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schizophrenia

medication and/or psychological counselling

symptoms
• appears in adolescence or early adulthood

• characterised by e.g. delusions and hallucinations

• affects 1% of population

treatment

pharmacological medication limited in action 

e.g. repetitive Transcranial Magnetic Stimulation (rTMS)

alternative modalities needed for non-pharmacological treatment



TMS in schizophrenia treatment

TMS cortico-thalamic loop (CTL)

Research aim:

• understanding action of antipsychodic clozapine on CTL

• understanding action of rTMS on CTL

Cooperation partner:
Dr. Didier PINAULT,  
(INSERM1114 Strasbourg)
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I: drugs II: stimulation



I) pharmacological effect of anti-psychotic drugs

a) dynamical model of action of clozapine  
 
on cortico-thalamic loop

(NeuroImage 2018; eLife 2017;  
PLoSOne 2017; J. Neuroscience 2016)



 





   





  
  




 











 








 















 








 


      

















 
 

 








  
 

 






   

experimental data: frontal EEG in patients under surgery

(Williams and Sleigh, Anaesth. Int. Care (1999))

Some details on general anaesthesia



single neuron model:



single neuron model:



single neuron + LFP + EEG model:
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extracellular potentials in areas: 

adaption currents:

mathematical model:

……some details on general anaesthesia



simulated  
EEG spectrum

noise

……some details on general anaesthesia



spiking activity in different areas

spike synchronisation by denoising

……some details on general anaesthesia



power spectrum

phase synchronization

population firing rate

spike coherence

awake EEG is asynchronous,  
sedative EEG is synchronous

synchronisation in cortical population

……some details on general anaesthesia



functional connectivity

……some details on general anaesthesia



found in experiment ?
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information theoretic measures:

transfer entropy (TE):  
how much information is transferred ?

active information storage (AIS):  
how much information is stored ?

differential entropy (H):  
how much information is available ?

TE

TE
AIS

AIS H
H

AIS≤H

TE≤H
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information transfer during ferret resting state under anesthesia

(Wollstadt et al. , PLoS Computational Biology (2017))
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•reduction of information transfer  V1 ⊳ PFC

•reduction of available information in V1

•enlargement of stored information in V1

(Wollstadt et al. , PLoS Computational Biology (2017))



I) pharmacological effect of anti-psychotic drugs

a) dynamical model of action of clozapine  
 
on cortico-thalamic loop

b) comparison to observations (D. PINAULT) and  
 
    model adaption (e.g. Kalman filter) —> thesis of Joséphine RIEDINGER

(NeuroImage 2018; eLife 2017;  
PLoSOne 2017; J. Neuroscience 2016)

Front. Appl. Math. Stat. 2018; Meteor. Zeit. 2018; Neuroinformatics 2018;  
J. Math. Neurosci. 2018

Frontiers Research Topic on Data Assimilation in Life Sciences (2018); Frontiers Research 
Topic on Data Assimilation of Nonlocal Observations (2019),  
Frontiers in Applied Mathematics and Statistics
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Deep Brain Stimulation (DBS)

(Tinkhauser et al. (2017), Brain 140: 1053–1067)

monopolar stimulation with 130 Hz

Motivation
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Cortical stimulation under task and rest condition

(Lefebvre et al., eLife (2017); doi: https://doi.org/10.7554/eLife.32054)
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Cortical stimulation under task and rest condition

(Lefebvre et al., eLife (2017); doi: https://doi.org/10.7554/eLife.32054)

evolution equations of each area:



no cortical stimulation

thalamic noise stimulation desynchronizes EEG



cortical stimulation with 11Hz

thalamic noise stimulation 
enhances EEG at stimulation frequency



cortical stimulation with 11Hz

clinical finding: no stimulus response observed in 
certain patients



excitatory

inhibitory

excitatory

inhibitory

e i noisenoise

( A. Hutt, J. Lefebvre, D. Hight and H. Kaiser,, Frontiers in Applied Mathematics and Statistics 5:69 (2020) )

Analytical description of stochastic stimulation

https://www.frontiersin.org/articles/10.3389/fams.2019.00069/full
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model:

https://www.frontiersin.org/articles/10.3389/fams.2019.00069/full
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( A. Hutt, J. Lefebvre, D. Hight and H. Kaiser,, Frontiers in Applied Mathematics and Statistics 5:69 (2020) )

model:

uncorrelated noise

https://www.frontiersin.org/articles/10.3389/fams.2019.00069/full


connectivity matrices  
 

M , F

Erdös-Rényi network 
with connection probability c=0.95

( A. Hutt, J. Lefebvre, D. Hight and H. Kaiser, Frontiers in Applied Mathematics and Statistics 5:69 (2020) )
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<latexit sha1_base64="Sr9GON1w+QGAuqvwtv8LbZBPz38=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwVWZE0GXRje4q2Ae0Q8lkMm1okhmSjFLGfoobF4q49Uvc+Tem7Sy09UDgcM493JsTppxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUoU2S8ER1QqwpZ5I2DTOcdlJFsQg5bYej66nffqBKs0Tem3FKA4EHksWMYGOlvlvJe0qgW6tOetzGItx3q17NmwEtE78gVSjQ6LtfvSghmaDSEI617vpeaoIcK8MIp5NyL9M0xWSEB7RrqcSC6iCfnT5BJ1aJUJwo+6RBM/V3IsdC67EI7aTAZqgXvan4n9fNTHwZ5EymmaGSzBfFGUcmQdMeUMQUJYaPLcFEMXsrIkOsMDG2rbItwV/88jJpndV8y+/Oq/Wroo4SHMExnIIPF1CHG2hAEwg8wjO8wpvz5Lw4787HfHTFKTKH8AfO5w8bepPj</latexit><latexit sha1_base64="Sr9GON1w+QGAuqvwtv8LbZBPz38=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwVWZE0GXRje4q2Ae0Q8lkMm1okhmSjFLGfoobF4q49Uvc+Tem7Sy09UDgcM493JsTppxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUoU2S8ER1QqwpZ5I2DTOcdlJFsQg5bYej66nffqBKs0Tem3FKA4EHksWMYGOlvlvJe0qgW6tOetzGItx3q17NmwEtE78gVSjQ6LtfvSghmaDSEI617vpeaoIcK8MIp5NyL9M0xWSEB7RrqcSC6iCfnT5BJ1aJUJwo+6RBM/V3IsdC67EI7aTAZqgXvan4n9fNTHwZ5EymmaGSzBfFGUcmQdMeUMQUJYaPLcFEMXsrIkOsMDG2rbItwV/88jJpndV8y+/Oq/Wroo4SHMExnIIPF1CHG2hAEwg8wjO8wpvz5Lw4787HfHTFKTKH8AfO5w8bepPj</latexit><latexit sha1_base64="Sr9GON1w+QGAuqvwtv8LbZBPz38=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwVWZE0GXRje4q2Ae0Q8lkMm1okhmSjFLGfoobF4q49Uvc+Tem7Sy09UDgcM493JsTppxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUoU2S8ER1QqwpZ5I2DTOcdlJFsQg5bYej66nffqBKs0Tem3FKA4EHksWMYGOlvlvJe0qgW6tOetzGItx3q17NmwEtE78gVSjQ6LtfvSghmaDSEI617vpeaoIcK8MIp5NyL9M0xWSEB7RrqcSC6iCfnT5BJ1aJUJwo+6RBM/V3IsdC67EI7aTAZqgXvan4n9fNTHwZ5EymmaGSzBfFGUcmQdMeUMQUJYaPLcFEMXsrIkOsMDG2rbItwV/88jJpndV8y+/Oq/Wroo4SHMExnIIPF1CHG2hAEwg8wjO8wpvz5Lw4787HfHTFKTKH8AfO5w8bepPj</latexit><latexit sha1_base64="Sr9GON1w+QGAuqvwtv8LbZBPz38=">AAAB+nicbVDLSgMxFL3js9bXVJdugkVwVWZE0GXRje4q2Ae0Q8lkMm1okhmSjFLGfoobF4q49Uvc+Tem7Sy09UDgcM493JsTppxp43nfzsrq2vrGZmmrvL2zu7fvVg5aOskUoU2S8ER1QqwpZ5I2DTOcdlJFsQg5bYej66nffqBKs0Tem3FKA4EHksWMYGOlvlvJe0qgW6tOetzGItx3q17NmwEtE78gVSjQ6LtfvSghmaDSEI617vpeaoIcK8MIp5NyL9M0xWSEB7RrqcSC6iCfnT5BJ1aJUJwo+6RBM/V3IsdC67EI7aTAZqgXvan4n9fNTHwZ5EymmaGSzBfFGUcmQdMeUMQUJYaPLcFEMXsrIkOsMDG2rbItwV/88jJpndV8y+/Oq/Wroo4SHMExnIIPF1CHG2hAEwg8wjO8wpvz5Lw4787HfHTFKTKH8AfO5w8bepPj</latexit>

