMq2RC85ZdXSfui5l3Xru4vK416HkcRTuAUquDBDTTgDprQAgIxPMMrvDnKeXHenY9Fa8HJZ47hD5zPH8/Mj74=</latexit>

log g(t)
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Have we answered the question ?

Neuronal modelling at scale = memristive modelling at scale

The memductance is a functional from past voltage  

Scaling the memductance amounts to shift/stretch in the frequency/scale domain

The scaled memductance is a variation diminishing function of the scale.
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• Motivation: the complexity of neuronal modelling  

• Inspiration: signal modelling at scale 

• Proposal: physical modelling at scale 

• Result: neuronal modelling at scale 

• Discussion: physical modelling at scale

Contents
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Physical modelling at scale

• Constrain the modelling with physical principles: power-
preserving interconnections of basic elements characterized by 
their energy. 

• Model the constitutive law of elements at scale 

• Make energy a variation diminishing function of scale through 
exponential linear modelling
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Perspectives

• A compelling, multi-scale characterization of excitability: 
memory at fine scale, fading memory at coarse scale.  

• Design: energy-shaping = memory-shaping can be done at 
any scale  

• A system theoretic alternative to mean-field modelling.
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Research directions

• Modelling at scale can be regarded as a distinction between 
“physics” (the mother behavior) and “perception” (the scaled and 
band-passed behavior). 

• Neuronal circuits = memristive Hopfield networks = multi-
resolution associative memories 

• Designing a neuronal circuit is shaping the memory of a 
machine
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Connections deserving further attention

• Scale-space theory in computer vision 

• Dynamic input conductances in neurophysiology 

• Statistical modelling with GLMs (logistic regression, …) 

• Scaled Riemannian metrics and affine-invariant geometry  

• Scaled exponential kernels for analysis and synthesis 

• Neuroscience of perception and memory
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Neuromorphic vs Ising/quantum

• Classical LTI dissipativity theory specialises “reciprocal passive” 
systems (RLC) into “relaxation” systems (RC) and “lossless” 
systems (LC).   

• Neuronal circuits can be thought as “memristive” generalisations 
of relaxation systems (with batteries). 

• What about a “memductive” generalization of lossless systems? 

• What does mean shaping the storage of such systems “at 
scale” ?



Conclusion
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• Physical modelling is a precious source of algorithmic tractability. 
• Multi-scale modelling can facilitate multi-scale analysis and synthesis 
• Scale-space theory can be regarded as a physical theory of wavelets. 
• Work in progress: a physical theory of switchlets. 

 