Im
ag

⌘
<latexit sha1_base64="0nBO3/uL1zFwcZKvyo/l3yZVkZw=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KK3CvYD2lg22027dDcJuxOlhP4PLx4U8ep/8ea/cdvmoK0vLDy8M8PMvkEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughksR8QYKlLydaE5VIHkrGF1P661Hro2Io3scJ9xXdBCJUDCK1nrIulqRW+tNuhxpr1xxq+5MZBm8HCqQq94rf3X7MUsVj5BJakzHcxP0M6pRMMknpW5qeELZiA54x2JEFTd+Nrt6Qk6s0ydhrO2LkMzc3xMZVcaMVWA7FcWhWaxNzf9qnRTDSz8TUZIij9h8UZhKgjGZRkD6QnOGcmyBMi3srYQNqaYMbVAlG4K3+OVlaJ5VPct355XaVR5HEY7gGE7BgwuowQ3UoQEMNDzDK7w5T86L8+58zFsLTj5zCH/kfP4AY+aSbQ==</latexit><latexit sha1_base64="0nBO3/uL1zFwcZKvyo/l3yZVkZw=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KK3CvYD2lg22027dDcJuxOlhP4PLx4U8ep/8ea/cdvmoK0vLDy8M8PMvkEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughksR8QYKlLydaE5VIHkrGF1P661Hro2Io3scJ9xXdBCJUDCK1nrIulqRW+tNuhxpr1xxq+5MZBm8HCqQq94rf3X7MUsVj5BJakzHcxP0M6pRMMknpW5qeELZiA54x2JEFTd+Nrt6Qk6s0ydhrO2LkMzc3xMZVcaMVWA7FcWhWaxNzf9qnRTDSz8TUZIij9h8UZhKgjGZRkD6QnOGcmyBMi3srYQNqaYMbVAlG4K3+OVlaJ5VPct355XaVR5HEY7gGE7BgwuowQ3UoQEMNDzDK7w5T86L8+58zFsLTj5zCH/kfP4AY+aSbQ==</latexit><latexit sha1_base64="0nBO3/uL1zFwcZKvyo/l3yZVkZw=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KK3CvYD2lg22027dDcJuxOlhP4PLx4U8ep/8ea/cdvmoK0vLDy8M8PMvkEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughksR8QYKlLydaE5VIHkrGF1P661Hro2Io3scJ9xXdBCJUDCK1nrIulqRW+tNuhxpr1xxq+5MZBm8HCqQq94rf3X7MUsVj5BJakzHcxP0M6pRMMknpW5qeELZiA54x2JEFTd+Nrt6Qk6s0ydhrO2LkMzc3xMZVcaMVWA7FcWhWaxNzf9qnRTDSz8TUZIij9h8UZhKgjGZRkD6QnOGcmyBMi3srYQNqaYMbVAlG4K3+OVlaJ5VPct355XaVR5HEY7gGE7BgwuowQ3UoQEMNDzDK7w5T86L8+58zFsLTj5zCH/kfP4AY+aSbQ==</latexit><latexit sha1_base64="0nBO3/uL1zFwcZKvyo/l3yZVkZw=">AAAB9XicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9KK3CvYD2lg22027dDcJuxOlhP4PLx4U8ep/8ea/cdvmoK0vLDy8M8PMvkEihUHX/XYKK6tr6xvFzdLW9s7uXnn/oGniVDPeYLGMdTughksR8QYKlLydaE5VIHkrGF1P661Hro2Io3scJ9xXdBCJUDCK1nrIulqRW+tNuhxpr1xxq+5MZBm8HCqQq94rf3X7MUsVj5BJakzHcxP0M6pRMMknpW5qeELZiA54x2JEFTd+Nrt6Qk6s0ydhrO2LkMzc3xMZVcaMVWA7FcWhWaxNzf9qnRTDSz8TUZIij9h8UZhKgjGZRkD6QnOGcmyBMi3srYQNqaYMbVAlG4K3+OVlaJ5VPct355XaVR5HEY7gGE7BgwuowQ3UoQEMNDzDK7w5T86L8+58zFsLTj5zCH/kfP4AY+aSbQ==</latexit>

Re⌘
<latexit sha1_base64="+8lthNthl2FfUZAaOlrRDVr8+I8=">AAAB83icbZBNS8NAEIY39avWr6pHL4tF8FQSEfRY9OKxiv2AJpTNdtIu3WzC7kQooX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk0xxaPJGJ7obMgBQKWihQQjfVwOJQQicc387qnSfQRiTqEScpBDEbKhEJztBafu7rmD7A1Adk/WrNrbtz0VXwCqiRQs1+9csfJDyLQSGXzJie56YY5Eyj4BKmFT8zkDI+ZkPoWVQsBhPk85un9Mw6Axol2j6FdO7+nshZbMwkDm1nzHBklmsz879aL8PoOsiFSjMExReLokxSTOgsADoQGjjKiQXGtbC3Uj5imnG0MVVsCN7yl1ehfVH3LN9f1ho3RRxlckJOyTnxyBVpkDvSJC3CSUqeySt5czLnxXl3PhatJaeYOSZ/5Hz+AOLjkZI=</latexit><latexit sha1_base64="+8lthNthl2FfUZAaOlrRDVr8+I8=">AAAB83icbZBNS8NAEIY39avWr6pHL4tF8FQSEfRY9OKxiv2AJpTNdtIu3WzC7kQooX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk0xxaPJGJ7obMgBQKWihQQjfVwOJQQicc387qnSfQRiTqEScpBDEbKhEJztBafu7rmD7A1Adk/WrNrbtz0VXwCqiRQs1+9csfJDyLQSGXzJie56YY5Eyj4BKmFT8zkDI+ZkPoWVQsBhPk85un9Mw6Axol2j6FdO7+nshZbMwkDm1nzHBklmsz879aL8PoOsiFSjMExReLokxSTOgsADoQGjjKiQXGtbC3Uj5imnG0MVVsCN7yl1ehfVH3LN9f1ho3RRxlckJOyTnxyBVpkDvSJC3CSUqeySt5czLnxXl3PhatJaeYOSZ/5Hz+AOLjkZI=</latexit><latexit sha1_base64="+8lthNthl2FfUZAaOlrRDVr8+I8=">AAAB83icbZBNS8NAEIY39avWr6pHL4tF8FQSEfRY9OKxiv2AJpTNdtIu3WzC7kQooX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk0xxaPJGJ7obMgBQKWihQQjfVwOJQQicc387qnSfQRiTqEScpBDEbKhEJztBafu7rmD7A1Adk/WrNrbtz0VXwCqiRQs1+9csfJDyLQSGXzJie56YY5Eyj4BKmFT8zkDI+ZkPoWVQsBhPk85un9Mw6Axol2j6FdO7+nshZbMwkDm1nzHBklmsz879aL8PoOsiFSjMExReLokxSTOgsADoQGjjKiQXGtbC3Uj5imnG0MVVsCN7yl1ehfVH3LN9f1ho3RRxlckJOyTnxyBVpkDvSJC3CSUqeySt5czLnxXl3PhatJaeYOSZ/5Hz+AOLjkZI=</latexit><latexit sha1_base64="+8lthNthl2FfUZAaOlrRDVr8+I8=">AAAB83icbZBNS8NAEIY39avWr6pHL4tF8FQSEfRY9OKxiv2AJpTNdtIu3WzC7kQooX/DiwdFvPpnvPlv3LY5aOsLCw/vzDCzb5hKYdB1v53S2vrG5lZ5u7Kzu7d/UD08apsk0xxaPJGJ7obMgBQKWihQQjfVwOJQQicc387qnSfQRiTqEScpBDEbKhEJztBafu7rmD7A1Adk/WrNrbtz0VXwCqiRQs1+9csfJDyLQSGXzJie56YY5Eyj4BKmFT8zkDI+ZkPoWVQsBhPk85un9Mw6Axol2j6FdO7+nshZbMwkDm1nzHBklmsz879aL8PoOsiFSjMExReLokxSTOgsADoQGjjKiQXGtbC3Uj5imnG0MVVsCN7yl1ehfVH3LN9f1ho3RRxlckJOyTnxyBVpkDvSJC3CSUqeySt5czLnxXl3PhatJaeYOSZ/5Hz+AOLjkZI=</latexit>

constant mode

constant mode



D=1.0 D=2.0

⇠(1)n ⇠ N (0, D)
<latexit sha1_base64="R64BT1bZWWB3OLeK4jD+DVW1bEk=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCC1ISEXRZ1IUrqWAv0MQwmU7aoZNJmJmIJWTrxldx40IRt76BO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SR1zv3REga8Vs1jokbogGnAcVIacszofNAPX6XVu1a5kgapk6I1BAjBq+zqnV0WfPMilW3JoLzYBdQAYWanvnl9COchIQrzJCUPduKlZsioShmJCs7iSQxwiM0ID2NHIVEuunkkgweaqcPg0joxxWcuL8nUhRKOQ593ZnvKWdruflfrZeo4MxNKY8TRTiefhQkDKoI5rHAPhUEKzbWgLCgeleIh0ggrHR4ZR2CPXvyPLSP67bmm5NK47yIowT2wQGoAhucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7I+PwBqVqY/w==</latexit><latexit sha1_base64="R64BT1bZWWB3OLeK4jD+DVW1bEk=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCC1ISEXRZ1IUrqWAv0MQwmU7aoZNJmJmIJWTrxldx40IRt76BO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SR1zv3REga8Vs1jokbogGnAcVIacszofNAPX6XVu1a5kgapk6I1BAjBq+zqnV0WfPMilW3JoLzYBdQAYWanvnl9COchIQrzJCUPduKlZsioShmJCs7iSQxwiM0ID2NHIVEuunkkgweaqcPg0joxxWcuL8nUhRKOQ593ZnvKWdruflfrZeo4MxNKY8TRTiefhQkDKoI5rHAPhUEKzbWgLCgeleIh0ggrHR4ZR2CPXvyPLSP67bmm5NK47yIowT2wQGoAhucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7I+PwBqVqY/w==</latexit><latexit sha1_base64="R64BT1bZWWB3OLeK4jD+DVW1bEk=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCC1ISEXRZ1IUrqWAv0MQwmU7aoZNJmJmIJWTrxldx40IRt76BO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SR1zv3REga8Vs1jokbogGnAcVIacszofNAPX6XVu1a5kgapk6I1BAjBq+zqnV0WfPMilW3JoLzYBdQAYWanvnl9COchIQrzJCUPduKlZsioShmJCs7iSQxwiM0ID2NHIVEuunkkgweaqcPg0joxxWcuL8nUhRKOQ593ZnvKWdruflfrZeo4MxNKY8TRTiefhQkDKoI5rHAPhUEKzbWgLCgeleIh0ggrHR4ZR2CPXvyPLSP67bmm5NK47yIowT2wQGoAhucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7I+PwBqVqY/w==</latexit><latexit sha1_base64="R64BT1bZWWB3OLeK4jD+DVW1bEk=">AAACCXicbZDLSsNAFIYnXmu9RV26GSxCC1ISEXRZ1IUrqWAv0MQwmU7aoZNJmJmIJWTrxldx40IRt76BO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jYWFpeWV1ZLa+X1jc2tbXNnty2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SR1zv3REga8Vs1jokbogGnAcVIacszofNAPX6XVu1a5kgapk6I1BAjBq+zqnV0WfPMilW3JoLzYBdQAYWanvnl9COchIQrzJCUPduKlZsioShmJCs7iSQxwiM0ID2NHIVEuunkkgweaqcPg0joxxWcuL8nUhRKOQ593ZnvKWdruflfrZeo4MxNKY8TRTiefhQkDKoI5rHAPhUEKzbWgLCgeleIh0ggrHR4ZR2CPXvyPLSP67bmm5NK47yIowT2wQGoAhucgga4Ak3QAhg8gmfwCt6MJ+PFeDc+pq0LRjGzB/7I+PwBqVqY/w==</latexit>

⇠(2)n ⇠ N (0, 0.5)
<latexit sha1_base64="7fUJGk906Dm+/GGBigJrmCIQ6sU=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEFqQkRdFl0Y0rqWAv0MQwmU7aoZNJmJmIJXTvxldx40IRt76AO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jaWlldW19YLG8XNre2dXXNvvy2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SZ1Tv3REga8Vs1jokbogGnAcVIacszS84D9fhdWqlXJ46kYeqESA0xYvB6UrGOrdpp1TPLVs2aCi6CnUMZ5Gp65pfTj3ASEq4wQ1L2bCtWboqEopiRSdFJJIkRHqEB6WnkKCTSTae3TOCRdvowiIR+XMGp+3siRaGU49DXndmmcr6Wmf/VeokKzt2U8jhRhOPZR0HCoIpgFgzsU0GwYmMNCAuqd4V4iATCSsdX1CHY8ycvQrteszXfnJQbF3kcBXAISqACbHAGGuAKNEELYPAInsEreDOejBfj3fiYtS4Z+cwB+CPj8weDcZlj</latexit><latexit sha1_base64="7fUJGk906Dm+/GGBigJrmCIQ6sU=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEFqQkRdFl0Y0rqWAv0MQwmU7aoZNJmJmIJXTvxldx40IRt76AO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jaWlldW19YLG8XNre2dXXNvvy2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SZ1Tv3REga8Vs1jokbogGnAcVIacszS84D9fhdWqlXJ46kYeqESA0xYvB6UrGOrdpp1TPLVs2aCi6CnUMZ5Gp65pfTj3ASEq4wQ1L2bCtWboqEopiRSdFJJIkRHqEB6WnkKCTSTae3TOCRdvowiIR+XMGp+3siRaGU49DXndmmcr6Wmf/VeokKzt2U8jhRhOPZR0HCoIpgFgzsU0GwYmMNCAuqd4V4iATCSsdX1CHY8ycvQrteszXfnJQbF3kcBXAISqACbHAGGuAKNEELYPAInsEreDOejBfj3fiYtS4Z+cwB+CPj8weDcZlj</latexit><latexit sha1_base64="7fUJGk906Dm+/GGBigJrmCIQ6sU=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEFqQkRdFl0Y0rqWAv0MQwmU7aoZNJmJmIJXTvxldx40IRt76AO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jaWlldW19YLG8XNre2dXXNvvy2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SZ1Tv3REga8Vs1jokbogGnAcVIacszS84D9fhdWqlXJ46kYeqESA0xYvB6UrGOrdpp1TPLVs2aCi6CnUMZ5Gp65pfTj3ASEq4wQ1L2bCtWboqEopiRSdFJJIkRHqEB6WnkKCTSTae3TOCRdvowiIR+XMGp+3siRaGU49DXndmmcr6Wmf/VeokKzt2U8jhRhOPZR0HCoIpgFgzsU0GwYmMNCAuqd4V4iATCSsdX1CHY8ycvQrteszXfnJQbF3kcBXAISqACbHAGGuAKNEELYPAInsEreDOejBfj3fiYtS4Z+cwB+CPj8weDcZlj</latexit><latexit sha1_base64="7fUJGk906Dm+/GGBigJrmCIQ6sU=">AAACC3icbZDLSsNAFIYnXmu9RV26GVqEFqQkRdFl0Y0rqWAv0MQwmU7aoZNJmJmIJXTvxldx40IRt76AO9/GSZuFtv4w8PGfc5hzfj9mVCrL+jaWlldW19YLG8XNre2dXXNvvy2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3SZ1Tv3REga8Vs1jokbogGnAcVIacszS84D9fhdWqlXJ46kYeqESA0xYvB6UrGOrdpp1TPLVs2aCi6CnUMZ5Gp65pfTj3ASEq4wQ1L2bCtWboqEopiRSdFJJIkRHqEB6WnkKCTSTae3TOCRdvowiIR+XMGp+3siRaGU49DXndmmcr6Wmf/VeokKzt2U8jhRhOPZR0HCoIpgFgzsU0GwYmMNCAuqd4V4iATCSsdX1CHY8ycvQrteszXfnJQbF3kcBXAISqACbHAGGuAKNEELYPAInsEreDOejBfj3fiYtS4Z+cwB+CPj8weDcZlj</latexit>



analysis:

mean field dynamics:

V̄ =
1

N

NX

n=1

Vn , W̄ =
1

N

NX

n=1

Wn

<latexit sha1_base64="l4jwGxHIll8LPeQpxSvJV++tKCE=">AAACMHicdVBPS8MwHE39O+e/qUcvxSF4kNGKoJfB0IOexgTXDtZa0izdwtK0JKkwSveNvPhR9KKgiFc/hVnXg276IPB47/2S/J4fUyKkYbxqC4tLyyurpbXy+sbm1nZlZ9cSUcIRbqOIRrzjQ4EpYbgtiaS4E3MMQ59i2x9eTnz7HnNBInYrRzF2Q9hnJCAISiV5lSvHhzy1sroTcIhSM0ubmSOS0EtZ3czumpbHxsfjPGT/G7I9dVPVqBk59HliFqQKCrS8ypPTi1ASYiYRhUJ0TSOWbgq5JIjirOwkAscQDWEfdxVlMMTCTfOFM/1QKT09iLg6TOq5+nMihaEQo9BXyRDKgZj1JuJfXjeRwbmbEhYnEjM0fShIqC4jfdKe3iMcI0lHikDEifqrjgZQlSJVx2VVgjm78jyxTmqm4jen1cZFUUcJ7IMDcARMcAYa4Bq0QBsg8ACewRt41x61F+1D+5xGF7RiZg/8gvb1DXWgqwc=</latexit><latexit sha1_base64="l4jwGxHIll8LPeQpxSvJV++tKCE=">AAACMHicdVBPS8MwHE39O+e/qUcvxSF4kNGKoJfB0IOexgTXDtZa0izdwtK0JKkwSveNvPhR9KKgiFc/hVnXg276IPB47/2S/J4fUyKkYbxqC4tLyyurpbXy+sbm1nZlZ9cSUcIRbqOIRrzjQ4EpYbgtiaS4E3MMQ59i2x9eTnz7HnNBInYrRzF2Q9hnJCAISiV5lSvHhzy1sroTcIhSM0ubmSOS0EtZ3czumpbHxsfjPGT/G7I9dVPVqBk59HliFqQKCrS8ypPTi1ASYiYRhUJ0TSOWbgq5JIjirOwkAscQDWEfdxVlMMTCTfOFM/1QKT09iLg6TOq5+nMihaEQo9BXyRDKgZj1JuJfXjeRwbmbEhYnEjM0fShIqC4jfdKe3iMcI0lHikDEifqrjgZQlSJVx2VVgjm78jyxTmqm4jen1cZFUUcJ7IMDcARMcAYa4Bq0QBsg8ACewRt41x61F+1D+5xGF7RiZg/8gvb1DXWgqwc=</latexit><latexit sha1_base64="l4jwGxHIll8LPeQpxSvJV++tKCE=">AAACMHicdVBPS8MwHE39O+e/qUcvxSF4kNGKoJfB0IOexgTXDtZa0izdwtK0JKkwSveNvPhR9KKgiFc/hVnXg276IPB47/2S/J4fUyKkYbxqC4tLyyurpbXy+sbm1nZlZ9cSUcIRbqOIRrzjQ4EpYbgtiaS4E3MMQ59i2x9eTnz7HnNBInYrRzF2Q9hnJCAISiV5lSvHhzy1sroTcIhSM0ubmSOS0EtZ3czumpbHxsfjPGT/G7I9dVPVqBk59HliFqQKCrS8ypPTi1ASYiYRhUJ0TSOWbgq5JIjirOwkAscQDWEfdxVlMMTCTfOFM/1QKT09iLg6TOq5+nMihaEQo9BXyRDKgZj1JuJfXjeRwbmbEhYnEjM0fShIqC4jfdKe3iMcI0lHikDEifqrjgZQlSJVx2VVgjm78jyxTmqm4jen1cZFUUcJ7IMDcARMcAYa4Bq0QBsg8ACewRt41x61F+1D+5xGF7RiZg/8gvb1DXWgqwc=</latexit><latexit sha1_base64="l4jwGxHIll8LPeQpxSvJV++tKCE=">AAACMHicdVBPS8MwHE39O+e/qUcvxSF4kNGKoJfB0IOexgTXDtZa0izdwtK0JKkwSveNvPhR9KKgiFc/hVnXg276IPB47/2S/J4fUyKkYbxqC4tLyyurpbXy+sbm1nZlZ9cSUcIRbqOIRrzjQ4EpYbgtiaS4E3MMQ59i2x9eTnz7HnNBInYrRzF2Q9hnJCAISiV5lSvHhzy1sroTcIhSM0ubmSOS0EtZ3czumpbHxsfjPGT/G7I9dVPVqBk59HliFqQKCrS8ypPTi1ASYiYRhUJ0TSOWbgq5JIjirOwkAscQDWEfdxVlMMTCTfOFM/1QKT09iLg6TOq5+nMihaEQo9BXyRDKgZj1JuJfXjeRwbmbEhYnEjM0fShIqC4jfdKe3iMcI0lHikDEifqrjgZQlSJVx2VVgjm78jyxTmqm4jen1cZFUUcJ7IMDcARMcAYa4Bq0QBsg8ACewRt41x61F+1D+5xGF7RiZg/8gvb1DXWgqwc=</latexit>

Wn(t) = W̄ (t) + wn(t)
<latexit sha1_base64="3E/WI0T2xJUGWFGuGysd0yCwX4w=">AAACAXicbZDNSsNAFIUn9a/Wv6gbwU2wCBWhJCLoRii6cVnBNoU2hMl00g6dTMLMjVJC3fgqblwo4ta3cOfbOE2z0OqBgY9z7+XOPUHCmQLb/jJKC4tLyyvl1cra+sbmlrm901ZxKgltkZjHshNgRTkTtAUMOO0kkuIo4NQNRlfTuntHpWKxuIVxQr0IDwQLGcGgLd/cc31Rg6OLXoBl5k40Ht/njm9W7bqdy/oLTgFVVKjpm5+9fkzSiAogHCvVdewEvAxLYITTSaWXKppgMsID2tUocESVl+UXTKxD7fStMJb6CbBy9+dEhiOlxlGgOyMMQzVfm5r/1bophOdexkSSAhVktihMuQWxNY3D6jNJCfCxBkwk03+1yBBLTECHVtEhOPMn/4X2Sd3RfHNabVwWcZTRPjpANeSgM9RA16iJWoigB/SEXtCr8Wg8G2/G+6y1ZBQzu+iXjI9veLSVmg==</latexit><latexit sha1_base64="3E/WI0T2xJUGWFGuGysd0yCwX4w=">AAACAXicbZDNSsNAFIUn9a/Wv6gbwU2wCBWhJCLoRii6cVnBNoU2hMl00g6dTMLMjVJC3fgqblwo4ta3cOfbOE2z0OqBgY9z7+XOPUHCmQLb/jJKC4tLyyvl1cra+sbmlrm901ZxKgltkZjHshNgRTkTtAUMOO0kkuIo4NQNRlfTuntHpWKxuIVxQr0IDwQLGcGgLd/cc31Rg6OLXoBl5k40Ht/njm9W7bqdy/oLTgFVVKjpm5+9fkzSiAogHCvVdewEvAxLYITTSaWXKppgMsID2tUocESVl+UXTKxD7fStMJb6CbBy9+dEhiOlxlGgOyMMQzVfm5r/1bophOdexkSSAhVktihMuQWxNY3D6jNJCfCxBkwk03+1yBBLTECHVtEhOPMn/4X2Sd3RfHNabVwWcZTRPjpANeSgM9RA16iJWoigB/SEXtCr8Wg8G2/G+6y1ZBQzu+iXjI9veLSVmg==</latexit><latexit sha1_base64="3E/WI0T2xJUGWFGuGysd0yCwX4w=">AAACAXicbZDNSsNAFIUn9a/Wv6gbwU2wCBWhJCLoRii6cVnBNoU2hMl00g6dTMLMjVJC3fgqblwo4ta3cOfbOE2z0OqBgY9z7+XOPUHCmQLb/jJKC4tLyyvl1cra+sbmlrm901ZxKgltkZjHshNgRTkTtAUMOO0kkuIo4NQNRlfTuntHpWKxuIVxQr0IDwQLGcGgLd/cc31Rg6OLXoBl5k40Ht/njm9W7bqdy/oLTgFVVKjpm5+9fkzSiAogHCvVdewEvAxLYITTSaWXKppgMsID2tUocESVl+UXTKxD7fStMJb6CbBy9+dEhiOlxlGgOyMMQzVfm5r/1bophOdexkSSAhVktihMuQWxNY3D6jNJCfCxBkwk03+1yBBLTECHVtEhOPMn/4X2Sd3RfHNabVwWcZTRPjpANeSgM9RA16iJWoigB/SEXtCr8Wg8G2/G+6y1ZBQzu+iXjI9veLSVmg==</latexit><latexit sha1_base64="3E/WI0T2xJUGWFGuGysd0yCwX4w=">AAACAXicbZDNSsNAFIUn9a/Wv6gbwU2wCBWhJCLoRii6cVnBNoU2hMl00g6dTMLMjVJC3fgqblwo4ta3cOfbOE2z0OqBgY9z7+XOPUHCmQLb/jJKC4tLyyvl1cra+sbmlrm901ZxKgltkZjHshNgRTkTtAUMOO0kkuIo4NQNRlfTuntHpWKxuIVxQr0IDwQLGcGgLd/cc31Rg6OLXoBl5k40Ht/njm9W7bqdy/oLTgFVVKjpm5+9fkzSiAogHCvVdewEvAxLYITTSaWXKppgMsID2tUocESVl+UXTKxD7fStMJb6CbBy9+dEhiOlxlGgOyMMQzVfm5r/1bophOdexkSSAhVktihMuQWxNY3D6jNJCfCxBkwk03+1yBBLTECHVtEhOPMn/4X2Sd3RfHNabVwWcZTRPjpANeSgM9RA16iJWoigB/SEXtCr8Wg8G2/G+6y1ZBQzu+iXjI9veLSVmg==</latexit>

Vn(t) = V̄ (t) + vn(t)
<latexit sha1_base64="FPhhnWvQ0msICrG1wfpDdYlLflM=">AAACAXicbZDNSsNAFIVv6l+tf1E3gptgESpCSUTQjVB047KCTQttCJPppB06mYSZSaGEuvFV3LhQxK1v4c63cZpmodUDAx/n3sude4KEUals+8soLS2vrK6V1ysbm1vbO+bunivjVGDSwjGLRSdAkjDKSUtRxUgnEQRFASPtYHQzq7fHREga83s1SYgXoQGnIcVIacs3D1yf19TJVS9AInOnGk/HueObVbtu57L+glNAFQo1ffOz149xGhGuMENSdh07UV6GhKKYkWmll0qSIDxCA9LVyFFEpJflF0ytY+30rTAW+nFl5e7PiQxFUk6iQHdGSA3lYm1m/lfrpiq89DLKk1QRjueLwpRZKrZmcVh9KghWbKIBYUH1Xy08RAJhpUOr6BCcxZP/gntWdzTfnVcb10UcZTiEI6iBAxfQgFtoQgswPMATvMCr8Wg8G2/G+7y1ZBQz+/BLxsc3dAGVlw==</latexit><latexit sha1_base64="FPhhnWvQ0msICrG1wfpDdYlLflM=">AAACAXicbZDNSsNAFIVv6l+tf1E3gptgESpCSUTQjVB047KCTQttCJPppB06mYSZSaGEuvFV3LhQxK1v4c63cZpmodUDAx/n3sude4KEUals+8soLS2vrK6V1ysbm1vbO+bunivjVGDSwjGLRSdAkjDKSUtRxUgnEQRFASPtYHQzq7fHREga83s1SYgXoQGnIcVIacs3D1yf19TJVS9AInOnGk/HueObVbtu57L+glNAFQo1ffOz149xGhGuMENSdh07UV6GhKKYkWmll0qSIDxCA9LVyFFEpJflF0ytY+30rTAW+nFl5e7PiQxFUk6iQHdGSA3lYm1m/lfrpiq89DLKk1QRjueLwpRZKrZmcVh9KghWbKIBYUH1Xy08RAJhpUOr6BCcxZP/gntWdzTfnVcb10UcZTiEI6iBAxfQgFtoQgswPMATvMCr8Wg8G2/G+7y1ZBQz+/BLxsc3dAGVlw==</latexit><latexit sha1_base64="FPhhnWvQ0msICrG1wfpDdYlLflM=">AAACAXicbZDNSsNAFIVv6l+tf1E3gptgESpCSUTQjVB047KCTQttCJPppB06mYSZSaGEuvFV3LhQxK1v4c63cZpmodUDAx/n3sude4KEUals+8soLS2vrK6V1ysbm1vbO+bunivjVGDSwjGLRSdAkjDKSUtRxUgnEQRFASPtYHQzq7fHREga83s1SYgXoQGnIcVIacs3D1yf19TJVS9AInOnGk/HueObVbtu57L+glNAFQo1ffOz149xGhGuMENSdh07UV6GhKKYkWmll0qSIDxCA9LVyFFEpJflF0ytY+30rTAW+nFl5e7PiQxFUk6iQHdGSA3lYm1m/lfrpiq89DLKk1QRjueLwpRZKrZmcVh9KghWbKIBYUH1Xy08RAJhpUOr6BCcxZP/gntWdzTfnVcb10UcZTiEI6iBAxfQgFtoQgswPMATvMCr8Wg8G2/G+7y1ZBQz+/BLxsc3dAGVlw==</latexit><latexit sha1_base64="FPhhnWvQ0msICrG1wfpDdYlLflM=">AAACAXicbZDNSsNAFIVv6l+tf1E3gptgESpCSUTQjVB047KCTQttCJPppB06mYSZSaGEuvFV3LhQxK1v4c63cZpmodUDAx/n3sude4KEUals+8soLS2vrK6V1ysbm1vbO+bunivjVGDSwjGLRSdAkjDKSUtRxUgnEQRFASPtYHQzq7fHREga83s1SYgXoQGnIcVIacs3D1yf19TJVS9AInOnGk/HueObVbtu57L+glNAFQo1ffOz149xGhGuMENSdh07UV6GhKKYkWmll0qSIDxCA9LVyFFEpJflF0ytY+30rTAW+nFl5e7PiQxFUk6iQHdGSA3lYm1m/lfrpiq89DLKk1QRjueLwpRZKrZmcVh9KghWbKIBYUH1Xy08RAJhpUOr6BCcxZP/gntWdzTfnVcb10UcZTiEI6iBAxfQgFtoQgswPMATvMCr8Wg8G2/G+7y1ZBQz+/BLxsc3dAGVlw==</latexit>

( A. Hutt, J. Lefebvre, D. Hight and H. Kaiser,, Frontiers in Applied Mathematics and Statistics 5:69 (2020) )

L̂vn = ⇠(1)n (t)
<latexit sha1_base64="dZXwXYbWmJda/FNm7182D/UbSOo=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDkDRhVwRthKCNhUUEc4EkLrOT2WTI7OwyczYYlmDjq9hYKGLrU9j5Nk6SLTTxh4GP/5zDmfN7keAabPvbyiwtr6yuZddzG5tb2zv53b26DmNFWY2GIlRNj2gmuGQ14CBYM1KMBJ5gDW9wNak3hkxpHso7GEWsE5Ce5D6nBIzl5g/afQLJzXjoyov2A3flfVJ0SuMilNx8wS7bU+FFcFIooFRVN//V7oY0DpgEKojWLceOoJMQBZwKNs61Y80iQgekx1oGJQmY7iTTE8b42Dhd7IfKPAl46v6eSEig9SjwTGdAoK/naxPzv1orBv+8k3AZxcAknS3yY4EhxJM8cJcrRkGMDBCquPkrpn2iCAWTWs6E4MyfvAj1k7Jj+Pa0ULlM48iiQ3SEishBZ6iCrlEV1RBFj+gZvaI368l6sd6tj1lrxkpn9tEfWZ8/QMqWqQ==</latexit><latexit sha1_base64="dZXwXYbWmJda/FNm7182D/UbSOo=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDkDRhVwRthKCNhUUEc4EkLrOT2WTI7OwyczYYlmDjq9hYKGLrU9j5Nk6SLTTxh4GP/5zDmfN7keAabPvbyiwtr6yuZddzG5tb2zv53b26DmNFWY2GIlRNj2gmuGQ14CBYM1KMBJ5gDW9wNak3hkxpHso7GEWsE5Ce5D6nBIzl5g/afQLJzXjoyov2A3flfVJ0SuMilNx8wS7bU+FFcFIooFRVN//V7oY0DpgEKojWLceOoJMQBZwKNs61Y80iQgekx1oGJQmY7iTTE8b42Dhd7IfKPAl46v6eSEig9SjwTGdAoK/naxPzv1orBv+8k3AZxcAknS3yY4EhxJM8cJcrRkGMDBCquPkrpn2iCAWTWs6E4MyfvAj1k7Jj+Pa0ULlM48iiQ3SEishBZ6iCrlEV1RBFj+gZvaI368l6sd6tj1lrxkpn9tEfWZ8/QMqWqQ==</latexit><latexit sha1_base64="dZXwXYbWmJda/FNm7182D/UbSOo=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDkDRhVwRthKCNhUUEc4EkLrOT2WTI7OwyczYYlmDjq9hYKGLrU9j5Nk6SLTTxh4GP/5zDmfN7keAabPvbyiwtr6yuZddzG5tb2zv53b26DmNFWY2GIlRNj2gmuGQ14CBYM1KMBJ5gDW9wNak3hkxpHso7GEWsE5Ce5D6nBIzl5g/afQLJzXjoyov2A3flfVJ0SuMilNx8wS7bU+FFcFIooFRVN//V7oY0DpgEKojWLceOoJMQBZwKNs61Y80iQgekx1oGJQmY7iTTE8b42Dhd7IfKPAl46v6eSEig9SjwTGdAoK/naxPzv1orBv+8k3AZxcAknS3yY4EhxJM8cJcrRkGMDBCquPkrpn2iCAWTWs6E4MyfvAj1k7Jj+Pa0ULlM48iiQ3SEishBZ6iCrlEV1RBFj+gZvaI368l6sd6tj1lrxkpn9tEfWZ8/QMqWqQ==</latexit><latexit sha1_base64="dZXwXYbWmJda/FNm7182D/UbSOo=">AAACAnicbZC7SgNBFIZn4y3GW9RKbAaDkDRhVwRthKCNhUUEc4EkLrOT2WTI7OwyczYYlmDjq9hYKGLrU9j5Nk6SLTTxh4GP/5zDmfN7keAabPvbyiwtr6yuZddzG5tb2zv53b26DmNFWY2GIlRNj2gmuGQ14CBYM1KMBJ5gDW9wNak3hkxpHso7GEWsE5Ce5D6nBIzl5g/afQLJzXjoyov2A3flfVJ0SuMilNx8wS7bU+FFcFIooFRVN//V7oY0DpgEKojWLceOoJMQBZwKNs61Y80iQgekx1oGJQmY7iTTE8b42Dhd7IfKPAl46v6eSEig9SjwTGdAoK/naxPzv1orBv+8k3AZxcAknS3yY4EhxJM8cJcrRkGMDBCquPkrpn2iCAWTWs6E4MyfvAj1k7Jj+Pa0ULlM48iiQ3SEishBZ6iCrlEV1RBFj+gZvaI368l6sd6tj1lrxkpn9tEfWZ8/QMqWqQ==</latexit>

L̂wn = ⇠(2)n (t)
<latexit sha1_base64="bcUHKQQpVWOsejcTLjiAN2B9I0c=">AAACAnicbZDLSsNAFIYnXmu9VV2Jm2AR2k1JiqAbpeDGhYsK9gJNDJPppB06mYSZE7WE4sZXceNCEbc+hTvfxmmbhbb+MPDxn3M4c34/5kyBZX0bC4tLyyurubX8+sbm1nZhZ7epokQS2iARj2Tbx4pyJmgDGHDajiXFoc9pyx9cjOutOyoVi8QNDGPqhrgnWMAIBm15hX2njyG9Gt174sx5YJ64TUvV8qgEZa9QtCrWROY82BkUUaa6V/hyuhFJQiqAcKxUx7ZicFMsgRFOR3knUTTGZIB7tKNR4JAqN52cMDKPtNM1g0jqJ8CcuL8nUhwqNQx93Rli6KvZ2tj8r9ZJIDh1UybiBKgg00VBwk2IzHEeZpdJSoAPNWAimf6rSfpYYgI6tbwOwZ49eR6a1Yqt+fq4WDvP4sihA3SISshGJ6iGLlEdNRBBj+gZvaI348l4Md6Nj2nrgpHN7KE/Mj5/AEK0lqc=</latexit><latexit sha1_base64="bcUHKQQpVWOsejcTLjiAN2B9I0c=">AAACAnicbZDLSsNAFIYnXmu9VV2Jm2AR2k1JiqAbpeDGhYsK9gJNDJPppB06mYSZE7WE4sZXceNCEbc+hTvfxmmbhbb+MPDxn3M4c34/5kyBZX0bC4tLyyurubX8+sbm1nZhZ7epokQS2iARj2Tbx4pyJmgDGHDajiXFoc9pyx9cjOutOyoVi8QNDGPqhrgnWMAIBm15hX2njyG9Gt174sx5YJ64TUvV8qgEZa9QtCrWROY82BkUUaa6V/hyuhFJQiqAcKxUx7ZicFMsgRFOR3knUTTGZIB7tKNR4JAqN52cMDKPtNM1g0jqJ8CcuL8nUhwqNQx93Rli6KvZ2tj8r9ZJIDh1UybiBKgg00VBwk2IzHEeZpdJSoAPNWAimf6rSfpYYgI6tbwOwZ49eR6a1Yqt+fq4WDvP4sihA3SISshGJ6iGLlEdNRBBj+gZvaI348l4Md6Nj2nrgpHN7KE/Mj5/AEK0lqc=</latexit><latexit sha1_base64="bcUHKQQpVWOsejcTLjiAN2B9I0c=">AAACAnicbZDLSsNAFIYnXmu9VV2Jm2AR2k1JiqAbpeDGhYsK9gJNDJPppB06mYSZE7WE4sZXceNCEbc+hTvfxmmbhbb+MPDxn3M4c34/5kyBZX0bC4tLyyurubX8+sbm1nZhZ7epokQS2iARj2Tbx4pyJmgDGHDajiXFoc9pyx9cjOutOyoVi8QNDGPqhrgnWMAIBm15hX2njyG9Gt174sx5YJ64TUvV8qgEZa9QtCrWROY82BkUUaa6V/hyuhFJQiqAcKxUx7ZicFMsgRFOR3knUTTGZIB7tKNR4JAqN52cMDKPtNM1g0jqJ8CcuL8nUhwqNQx93Rli6KvZ2tj8r9ZJIDh1UybiBKgg00VBwk2IzHEeZpdJSoAPNWAimf6rSfpYYgI6tbwOwZ49eR6a1Yqt+fq4WDvP4sihA3SISshGJ6iGLlEdNRBBj+gZvaI348l4Md6Nj2nrgpHN7KE/Mj5/AEK0lqc=</latexit><latexit sha1_base64="bcUHKQQpVWOsejcTLjiAN2B9I0c=">AAACAnicbZDLSsNAFIYnXmu9VV2Jm2AR2k1JiqAbpeDGhYsK9gJNDJPppB06mYSZE7WE4sZXceNCEbc+hTvfxmmbhbb+MPDxn3M4c34/5kyBZX0bC4tLyyurubX8+sbm1nZhZ7epokQS2iARj2Tbx4pyJmgDGHDajiXFoc9pyx9cjOutOyoVi8QNDGPqhrgnWMAIBm15hX2njyG9Gt174sx5YJ64TUvV8qgEZa9QtCrWROY82BkUUaa6V/hyuhFJQiqAcKxUx7ZicFMsgRFOR3knUTTGZIB7tKNR4JAqN52cMDKPtNM1g0jqJ8CcuL8nUhwqNQx93Rli6KvZ2tj8r9ZJIDh1UybiBKgg00VBwk2IzHEeZpdJSoAPNWAimf6rSfpYYgI6tbwOwZ49eR6a1Yqt+fq4WDvP4sihA3SISshGJ6iGLlEdNRBBj+gZvaI348l4Md6Nj2nrgpHN7KE/Mj5/AEK0lqc=</latexit>

Ornstein-Uhlenbeck process

stationary probability density:
⇢v = N (0, D)

<latexit sha1_base64="t4aeaaJbLUqYxF+QW89Kf5FjCQ4=">AAACAXicbZC7SgNBFIbPxluMt1WbgM1gECJI2LUxjRDQwkoimAtkl2V2MkmGzF6YmQ3EJTa+io2FIra+hZ3gwzibpNDoDwMf/zmHOef3Y86ksqxPI7e0vLK6ll8vbGxube+Yu3tNGSWC0AaJeCTaPpaUs5A2FFOctmNBceBz2vKHF1m9NaJCsii8VeOYugHuh6zHCFba8syiIwaRNzpPnQCrAcEcXU/K1snlsWeWrIo1FfoL9hxKteLdF2jVPfPD6UYkCWioCMdSdmwrVm6KhWKE00nBSSSNMRniPu1oDHFApZtOL5igI+10US8S+oUKTd2fEykOpBwHvu7M9pSLtcz8r9ZJVK/qpiyME0VDMvuol3CkIpTFgbpMUKL4WAMmguldERlggYnSoRV0CPbiyX+heVqxNd/oNKowUx4O4BDKYMMZ1OAK6tAAAvfwCM/wYjwYT8ar8TZrzRnzmX34JeP9Gy6Rl38=</latexit><latexit sha1_base64="lx9H6KmNu1/w+NF+4kEp8egwFUQ=">AAACAXicbZDLSsNAFIYn9dbWW9RNwc1gESpISdzYjVDUhSupYC/QhDCZTtuhk0yYmRRqqAi+ihsXinTrW7gTfBgnbRda/WHg4z/nMOf8fsSoVJb1aWSWlldW17K5/PrG5ta2ubPbkDwWmNQxZ1y0fCQJoyGpK6oYaUWCoMBnpOkPLtJ6c0iEpDy8VaOIuAHqhbRLMVLa8syCI/rcG54lToBUHyMGr8cl6/jyyDOLVtmaCv4Few7FauHuK/cwOa955ofT4TgOSKgwQ1K2bStSboKEopiRcd6JJYkQHqAeaWsMUUCkm0wvGMND7XRglwv9QgWn7s+JBAVSjgJfd6Z7ysVaav5Xa8eqW3ETGkaxIiGefdSNGVQcpnHADhUEKzbSgLCgeleI+0ggrHRoeR2CvXjyX2iclG3NNzqNCpgpC/bBASgBG5yCKrgCNVAHGNyDJ/ACXo1H49l4Myaz1owxn9kDv2S8fwMr/Zj8</latexit><latexit sha1_base64="lx9H6KmNu1/w+NF+4kEp8egwFUQ=">AAACAXicbZDLSsNAFIYn9dbWW9RNwc1gESpISdzYjVDUhSupYC/QhDCZTtuhk0yYmRRqqAi+ihsXinTrW7gTfBgnbRda/WHg4z/nMOf8fsSoVJb1aWSWlldW17K5/PrG5ta2ubPbkDwWmNQxZ1y0fCQJoyGpK6oYaUWCoMBnpOkPLtJ6c0iEpDy8VaOIuAHqhbRLMVLa8syCI/rcG54lToBUHyMGr8cl6/jyyDOLVtmaCv4Few7FauHuK/cwOa955ofT4TgOSKgwQ1K2bStSboKEopiRcd6JJYkQHqAeaWsMUUCkm0wvGMND7XRglwv9QgWn7s+JBAVSjgJfd6Z7ysVaav5Xa8eqW3ETGkaxIiGefdSNGVQcpnHADhUEKzbSgLCgeleI+0ggrHRoeR2CvXjyX2iclG3NNzqNCpgpC/bBASgBG5yCKrgCNVAHGNyDJ/ACXo1H49l4Myaz1owxn9kDv2S8fwMr/Zj8</latexit><latexit sha1_base64="X+pjlfIX1q+swqpdnTVTKZC6avo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhApSZtzYjVDQhSupYC/QGYZMmrahmWRIMoUy1I2v4saFIm59C3e+jZl2Ftr6Q+DjP+eQc/4wZlRpx/m2Ciura+sbxc3S1vbO7p69f9BSIpGYNLFgQnZCpAijnDQ11Yx0YklQFDLSDkfXWb09JlJRwR/0JCZ+hAac9ilG2liBfeTJoQjGV6kXIT3EiMG7acU5vzkL7LJTdWaCy+DmUAa5GoH95fUETiLCNWZIqa7rxNpPkdQUMzIteYkiMcIjNCBdgxxFRPnp7IIpPDVOD/aFNI9rOHN/T6QoUmoShaYz21Mt1jLzv1o30f2an1IeJ5pwPP+onzCoBczigD0qCdZsYgBhSc2uEA+RRFib0EomBHfx5GVoXVRdw/dOuV7L4yiCY3ACKsAFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/6XyV0Q==</latexit>

⇢w = N (0, 0.5)
<latexit sha1_base64="DxQPBE9o6n8neKv453ad7i0Xrr8=">AAACA3icbZDLSsNAFIZP6q3WW9SN6GawCBWkJILYjVBw40oq2As0IUym03bo5MLMRKmh4MZXceNCEbe+hDvBh3HSdqHVHwY+/nMOc87vx5xJZVmfRm5ufmFxKb9cWFldW98wN7caMkoEoXUS8Ui0fCwpZyGtK6Y4bcWC4sDntOkPzrN684YKyaLwWg1j6ga4F7IuI1hpyzN3HdGPvNuz1Amw6hPM0eWoZB1Z5ZNDzyxaZWss9BfsKRSrO3dfoFXzzA+nE5EkoKEiHEvZtq1YuSkWihFORwUnkTTGZIB7tK0xxAGVbjq+YYQOtNNB3UjoFyo0dn9OpDiQchj4ujPbVM7WMvO/WjtR3YqbsjBOFA3J5KNuwpGKUBYI6jBBieJDDZgIpndFpI8FJkrHVtAh2LMn/4XGcdnWfKXTqMBEediDfSiBDadQhQuoQR0I3MMjPMOL8WA8Ga/G26Q1Z0xntuGXjPdvAuOX4w==</latexit><latexit sha1_base64="MWBTbbKjWsCE2A3qkwHTOwHAZ48=">AAACA3icbZDLSsNAFIYn9dbWW9SN6GawCBWkJILYjVB040oq2As0IUym03boZBJmJkoNhW58FTculOLWl3An+DBO2i60+sPAx3/OYc75/YhRqSzr08gsLC4tr2Rz+dW19Y1Nc2u7LsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw2/f5nWG3dESBryWzWIiBugLqcdipHSlmfuOaIXevfniRMg1cOIweth0Tq2SqdHnlmwStZE8C/YMyhUdh++cqPxRdUzP5x2iOOAcIUZkrJlW5FyEyQUxYwM804sSYRwH3VJSyNHAZFuMrlhCA+104adUOjHFZy4PycSFEg5CHzdmW4q52up+V+tFatO2U0oj2JFOJ5+1IkZVCFMA4FtKghWbKABYUH1rhD3kEBY6djyOgR7/uS/UD8p2ZpvdBplMFUW7IMDUAQ2OAMVcAWqoAYwGIEn8AJejUfj2Rgbb9PWjDGb2QG/ZLx/AwBPmWA=</latexit><latexit sha1_base64="MWBTbbKjWsCE2A3qkwHTOwHAZ48=">AAACA3icbZDLSsNAFIYn9dbWW9SN6GawCBWkJILYjVB040oq2As0IUym03boZBJmJkoNhW58FTculOLWl3An+DBO2i60+sPAx3/OYc75/YhRqSzr08gsLC4tr2Rz+dW19Y1Nc2u7LsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw2/f5nWG3dESBryWzWIiBugLqcdipHSlmfuOaIXevfniRMg1cOIweth0Tq2SqdHnlmwStZE8C/YMyhUdh++cqPxRdUzP5x2iOOAcIUZkrJlW5FyEyQUxYwM804sSYRwH3VJSyNHAZFuMrlhCA+104adUOjHFZy4PycSFEg5CHzdmW4q52up+V+tFatO2U0oj2JFOJ5+1IkZVCFMA4FtKghWbKABYUH1rhD3kEBY6djyOgR7/uS/UD8p2ZpvdBplMFUW7IMDUAQ2OAMVcAWqoAYwGIEn8AJejUfj2Rgbb9PWjDGb2QG/ZLx/AwBPmWA=</latexit><latexit sha1_base64="NCgvi/uCbxd7hhCRaWZaYCGrly8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCAlI4jdCAU3rqSCvUBnGDJp2oZmMkOSUcpQcOOruHGhiFtfwp1vY6adhbb+EPj4zznknD+IOVMaoW+rsLS8srpWXC9tbG5t79i7ey0VJZLQJol4JDsBVpQzQZuaaU47saQ4DDhtB6OrrN6+p1KxSNzpcUy9EA8E6zOCtbF8+8CVw8h/uEzdEOshwRzeTCroFFXPT3y7jKpoKrgITg5lkKvh219uLyJJSIUmHCvVdVCsvRRLzQink5KbKBpjMsID2jUocEiVl05vmMBj4/RgP5LmCQ2n7u+JFIdKjcPAdGabqvlaZv5X6ya6X/NSJuJEU0FmH/UTDnUEs0Bgj0lKNB8bwEQysyskQywx0Sa2kgnBmT95EVpnVcfwLSrXa3kcRXAIjkAFOOAC1ME1aIAmIOARPINX8GY9WS/Wu/Uxay1Y+cw++CPr8we9zpY1</latexit>

E[FH(V̄ + v)] ⇡ E[F ] · E[H(V̄ + v)]
<latexit sha1_base64="0k14a8lUhg0Tx1iUptwbCFu4qJQ="></latexit><latexit sha1_base64="b40HDPACoo5KWu+fG1e0/xBS+DE="></latexit><latexit sha1_base64="b40HDPACoo5KWu+fG1e0/xBS+DE="></latexit><latexit sha1_base64="8WEKQV+br9GrgcjQkikieTZS1ms="></latexit>

if

https://www.frontiersin.org/articles/10.3389/fams.2019.00069/full


additive noise tunes transfer function

S1(V̄ ) =

Z 1

�1
h1(V̄ + v)⇢v(v)dv

<latexit sha1_base64="whLgutDONX1RMpWv4NS2WgeVgps=">AAACJXicbVDLSgMxFM3UV62vqks3wSK0iGVGBF0oiG5cVrSt0KlDJs20wUxmSO4MlKE/48ZfcePCIoIrf8X0AT7qhXAP55zLzT1+LLgG2/6wcnPzC4tL+eXCyura+kZxc6uho0RRVqeRiNSdTzQTXLI6cBDsLlaMhL5gTf/hcqQ3U6Y0j+Qt9GPWDklX8oBTAobyiqc3nlN2faKyxqBy5nIJXnZgWgD9wf2k4963ZT+tuKoXeWk5rXRSr1iyq/a48CxwpqCEplXzikO3E9EkZBKoIFq3HDuGdkYUcCrYoOAmmsWEPpAuaxkoSch0OxtfOcB7hungIFLmScBj9udERkKt+6FvnCGBnv6rjcj/tFYCwUk74zJOgEk6WRQkAkOER5HhDleMgugbQKji5q+Y9ogiFEywBROC8/fkWdA4rDoGXx+Vzi+mceTRDtpFZeSgY3SOrlAN1RFFj+gZvaKh9WS9WG/W+8Sas6Yz2+hXWZ9f9hik7A==</latexit><latexit sha1_base64="whLgutDONX1RMpWv4NS2WgeVgps=">AAACJXicbVDLSgMxFM3UV62vqks3wSK0iGVGBF0oiG5cVrSt0KlDJs20wUxmSO4MlKE/48ZfcePCIoIrf8X0AT7qhXAP55zLzT1+LLgG2/6wcnPzC4tL+eXCyura+kZxc6uho0RRVqeRiNSdTzQTXLI6cBDsLlaMhL5gTf/hcqQ3U6Y0j+Qt9GPWDklX8oBTAobyiqc3nlN2faKyxqBy5nIJXnZgWgD9wf2k4963ZT+tuKoXeWk5rXRSr1iyq/a48CxwpqCEplXzikO3E9EkZBKoIFq3HDuGdkYUcCrYoOAmmsWEPpAuaxkoSch0OxtfOcB7hungIFLmScBj9udERkKt+6FvnCGBnv6rjcj/tFYCwUk74zJOgEk6WRQkAkOER5HhDleMgugbQKji5q+Y9ogiFEywBROC8/fkWdA4rDoGXx+Vzi+mceTRDtpFZeSgY3SOrlAN1RFFj+gZvaKh9WS9WG/W+8Sas6Yz2+hXWZ9f9hik7A==</latexit><latexit sha1_base64="whLgutDONX1RMpWv4NS2WgeVgps=">AAACJXicbVDLSgMxFM3UV62vqks3wSK0iGVGBF0oiG5cVrSt0KlDJs20wUxmSO4MlKE/48ZfcePCIoIrf8X0AT7qhXAP55zLzT1+LLgG2/6wcnPzC4tL+eXCyura+kZxc6uho0RRVqeRiNSdTzQTXLI6cBDsLlaMhL5gTf/hcqQ3U6Y0j+Qt9GPWDklX8oBTAobyiqc3nlN2faKyxqBy5nIJXnZgWgD9wf2k4963ZT+tuKoXeWk5rXRSr1iyq/a48CxwpqCEplXzikO3E9EkZBKoIFq3HDuGdkYUcCrYoOAmmsWEPpAuaxkoSch0OxtfOcB7hungIFLmScBj9udERkKt+6FvnCGBnv6rjcj/tFYCwUk74zJOgEk6WRQkAkOER5HhDleMgugbQKji5q+Y9ogiFEywBROC8/fkWdA4rDoGXx+Vzi+mceTRDtpFZeSgY3SOrlAN1RFFj+gZvaKh9WS9WG/W+8Sas6Yz2+hXWZ9f9hik7A==</latexit><latexit sha1_base64="whLgutDONX1RMpWv4NS2WgeVgps=">AAACJXicbVDLSgMxFM3UV62vqks3wSK0iGVGBF0oiG5cVrSt0KlDJs20wUxmSO4MlKE/48ZfcePCIoIrf8X0AT7qhXAP55zLzT1+LLgG2/6wcnPzC4tL+eXCyura+kZxc6uho0RRVqeRiNSdTzQTXLI6cBDsLlaMhL5gTf/hcqQ3U6Y0j+Qt9GPWDklX8oBTAobyiqc3nlN2faKyxqBy5nIJXnZgWgD9wf2k4963ZT+tuKoXeWk5rXRSr1iyq/a48CxwpqCEplXzikO3E9EkZBKoIFq3HDuGdkYUcCrYoOAmmsWEPpAuaxkoSch0OxtfOcB7hungIFLmScBj9udERkKt+6FvnCGBnv6rjcj/tFYCwUk74zJOgEk6WRQkAkOER5HhDleMgugbQKji5q+Y9ogiFEywBROC8/fkWdA4rDoGXx+Vzi+mceTRDtpFZeSgY3SOrlAN1RFFj+gZvaKh9WS9WG/W+8Sas6Yz2+hXWZ9f9hik7A==</latexit>

S2(W̄ ) =

Z 1

�1
h2(W̄ + w)⇢w(w)dw

<latexit sha1_base64="ZNvzHo5hFy/hB7VWMHOQD4xwra4=">AAACJXicbVDLSsNAFJ3Ud31VXboZLEKLKIkIulAQ3bhUtLbQxDCZTuzQySTM3BhK6M+48VfcuFBEcOWvOH2A2nphuIdzzuXOPUEiuAbb/rQKU9Mzs3PzC8XFpeWV1dLa+q2OU0VZjcYiVo2AaCa4ZDXgIFgjUYxEgWD1oHPe1+sPTGkeyxvoJsyLyL3kIacEDOWXjq/9/YobEJXXe9UTl0vw813TQuj27oYdt38sO1nVVe3YzypZtZX5pbK9Zw8KTwJnBMpoVJd+6c1txTSNmAQqiNZNx07Ay4kCTgXrFd1Us4TQDrlnTQMliZj28sGVPbxtmBYOY2WeBDxgf0/kJNK6GwXGGRFo63GtT/6nNVMIj7ycyyQFJulwUZgKDDHuR4ZbXDEKomsAoYqbv2LaJopQMMEWTQjO+MmT4HZ/zzH46qB8ejaKYx5toi1UQQ46RKfoAl2iGqLoET2jV/RmPVkv1rv1MbQWrNHMBvpT1tc3Auuk9A==</latexit><latexit sha1_base64="ZNvzHo5hFy/hB7VWMHOQD4xwra4=">AAACJXicbVDLSsNAFJ3Ud31VXboZLEKLKIkIulAQ3bhUtLbQxDCZTuzQySTM3BhK6M+48VfcuFBEcOWvOH2A2nphuIdzzuXOPUEiuAbb/rQKU9Mzs3PzC8XFpeWV1dLa+q2OU0VZjcYiVo2AaCa4ZDXgIFgjUYxEgWD1oHPe1+sPTGkeyxvoJsyLyL3kIacEDOWXjq/9/YobEJXXe9UTl0vw813TQuj27oYdt38sO1nVVe3YzypZtZX5pbK9Zw8KTwJnBMpoVJd+6c1txTSNmAQqiNZNx07Ay4kCTgXrFd1Us4TQDrlnTQMliZj28sGVPbxtmBYOY2WeBDxgf0/kJNK6GwXGGRFo63GtT/6nNVMIj7ycyyQFJulwUZgKDDHuR4ZbXDEKomsAoYqbv2LaJopQMMEWTQjO+MmT4HZ/zzH46qB8ejaKYx5toi1UQQ46RKfoAl2iGqLoET2jV/RmPVkv1rv1MbQWrNHMBvpT1tc3Auuk9A==</latexit><latexit sha1_base64="ZNvzHo5hFy/hB7VWMHOQD4xwra4=">AAACJXicbVDLSsNAFJ3Ud31VXboZLEKLKIkIulAQ3bhUtLbQxDCZTuzQySTM3BhK6M+48VfcuFBEcOWvOH2A2nphuIdzzuXOPUEiuAbb/rQKU9Mzs3PzC8XFpeWV1dLa+q2OU0VZjcYiVo2AaCa4ZDXgIFgjUYxEgWD1oHPe1+sPTGkeyxvoJsyLyL3kIacEDOWXjq/9/YobEJXXe9UTl0vw813TQuj27oYdt38sO1nVVe3YzypZtZX5pbK9Zw8KTwJnBMpoVJd+6c1txTSNmAQqiNZNx07Ay4kCTgXrFd1Us4TQDrlnTQMliZj28sGVPbxtmBYOY2WeBDxgf0/kJNK6GwXGGRFo63GtT/6nNVMIj7ycyyQFJulwUZgKDDHuR4ZbXDEKomsAoYqbv2LaJopQMMEWTQjO+MmT4HZ/zzH46qB8ejaKYx5toi1UQQ46RKfoAl2iGqLoET2jV/RmPVkv1rv1MbQWrNHMBvpT1tc3Auuk9A==</latexit><latexit sha1_base64="ZNvzHo5hFy/hB7VWMHOQD4xwra4=">AAACJXicbVDLSsNAFJ3Ud31VXboZLEKLKIkIulAQ3bhUtLbQxDCZTuzQySTM3BhK6M+48VfcuFBEcOWvOH2A2nphuIdzzuXOPUEiuAbb/rQKU9Mzs3PzC8XFpeWV1dLa+q2OU0VZjcYiVo2AaCa4ZDXgIFgjUYxEgWD1oHPe1+sPTGkeyxvoJsyLyL3kIacEDOWXjq/9/YobEJXXe9UTl0vw813TQuj27oYdt38sO1nVVe3YzypZtZX5pbK9Zw8KTwJnBMpoVJd+6c1txTSNmAQqiNZNx07Ay4kCTgXrFd1Us4TQDrlnTQMliZj28sGVPbxtmBYOY2WeBDxgf0/kJNK6GwXGGRFo63GtT/6nNVMIj7ycyyQFJulwUZgKDDHuR4ZbXDEKomsAoYqbv2LaJopQMMEWTQjO+MmT4HZ/zzH46qB8ejaKYx5toi1UQQ46RKfoAl2iGqLoET2jV/RmPVkv1rv1MbQWrNHMBvpT1tc3Auuk9A==</latexit>

⇢v = N (0, D)
<latexit sha1_base64="t4aeaaJbLUqYxF+QW89Kf5FjCQ4=">AAACAXicbZC7SgNBFIbPxluMt1WbgM1gECJI2LUxjRDQwkoimAtkl2V2MkmGzF6YmQ3EJTa+io2FIra+hZ3gwzibpNDoDwMf/zmHOef3Y86ksqxPI7e0vLK6ll8vbGxube+Yu3tNGSWC0AaJeCTaPpaUs5A2FFOctmNBceBz2vKHF1m9NaJCsii8VeOYugHuh6zHCFba8syiIwaRNzpPnQCrAcEcXU/K1snlsWeWrIo1FfoL9hxKteLdF2jVPfPD6UYkCWioCMdSdmwrVm6KhWKE00nBSSSNMRniPu1oDHFApZtOL5igI+10US8S+oUKTd2fEykOpBwHvu7M9pSLtcz8r9ZJVK/qpiyME0VDMvuol3CkIpTFgbpMUKL4WAMmguldERlggYnSoRV0CPbiyX+heVqxNd/oNKowUx4O4BDKYMMZ1OAK6tAAAvfwCM/wYjwYT8ar8TZrzRnzmX34JeP9Gy6Rl38=</latexit><latexit sha1_base64="lx9H6KmNu1/w+NF+4kEp8egwFUQ=">AAACAXicbZDLSsNAFIYn9dbWW9RNwc1gESpISdzYjVDUhSupYC/QhDCZTtuhk0yYmRRqqAi+ihsXinTrW7gTfBgnbRda/WHg4z/nMOf8fsSoVJb1aWSWlldW17K5/PrG5ta2ubPbkDwWmNQxZ1y0fCQJoyGpK6oYaUWCoMBnpOkPLtJ6c0iEpDy8VaOIuAHqhbRLMVLa8syCI/rcG54lToBUHyMGr8cl6/jyyDOLVtmaCv4Few7FauHuK/cwOa955ofT4TgOSKgwQ1K2bStSboKEopiRcd6JJYkQHqAeaWsMUUCkm0wvGMND7XRglwv9QgWn7s+JBAVSjgJfd6Z7ysVaav5Xa8eqW3ETGkaxIiGefdSNGVQcpnHADhUEKzbSgLCgeleI+0ggrHRoeR2CvXjyX2iclG3NNzqNCpgpC/bBASgBG5yCKrgCNVAHGNyDJ/ACXo1H49l4Myaz1owxn9kDv2S8fwMr/Zj8</latexit><latexit sha1_base64="lx9H6KmNu1/w+NF+4kEp8egwFUQ=">AAACAXicbZDLSsNAFIYn9dbWW9RNwc1gESpISdzYjVDUhSupYC/QhDCZTtuhk0yYmRRqqAi+ihsXinTrW7gTfBgnbRda/WHg4z/nMOf8fsSoVJb1aWSWlldW17K5/PrG5ta2ubPbkDwWmNQxZ1y0fCQJoyGpK6oYaUWCoMBnpOkPLtJ6c0iEpDy8VaOIuAHqhbRLMVLa8syCI/rcG54lToBUHyMGr8cl6/jyyDOLVtmaCv4Few7FauHuK/cwOa955ofT4TgOSKgwQ1K2bStSboKEopiRcd6JJYkQHqAeaWsMUUCkm0wvGMND7XRglwv9QgWn7s+JBAVSjgJfd6Z7ysVaav5Xa8eqW3ETGkaxIiGefdSNGVQcpnHADhUEKzbSgLCgeleI+0ggrHRoeR2CvXjyX2iclG3NNzqNCpgpC/bBASgBG5yCKrgCNVAHGNyDJ/ACXo1H49l4Myaz1owxn9kDv2S8fwMr/Zj8</latexit><latexit sha1_base64="X+pjlfIX1q+swqpdnTVTKZC6avo=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYhApSZtzYjVDQhSupYC/QGYZMmrahmWRIMoUy1I2v4saFIm59C3e+jZl2Ftr6Q+DjP+eQc/4wZlRpx/m2Ciura+sbxc3S1vbO7p69f9BSIpGYNLFgQnZCpAijnDQ11Yx0YklQFDLSDkfXWb09JlJRwR/0JCZ+hAac9ilG2liBfeTJoQjGV6kXIT3EiMG7acU5vzkL7LJTdWaCy+DmUAa5GoH95fUETiLCNWZIqa7rxNpPkdQUMzIteYkiMcIjNCBdgxxFRPnp7IIpPDVOD/aFNI9rOHN/T6QoUmoShaYz21Mt1jLzv1o30f2an1IeJ5pwPP+onzCoBczigD0qCdZsYgBhSc2uEA+RRFib0EomBHfx5GVoXVRdw/dOuV7L4yiCY3ACKsAFl6AObkEDNAEGj+AZvII368l6sd6tj3lrwcpnDsEfWZ8/6XyV0Q==</latexit>

⇢w = N (0, 0.5)
<latexit sha1_base64="DxQPBE9o6n8neKv453ad7i0Xrr8=">AAACA3icbZDLSsNAFIZP6q3WW9SN6GawCBWkJILYjVBw40oq2As0IUym03bo5MLMRKmh4MZXceNCEbe+hDvBh3HSdqHVHwY+/nMOc87vx5xJZVmfRm5ufmFxKb9cWFldW98wN7caMkoEoXUS8Ui0fCwpZyGtK6Y4bcWC4sDntOkPzrN684YKyaLwWg1j6ga4F7IuI1hpyzN3HdGPvNuz1Amw6hPM0eWoZB1Z5ZNDzyxaZWss9BfsKRSrO3dfoFXzzA+nE5EkoKEiHEvZtq1YuSkWihFORwUnkTTGZIB7tK0xxAGVbjq+YYQOtNNB3UjoFyo0dn9OpDiQchj4ujPbVM7WMvO/WjtR3YqbsjBOFA3J5KNuwpGKUBYI6jBBieJDDZgIpndFpI8FJkrHVtAh2LMn/4XGcdnWfKXTqMBEediDfSiBDadQhQuoQR0I3MMjPMOL8WA8Ga/G26Q1Z0xntuGXjPdvAuOX4w==</latexit><latexit sha1_base64="MWBTbbKjWsCE2A3qkwHTOwHAZ48=">AAACA3icbZDLSsNAFIYn9dbWW9SN6GawCBWkJILYjVB040oq2As0IUym03boZBJmJkoNhW58FTculOLWl3An+DBO2i60+sPAx3/OYc75/YhRqSzr08gsLC4tr2Rz+dW19Y1Nc2u7LsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw2/f5nWG3dESBryWzWIiBugLqcdipHSlmfuOaIXevfniRMg1cOIweth0Tq2SqdHnlmwStZE8C/YMyhUdh++cqPxRdUzP5x2iOOAcIUZkrJlW5FyEyQUxYwM804sSYRwH3VJSyNHAZFuMrlhCA+104adUOjHFZy4PycSFEg5CHzdmW4q52up+V+tFatO2U0oj2JFOJ5+1IkZVCFMA4FtKghWbKABYUH1rhD3kEBY6djyOgR7/uS/UD8p2ZpvdBplMFUW7IMDUAQ2OAMVcAWqoAYwGIEn8AJejUfj2Rgbb9PWjDGb2QG/ZLx/AwBPmWA=</latexit><latexit sha1_base64="MWBTbbKjWsCE2A3qkwHTOwHAZ48=">AAACA3icbZDLSsNAFIYn9dbWW9SN6GawCBWkJILYjVB040oq2As0IUym03boZBJmJkoNhW58FTculOLWl3An+DBO2i60+sPAx3/OYc75/YhRqSzr08gsLC4tr2Rz+dW19Y1Nc2u7LsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw2/f5nWG3dESBryWzWIiBugLqcdipHSlmfuOaIXevfniRMg1cOIweth0Tq2SqdHnlmwStZE8C/YMyhUdh++cqPxRdUzP5x2iOOAcIUZkrJlW5FyEyQUxYwM804sSYRwH3VJSyNHAZFuMrlhCA+104adUOjHFZy4PycSFEg5CHzdmW4q52up+V+tFatO2U0oj2JFOJ5+1IkZVCFMA4FtKghWbKABYUH1rhD3kEBY6djyOgR7/uS/UD8p2ZpvdBplMFUW7IMDUAQ2OAMVcAWqoAYwGIEn8AJejUfj2Rgbb9PWjDGb2QG/ZLx/AwBPmWA=</latexit><latexit sha1_base64="NCgvi/uCbxd7hhCRaWZaYCGrly8=">AAACA3icbZDLSgMxFIYz9VbrbdSdboJFqCAlI4jdCAU3rqSCvUBnGDJp2oZmMkOSUcpQcOOruHGhiFtfwp1vY6adhbb+EPj4zznknD+IOVMaoW+rsLS8srpWXC9tbG5t79i7ey0VJZLQJol4JDsBVpQzQZuaaU47saQ4DDhtB6OrrN6+p1KxSNzpcUy9EA8E6zOCtbF8+8CVw8h/uEzdEOshwRzeTCroFFXPT3y7jKpoKrgITg5lkKvh219uLyJJSIUmHCvVdVCsvRRLzQink5KbKBpjMsID2jUocEiVl05vmMBj4/RgP5LmCQ2n7u+JFIdKjcPAdGabqvlaZv5X6ya6X/NSJuJEU0FmH/UTDnUEs0Bgj0lKNB8bwEQysyskQywx0Sa2kgnBmT95EVpnVcfwLSrXa3kcRXAIjkAFOOAC1ME1aIAmIOARPINX8GY9WS/Wu/Uxay1Y+cw++CPr8we9zpY1</latexit>

the stronger the noise,  
the more flat is the transfer function

D=0.1

D=0.8
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link to coherence resonance



link to coherence resonance

analytical linear power spectrum



link to coherence resonance
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Outline

clinical cases

short-term projects

long-term projects



what are analog drugs and digital drugs ?



binaural beats (digital drug)
psychodelic drugs

LSD, mescaline
inducing trance

??

??

rTMS
Alzheimer disease medication


(F. Blanc, iCube Strasbourg)

anaesthetic drugs

(D. Hight, University Hospital Bern )



anaesthetic drugs

electro sleep /  
Cranial Electric Stimulation (CES)sleep drugs

binaural beats

drugs to relieve

schizophrenia
major depression

psychodelic drugs
inducing trance

Alzheimer disease

repetitive Transcranial Magnetic Stimulation (rTMS)
transcranial Direct Current Stimulation (tDCS)
transcranial Alternating Current Stimulation (tACS)

??

digital druganalytical/ 

?? television viewing in children



anaesthetic drugs

electro sleep /  
Cranial Electric Stimulation (CES)sleep drugs

binaural beats

drugs to relieve

schizophrenia
major depression

psychodelic drugs
inducing trance

Alzheimer disease

repetitive Transcranial Magnetic Stimulation (rTMS)
transcranial Direct Current Stimulation (tDCS)
transcranial Alternating Current Stimulation (tACS)

??

A/D Drugs

?? television viewing in children

Action Exploratoire

(2020-2023)



first application



mathematical model

reduced cortico-thalamic model
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model dynamics 



question: 

can we stimulate a system in such a way,


 
 that the system evolves similar to observed data ?

implementation:

• estimate external input Ie optimally that  
model dynamics is controlled by observations 

• apply ensemble Kalman filter (LETKF)







Interpretation:

• external stimulus controls system

• transformation from  
system under anaesthesia (analog drug)  
                              to 
system under control (digital drug)

• controlled system without anaesthesia effect  
resembles system with anaesthesia effect 

• model dynamics resembles observations

A/D drug transformation



Thank you for your attention


